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ABSTRACT

Brine inflow to the Waste Isolation Pilot Plant is important in assessing the
performance of the repository, and a mechanistic model 1is needed for
performance calculations. Brine inflow experiments are being conducted, and
formation parameters such as the permeability and diffusivity are inferred
from these data using a simplified one-dimensional radial, uniform property,
single-phase Darcy flow model. This model has met with limited success in

interpreting some of the recent data. Much of the data could mnot be
satisfactorily fit with the above model because the brine inflow rate

increases with time, so a more mechanistic model is being developed based on

the TOUGH and TOUGH? computer codes. These codes are much more complex than
the simplified model and include a number of parameters that have not been
measured. Therefore, a one-dimensional brine inflow sensitivity study has
been undertaken to evaluate the importance of a number of these parameters in
influencing the behavior of brine inflow to open boreholes. In addition,
two-phase conditions have been included in the study, and the sensitivity of
gas inflow rates and the formation pressure and saturation distributions
after 1 year are examined. These results should be helpful in determining
what additional measurements are necessary to assist in the development of a
more mechanistic brine inflow model.
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EXECUTIVE SUMMARY

Brine inflow sensitivity studies have been conducted using a one-
dimensional model to try to identify the effect of different parameter
variations including two-phase conditions on brine inflow measurements. Many
of the effects were expected, such as the effect of permeability on the brine
inflow rate, and the usefulness of the late-time asymptotic technique in
inferring formation permeabilities and diffusivities for single-phase flow.
Some of the other effects were a pleasant surprise such as the applicability
of the asymptotic method in inferring formation characteristics for two-phase
(dissolved gas and some free gas) conditions. Finally, some results indicate

that many parameters only influence brine inflow to boreholes at very small
times (<1 day).

The general conclusions from this investigation are:

« The late-time asymptotic approach for inferring formation parameters
from brine inflow data is reliable (within 10%) in predicting the
formation permeability for most single-phase and two-phase conditions.
Problems occur for limited brine sources, high initial free gas
fractions, and growing DRZs.

+ The late-time asymptotic approach is less reliable in evaluating the
formation diffusivity, although this parameter is not as crucial as the
permeability. Typical errors are within a factor of 2. Again,
problems occur for limited brine sources, high initial free gas
fractions, and growing DRZs. In addition, for cases with a stationary
DRZ, the error in the inferred diffusivity can be about a factor of 10.
Use of the outer radius of the DRZ in evaluating the formation
diffusivity improves the predictive capability to within a factor of 2.

» Gas inflow rates vary orders of magnitude with variations in the two-

phase characteristic curves and free gas fractions. Note that the
brine inflow rate variation for these conditions is minimal (within a
factor of 2). Therefore, any inference on the free gas conditions in

the formation must include knowledge of the two-phase characteristic
curves. The presence of a DRZ also affects the gas inflow rate and the
distribution of gas in the formation.

» The zone of influence that the borehole measures is often small. After
1 year, for a 0.019-m radius borehole, this distance could be as small
as 0.5 m from the center of the borehole for a highly compressible
formation or about 1.0 m if there is a significant amount of free gas
present.
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e The only situation that resulted in the commonly observed increasing
brine inflow rate with time is a growing DRZ. Unfortunately, this also

is a case where the late-time asymptotic approach did not work and
formation parameters cannot be inferred.

» Additional two-dimensional simulations are planned to address other

effects such as excavation-borehole interactions and the influence of
stratigraphy.
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INTRODUCTION

Background

Brine inflow to the Waste Isolation Pilot Plant (WIPP) is important in
assessing the performance of the repository. The brine may be a significant
contributor to the gas pgeneration process, and brine is the principal
radionuclide transport mechanism out of the repository (Lappin et al., 1989).

Brine inflow experiments are being conducted (Finley et al., 1992) in
which the brine inflow rate to open boreholes is measured. From these data,
quantification of the formation parameters such as the permeability and
diffusivity (or capacitance) is performed. These parameters are then used in
performance assessment calculations to determine the acceptability of the
repository performance.

Currently, a simplified one-dimensional, uniform property, single-phase
Darcy flow model (Nowak and McTigue, 1987; Nowak et al., 1988) is used in the
data reduction procedure to infer the formation parameters. While some
scoping calculations have been performed with nonuniform properties, only
uniform properties have been used in the data reduction process. The brine
flux to an open borehole as prescribed by this simplified model is

o exp (-cuzt/Rz) du

lal (R,t) = (L)

2 2
4 R n Jo(u) + Yo(u) u

where

= brine flux

= borehole radius

= time

permeability

= initial brine pressure
= brine viscosity

= diffusivity

= dummy variable

CO‘L:(;U?;‘H’PU-D
I

and J5 and Y, are Bessel functions.

The asymptotic late-time behavior of this expression (see Appendix A) is

2

lin lal tR ) =a1n [ | cainct+B (2)
% R T



where

__ kR
A= vr (3)
[0}
B=Alng—c (4)
R°T
with
c t
t, = (5)
* R2

where ' = exp(y) and v is Euler’s constant. This expression gives a linear
line on a plot of |q|'1 vs. In t. The late-time asymptotic fit seems to be
a good representation of the transient behavior, especially at tx > 100
(Appendix A). The inferred values of permeability and diffusivity are

A (6)

c = —EZ—E— exp [—g—]. (7)

This approach predicts the formation permeability within a few percent, while
the inferred formation diffusivity will be overpredicted by about 50%.

This simplified model has met with limited success in interpreting some
of the recent data (Finley et al., 1992). Much of the data could not be
satisfactorily fit with the above model because the brine inflow rate
increases with time. Therefore, the investigation of other phenomena as part
of the development of a more mechanistic model for brine inflow is warranted.

The TOUGH (Pruess, 1987) and TOUGH2 (Pruess, 1991) computer codes are the

current mechanistic brine inflow models for the WIPP. These codes are more
general than the simplified approach, requiring the use of a number of
parameters that have not been measured at WIPP. Therefore, to try to
understand the potential impact of these parameters, a brine inflow
sensitivity study has been undertaken to evaluate their importance in
influencing the behavior of brine inflow to open boreholes. Because gas is
probably present in the formation along with the brine (Lappin et al., 1989),
two-phase conditions have been included in the study, and the sensitivity of
gas inflow rates and the formation pressure and saturation distributions
after 1 year are examined. For simplicity, the borehole was modeled with a
one-dimensional radial model; two-dimensional studies are planned to address

other effects such as excavation-borehole interactions and the influence of

2



stratigraphy. These studies should be helpful in determining what additional
measurements are necessary to assist in the development of a more mechanistic

brine inflow model.

General Methodology

The brine inflow sensitivity study has been conducted with the TOUGH
computer code in which the water properties were modified to approximate
brine. The modified properties are:

» Brine Density: As a first approximation, the density of brine is
assumed to be 1.2 times the density of water. This assumption implies
that brine and water compressibilities are equal, which is not
correct. This difference is discussed below.

« Brine Compressibility: Brine compressibility is significantly lower
than that of water. Brine compressibility is about 3 x 10-10 pa-1
(Beauheim et al., 1991), while the compressibility of water 1is

approximately 4.5 x 10-10 pa-1 at 27°C and 5 MPa (Weast, 1984) for a
difference of 1.5 x 10-10 pa-1. This value 1is used to modify the
input formation compressibility as discussed later. (After this study
was 1initiated, the compressibility of WIPP brine was measured by
McTigue et al. (1991) as 2.40-2.54 x 10-10 pa-1 )

« Brine Vapor Pressure: The wvapor pressure of the brine is assumed
equal to 75% of that for pure water (see Appendix B).

« Brine Viscosity: A constant brine viscosity of 1.6 x 10-3 Pa-s is
used (Nowak et al., 1988).

» Dissolved Gas: TOUGH uses a value of Henry's constant for air in
water of 1010 Pa. The solubility of various gases in water and brine
has been studied by Cygan (1991). Gas solubility for nitrogen in 5N
brine is about a factor of 4 lower than for water at 30°C. Oxygen was
not included in the study. Based on this ratio, Henry’s constant for
air in brine is approximately 4 times that for water, or 4 x 1010 pa.
(Henry's constant is inversely proportional to the gas solubility.)
5N brine is similar to standard Salado brines (Lappin et al., 1989).

The sensitivity study performed with this modified version of TOUGH
considers a single-phase and a two-phase base case. Each parameter is varied
separately keeping the other base case values constant. Therefore, the
coupling between the various factors is not included in the present study.

For simplicity, a one-dimensional radial model of nominal 1 m depth has been
used.



The base case parameters chosen for this study are:

Borehole Radius 0.019 m

Borehole Depth 1.0m

Permeability 10-21 p2

Porosity 0.01

Pore Pressure 11 MPa

Effective Radius Infinite

Compressibility Fluid Only
Incompressible Formation

Dissolved Gas Air

Dissolved Gas Fraction 0 and 100%

Free Gas None

Capillary Pressure Brooks and Corey

Relative Permeability Brooks and Corey

DRZ None

Variations of all the parameters listed above have been performed; the
values are listed in Appendix C. The total number of simulations involved is
82 (30 single-phase and 52 two-phase). Performance measures are the brine
inflow rate (no dissolved gas and dissolved/free gas conditions), gas inflow
rate, gas saturation of the inflowing fluid at the borehole conditions, and
the fluid pressures and gas saturation profiles in the formation at the end
of the simulation, nominally 1 year. The inflow results are per meter depth
of the borehole. The borehole pressure is constant at 0.1 MPa, or
atmospheric pressure. The inflow rates are based on changes in the masses in
the borehole, not on the calculated flow rates; therefore, phase changes that
occur in the borehole are properly accounted for.

In addition to the quantitative inflow rates and formation profiles, the
late-time asymptotic approach discussed earlier has been evaluated for each
case. The inferred values of the formation permeability and diffusivity are
compared with the simulation wvalues to determine their usefulness. These
predictions are made on a best possible basis because there is mno
experimental wuncertainty or error. Thus, the errors in the inferred
parameters are the minimum that could be expected under optimal conditions.

Base Case Results

Before presenting the various parameter variations, it is instructive to
discuss the base case results; the parameters are listed above. Nodalization
effects are discussed in Appendix D. Figure 1-A shows the brine inflow rate
results. The single phase (no dissolved gas or free gas) brine inflow rate
into the borehole in Figure 1-Al drops rapidly during the first 1000 seconds
or so. Figure 1-A2 shows the brine inflow rate for the case of brine
saturated with dissolved gas (no free gas); the results are very similar to
those in Figure 1-Al in both shape and magnitude. The ratio of the two-phase

4
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to single-phase brine inflow rates is given in Figure 1-A3; the maximum
increase over single-phase conditions is about 50% on the time scale shown.

As discussed earlier, the late-time asymptotic behavior of the brine
inflow rate can be used to infer formation parameters. A straight line is
tit to a plot of the inverse of the brine inflow rate versus log time, and
the slope is a measure of the formation permeability, while the intercept
gives the formation diffusivity. For the base case, the value of tsx of 100
is reached at about 2 x 10° seconds (2 days); after this time, the late-time
asymptotic approach is applicable. The results of this analysis for the base
case are shown in Figures 1-Bl and 1-B2. A straight line is a good fit to
the data after about 10% seconds; the RZ2 value (correlation coefficient) for
these lines is 0.999 or higher. The inferred parameters along with the
simulation values are summarized in Table 1. The permeability is well
predicted, and the inferred diffusivity is off by up to 50% due to the
extrapolation back to 1 second (Appendix A). As discussed in Appendix E, the
brine inflow rate is much more sensitive to the permeability than to the
diffusivity. Therefore, these inferred values are reasonable measures of the
formation parameters.

Table 1. Inferred Base Case Parameters

Permeability (mgl

Actual Inferred Error
1.0 x 10-21

single-phase 1.04 x 10-21 +4%
two-phase 1.03 x 10-21 +3%

Diffusivity (m?/sec)

Actual Inferred Error
2.1 x 10-7

single-phase 3.2 x 10-7 +50%
two-phase 1.6 x 10-7 -20%

Figure 1-Cl1 shows the gas inflow rate for the two-phase base case; the
behavior is similar to the brine inflow rate with a much lower magnitude.
The gas saturation of the inflowing brine at the borehole conditions of 0.1
MPa is given in Figure 1-C2. Even though the gas inflow rate is orders of

magnitude less than the brine inflow rate, the gas saturation, or gas volume
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fraction, at borehole conditions wvaries from about 0.28 to 0.23 due to the
large density difference at the borehole pressure.

Figures 1-D1 and 1-D2 show the brine pressure in the formation at the end
of the simulation at 1 year; the pressure is normalized to the far-field
brine pressure (Py) of 11 MPa. The brine pressure has been affected (<95% of
far-field wvalue) out to about 4 meters during this time period; minor
differences are noted between the single-phase and two-phase results.
Similarly, the gas pressure shown in Figure 1-D3 for the two-phase case is
only affected out to about 4 m as well. Note that the gas pressure is higher
than the brine pressure due to capillary pressure. Figure 1-D4 gives the gas
saturation in the formation. The gas saturation is small in all cases
(<~2%), and significant values are essentially confined to within 0.1 m of
the borehole.

Due to the large number of cases (82) and the various performance
measures, the results are presented in six different sections. The first
section contains the single-phase brine inflow rate results; the second
section presents the inferred formation parameters from fits to these
synthetic (artificial) data. The third and fourth sections give the same
results for the two-phase simulations. The fifth section presents gas inflow
information. Finally, the sixth section gives the formation pressure and gas
saturation distributions at the end of the simulations.

Sensitivity Study Variations
The order of the sensitivity results given in each section is:

« Borehole Parameters
Borehole Radius

« Formation Parameters
Permeability
Pore Pressure
Compressibility
Porosity (initial wvalue)

» Nonuniform Effects

Effective Radius of Brine Source
Disturbed Rock Zone Characteristics

+» Two-Phase Parameters
Solubility
Dissolved Gas Fraction
Free Gas Fraction
Capillary Pressure and Relative Permeability
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Appendix C lists the numerical values for the various parameters as well
as some rationale for their selection. The wvariations are discussed in
detaill below.

Borehole Parameters

Variations in the borehole radius are chosen to cover the actual values
for boreholes as well as equivalent radii for the repository. The values
include 0.019 m (1.5-inch diameter), 0.051 m (4.0-inch diameter), and 0.47 m
(36-inch diameter), which are the actual diameters of boreholes in the WIPP.
In addition, radii of 1.5 and 4.5 m are included as simplified
representations of Room Q and a one-dimensional model of the repository

(Nowak et al., 1988). From Equation 1, the brine inflow rate per unit length
of borehole is

m/ L=pqA/L=2nRypgq
_ pKRER, B exp (-cu’t/R%) du )
1 T 2 2
o Jo(u) + Yo(u) u

where

m = mass inflow rate

L = borehole length

p = brine density

A = borehole surface area.
This equation scales directly with tx = ct/RZ. Therefore, for a constant
diffusivity, c, the brine inflow rate per unit length of borehole is the same
for equal wvalues of t/RZ. The difference in equivalent radius from the

actual small boreholes (0.019 and 0.051 m) to the room size wvalues (1.5 and
4.5 m) is exacerbated by the square of the radius ratio. The dramatic
difference in the times for the various radii is shown in Table 2. As an
example, a time of 1 hour for a radius of 0.019 m is approximately 2.0 x 108
seconds, or 6.4 years, for a 4.5 m radius situation. Similarly, 1000 years
on the repository scale is 0.018 years (7 days) and 0.13 years (1 1/2 months)
for borehole radii of 0.019 and 0.051 m, respectively. Assuming
applicability of the above Darcy flow model, borehole inflow data in the
first few days and weeks 1is necessary for scaling up to the repository
behavior during the critical first few hundred years after sealing.
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Table 2. Borehole Times¥*

eR2 (s/m2) = 100 10% 10° 10® 107 108 10° 10'0 0%t
R=.019m .36s 3.6s 0.m 6.m 1.h 10.h 4.24 .1lly 1.1y
R = .051 m 2.6s .43m 4.3m .72h 0.3d 3.4 30.d .82y 8.2y
R =18 in 3.5m .58h .24d 2.4d 24.d4 .66y 6.6y 66y 660y

(.46 m)
R=1.5m .62h .26d 2.6d 264 .71y 7.1y 7ly 710y 7100y
(Room Q)
R=4.5m .23d 2.3d 23.d4 .64y 6.4y 64y 640y 6400y 64000y
(Repository)
* s = seconds
m = minutes
h = hours
d = days
y = years

Formation Parameters

The variations in the formation parameters are permeability, pore
pressure, formation compressibility, and porosity. From equation (8), the
brine inflow rate seems to scale directly with the permeability. However,
the permeability is also a parameter in the diffusivity, c¢, or, for an
isotropic medium with constant properties (de Marsily, 1986)

C=T=KL=kpg L . (9)
S S 7 Lp¢g[5l-ﬂs+—¢*]
where
T = transmissivity
S = storativity
K = hydraulic conductivity
¢ = porosity
B1 = liquid compressibility
Bg = solid compressibility
a

= porous medium compressibility.
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From de Marsily (1986), ap, the pore compressibility is

o 1 dv
I R ™ (10

where Vp is the pore volume. Using this equation results in

c = T _ k. L (11)
S

K ¢[’31+ap]

Thus, the permeability influences the diffusivity; so, from Equation 8, the
brine inflow rate does not scale linearly with permeability.

The brine inflow rate scales directly with the pore pressure except for a
minor influence of the brine density, p, on the pressure and its effect on
the diffusivity. However, this effect will be negligible due to the small
compressibility of brine.

From equation (l1l1), the pore compressibility, ap, affects the
diffusivity. This pore compressibility can be related to the formation
compressibility in Beauheim et al. (1991). The definitions of the specific
storage, Sg, are

present:
S = -, 4 B + (12a)
s~ L “F%E8 17 % &
Beauheim et al. (1991):

where Cg is the formation compressibility. Therefore, for equivalence
between the two definitions,

C
f
"% 12

so equation (l1) can be written as
T k 1

¢ =5 = ¢, 148 (14)
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The brine inflow variation in Equation 8 scales with the value of tyx =
ct/R2. The effect of the formation compressibility is non-linear due to the
dependence of the diffusivity on the inverse of the sum of the
compressibilities.

Finally, the porosity influences the diffusivity, which will alter the
timing of the brine inflow rate. The brine inflow rate scales directly with
the parameter t/¢RZ for constant values of ap.

The expression for ep given by Equation 10 is equivalent to the COM
compressibility input parameter employed in TOUGH. The 1liquid
compressibility, fB1, 1is already incorporated into TOUGH because the fluid
density is a function of pressure. From Equation 11, only the sum of the two
parameters is important. Therefore, to reflect the difference between brine
and water compressibility mentioned earlier, the calculated pore
compressibility is reduced by 1.5 x 10-10 pa-1 for input to TOUGH.

Nonuniform Effects

Two different nonuniform effects have been considered. The first case is
a limited brine source, or a no-flow boundary at a specified radius. This
type of behavior has been inferred from data analysis performed by Beauheim
et al. (1991) for some boreholes. This case can also represent brine inflow
if there is no far-field brine source. The values were chosen to have an
impact on the results.

The second case is that of a DRZ that considers an infinite porous medium
with altered properties in the vicinity of the borehole. The DRZ
specifications for all the variations are summarized in Table 3. The typical
description calls for a uniform increase of the permeability in the DRZ by a
factor of 100 and an increase in the DRZ porosity by a factor of 5. The
permeability increase is partially based on experimental data in Stormont

(1990), while the increase in porosity by a factor of 5 (from 0.01 to 0.05)
is suggested by the Koseny-Carmen formula (de Marsily, 1986)

K~ ¢ /(1 -¢)? (15)

for a permeability increase of a factor of 100.

A number of variations from this typical description has been studied due

to the large uncertainty in the values. The extent of the DRZ has been
varied from no DRZ to DRZs of 0.5R, 1.0R, and 2.0R. Other parameters in the
DRZ specification have also been varied. The typical model implicitly
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Table 3.

DRZ Characteristics

Case ip* DRZ Zone
1 No DRZ None
2 0.5R DRZ 0.5 R
3 1.0R DRZ 1.0R
4 2.0R DRZ 2.0 R
5 Patm 2.0 R
6 Constant ¢ 2.0 R
7 Inc. Ak 2.0 R
8 Dec. Ak 2.0 R
9 McTigue 2.0 R
(1989)

10 Growing DRZ variable
1R/yr 1R/yr

11 Growing DRZ variable
2R/yr 2R/yr

Permeability
Variation

factor of 100
step function

factor of 100
step function

factor of 100
step function

factor of 100
step function

factor of 100
step function

factor of 1000

step function

factor of 10
step function

factor of 1000
exponential variation

z = 2R

factor of 100

exponential variation

z = 1R

factor of 100

exponential variation

z = 1R

*ID as labeled on figures and tables.

Misc.
Parameters

DRZ porosity

DRZ porosity

DRZ porosity

DRZ porosity =
Pinitial-DRZ =

DRZ porosity

DRZ porosity

DRZ porosity

DRZ porosity

DRZ porosity

DRZ porosity

0.05

0.05

0.05
Patm
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assumes no depressurization in the DRZ at the start of the transient. This
condition has been varied to specify atmospheric pressure in the DRZ
initially. In addition, a variation that did not increase the DRZ porosity
over the far-field wvalue is included. Variations in the permeability
contrast have also been studied. Cases with an increased contrast (increased
DRZ permeability) and a decreased contrast (decreased DRZ permeability) have
been specified.

The permeability variation within the DRZ has also been studied. McTigue
(1989) specified a DRZ with a total permeability contrast of 1000. The

permeability is not uniform in the DRZ and varies according to the

relationship
k =ks exp (D (z - r) / z) (16)
where
D = natural log of the permeability ratio (1000 in this case)
z = characteristic distance for the permeability variation
r = distance into the formation
k; = undisturbed formation permeability.

The characteristic distance for McTigue's model is two times the borehole
radius, or 0.038 m.

Finally, a growing DRZ is considered; growth rates of 1R/yr and 2R/yr
have been studied. The permeability contrast within the DRZ is given by the
exponential variation (Equation 16) where the characteristic distance is the

borehole radius, or 0.019 m. The maximum permeability increase is a factor
of 100.

Two-Phase Parameters

If gas exists in the brine, either in the form of dissolved gas or free
gas, the amount of gas, the species, and the two-phase characteristic curves
are largely unknown. To assess the effects of these parameters, cases with
varying gas solubility, dissolved gas fraction, free gas fraction, and two-
phase characteristic curves have been investigated.

As discussed earlier, the solubility used in this study is meant to
simulate air in brine. Due to the uncertainty in the species and in the
solubility, more dissolved gas could be present than assumed. To assess this
condition, the gas solubility has been increased up to a factor of 4.
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Similar to the solubility, the dissolved gas fraction is unknown. The
base case assumes that the brine is saturated with dissolved gas, but the
brine may be only partially saturated. Therefore, variatioms 1in the
dissolved gas fraction are considered.

If brine is saturated with dissolved gas, free gas may exist as well.
Free gas fractions up to 50 v/o have been analyzed. For the lower free gas
fractions considered (10 v/o and 20 v/o), the gas phase is immobile as
determined by the two-phase characteristic curves. Uniform gas distribution
and the possibility of gas pockets have been considered for the 10 v/o
scenario. The non-uniform distributions of 10 v/o free gas assumed
alternating free gas fractions of 0 v/o and 20 v/o of equal wvolume. To
investigate any ordering effect, the cases of G/L (gas/liquid) and L/G
(liquid/gas) were studied where the first letter refers to the state of the
volume next to the borehole (G - 20 v/o gas; L - 0 v/o gas), and the second

letter is the state of the next volume radially outward. The spatial
variation is indicated in Figure 2.

Another free gas condition has been analyzed as part of the pore pressure
variation. The first pore pressure case assumes brine saturated with
dissolved gas at the specified pressure. The second case assumes that the
brine is initially saturated with dissolved gas at 15 MPa and is subsequently
depressurized, possibly by the existence of the excavation, to the assumed
pressure. The amount of free gas due to the depressurization based on the
base case capillary pressure curve is:

Pore Pressure Free Gas
15 MPa 0.
11 MPa 0.00095
6 MPa 0.003
1 MPa 0.0075

These two variations are referred to as dissolved gas and free gas for the
pore pressure case.

The two-phase characteristic curves (capillary pressure and relative
permeabiiity) have not been measured and are only based on analogue
materials. The base case curves are those of Brooks and Corey as summarized
in Appendix F. The residual saturation values assumed are 0.2 for the gas
and the liquid phase, and the threshold pressure for a permeability of 10-21
m2 is 10 MPa based on the correlation of Davies (1991)

P =56 x 1077 0346 (17)
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where Py and k are the threshold pressure and permeability in MPa and m2,
respectively. The threshold pressure relationship above is used for all the
different permeabilities including the wvariation in DRZs. Thus, for an
exponential distribution of permeability, the local threshold pressure varies
according to the Davies (1991) correlation. All of the above parameters are
highly uncertain, so each has been varied in this investigation.

The value of the threshold pressure determines the magnitude of the
capillary pressure curve. The confidence interval for the value given by the
correlation is about an order of magnitude. To address this uncertainty, the
threshold pressure has been increased and decreased by an order of magnitude.
In addition, the limit of zero threshold pressure has been included.

The shape of the capillary pressure curve has also been studied. As
proposed by Webb and Chen (1990), the shape of the curve for dissolved gas
exsolution may be considerably different than the standard shape as depicted
in Figure 3-A. The dissolved gas exsolution shape as well as a uniform
capillary pressure curve has been considered.

Variations that affect both the capillary pressure and relative

permeability curves include the residual saturations. The default
specifications are a value of 0.2 for the liquid and gas residual
saturations. Cases where the liquid and gas residual saturations are both

0.0 and both 0.4 have been analyzed.

Finally, the two-phase characteristic curves themselves are highly
uncertain. As an arbitrary variation, the curves used by Yucca Mountain
called the Sandia functions (Pruess, 1987) have been specified; the two sets
of curves are compared in Figures 3-B and 3-C. Although the capillary
pressure curves are very similar, the gas relative permeability curves are
dramatically different. The relationships for the Sandia functions and the

values are summarized in Appendix F. This case has been included to show the
possible effect of a different set of curves.
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RESULTS

Single-Phase Brine Inflow

Figure 4-Al shows the single-phase brine inflow rate as a function of
time and borehole radius. The curves for the various radii have the same
mass inflow rate variation simply offset in time. As discussed earlier, by
plotting the mass inflow rate as a function of normalized time, t/R2 (=tx/c),
the results for all the radii collapse to a single curve as shown in Figure
4-A2.

Figures 4-Bl to 4-B3 give the brine inflow rate as a function of time and
permeability. The inflow rates have greatly different scales depending on
the permeability. In addition to differences in the magnitude, the transient
behavior is different because the diffusivity is affected. Figure 4-B4
presents the ratio of the brine inflow rate divided by the permeability to
that for the base case of permeability 10-21 m2. Due to the change in the
diffusivity, the ratio is different than 1.0 even up to 1 year. Thus,
changing the permeability alters the magnitude and the shape of the brine
inflow rate curve.

The single-phase brine inflow rate as a function of time and pore
pressure is presented in Figure 4-Cl. The inflow rate variation with time is
similar for all the pore pressures. This scaling is shown in Figure 4-C2
where the mass flow rate divided by the pressure difference (pore pressure
minus borehole pressure) has been plotted as a function of time; all the
curves fall on top of each other.

Figure 4-D1 shows the brine inflow rate as a function of time and
formation compressibility. The inflow rate for the three smallest
compressibilities (Cg = 0., 10-13, and 10-12 Pa-1l) are essentially identical.
Differences start to be seen as the formation compressibility increases to
10-11 Pa-1 and higher. While the shape and magnitude of the curves change
with the formation compressibility, the result is not dramatic considering
the wide variation. Figure 4-D2 shows the normalized effect of the formation
compressibility on the brine inflow rate compared to an incompressible

formation case. The magnitude of the flow rate can increase by over an order
of magnitude at early times. The difference is still significant out to 1
year (factor of about 2 for the highest formation compressibility) and
probably much longer.

Figure 4-El gives the brine inflow rate as a function of time and
porosity. The higher porosity cases show a much higher initial peak for the
time period presented. The ratio of the brine inflow rate to that for the
base case (¢ = 0.01) is depicted in Figure 4-E2. The variation in the brine
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inflow rate for different porosities persists for the duration of the
simulation of 1 year. The mass inflow rate as a function of normalized time
(t/¢) 1is presented in Figure 4-E3; the results all fall essentially on one

line. The minor differences are due to nodalization effects.

Figure 4-Fl1 depicts the single-phase brine inflow rate as a function of
time and source radius. The inflow rate at late time is a strong function of
source radius if the radius is less than about 5.0 m. The limited radius
cases continue to decay, whereas the infinite radius result tends to level
off. The inflow ratio compared to the base case of an infinite source radius
is shown in Figure 4-F2. The ratio keeps dropping for a limited radius; no
definitive signal is noted. However, as discussed later, this limited source
radius effect can be seen in the late-time fit for inferred parameters.

Figures 4-G to 4-J show the brine inflow rate as a function of time for
the various DRZ groups, including the ratio to the base case of no DRZ.
Figure 4-Gl presents the brine inflow rate versus time; the initial magnitude
is increased significantly if a DRZ is present. From Figure 4-G2, the early-
time (100 seconds) brine inflow rate is 30 times that without a DRZ. Late-
time brine inflow rate at 1 year is about 25% higher for a 2.0R DRZ than with
no DRZ as given in Figure 4-G3.

The early-time brine inflow behavior is significantly different depending
on the DRZ porosity and initial pressure condition as given in Figure 4-H1.
For the standard DRZ model, the early-time brine inflow rate is much higher
than for the constant porosity, initial atmospheric pressure, or no DRZ
cases. From Figure 4-H2, the ratio of the brine inflow rate to the case of
no DRZ is up to 30 with the standard DRZ, which is reduced to less than 10
for the constant porosity variation. Figure 4-H3 details the early-time
behavior as the atmospheric pressure case has a low initial flow rate. The
porosity and pressure cases converge to the standard DRZ (2.0R DRZ) case at
about 104 seconds (3 hours).

Figure 4-1I gives the results of changing the permeability contrast from
the intact formation to the DRZ. From Figure 4-11, the inflow rates cross as

the magnitude and timing of the inflow rate is affected by the change in
permeability contrast. However, after about 3 x 104 seconds, the brine
inflow rates for these three cases converge showing little effect of the
permeability contrast. Figures 4-1I2 and 4-13 present the ratios to the case
for no DRZ detailing the early-time and late-time behavior.

Finally, Figure 4-J gives the single-phase results for the McTigue

approach and for a growing DRZ. As expected from the results shown in Figure

4-1, the McTigue permeability variation, which has an exponential wvariation
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in the permeability compared to the step change variation in the base case,
has a significant early-time effect on the brine inflow rate in Figure 4-J1
but a small influence later on; the ratios are summarized in Figures 4-J2 and
4-J3. For the growing DRZ cases, the early-time results are equivalent to a
case with no DRZ since the DRZ extent is small. Later on, however, at 1
year, the flow rate for the growing DRZ with a 2R/yr rate approaches that for
a constant 2.0R DRZ as shown in Figure 4-J3. The results for both growing
DRZ cases give slightly increasing brine inflow rates after about 6 months.
However, the magnitude of the increase of the inflow rate over the minimum
value is small (<1% for 1R/yr and 4% for 2R/yr).
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Single-Phase Inferred Parameters

The straight-line fits to the inverse brine inflow rate for single-phase
conditions are presented in this section. The synthetic data produced by the
TOUGH simulations are fit using the late-time asymptotic behavior discussed
earlier. The correct diffusivity value is based on single-phase conditions
with a fluid compressibility of 3.0 x 10-10 pa-1.  The qualitative behavior
of the inverse brine flux and the fits are discussed first, followed by the
comparison of the inferred parameters to the simulation values.

Figures 5-Al and 5-A2 show the fits for the minimum (0.019 m) and maximum

(4.5 m) borehole radii considered in this study. For a 0.019-m radius
borehole (the base case), the straight-line fit is applicable after about 10°
seconds, or about 1 day. For the 4.5-m radius case, the corresponding time

period is after about 1010 seconds (300 years).

Figure 5-B shows results for the permeability wvariation. For a
permeability of 10-18 m2, the straight-line behavior in Figure 5-Bl is
appropriate for the entire time. In Figure 5-B2, for a permeability of 10-21
m2, the fit is applicable after about 104 seconds, or 3 hours. Finally, in
Figure 5-B3, the straight-line fit is reached after about 106 seconds, or 10
days, for the lowest permeability of 10-23 2, The time to approach the
late-time behavior is significantly influenced by the permeability.

The fits for different pore pressures are given in Figure 5-C. Since the
brine inflow rate scales directly with pore pressure, no variation in the
adequacy of the fit is seen. The late-time fits in Figures 5-Cl and 5-C2 are
applicable for times greater than 10° seconds, or 1 day.

The effect of the formation compressibility on the asymptotic behavior is
shown in Figure 5-D. As the formation becomes more compressible, the late-
time fit is approached more slowly. For an incompressible formation, the fit
in Figure 5-D1 is applicable at about 104 seconds (3 hours), while the
highest compressibility formation (Cf = 10-7 Pa-l), given in Figure 5-D4
approaches this limit at 3 x 10® seconds, about 1 month, or a factor of 300

longer. Figures 5-D2 and 5-D3 show results for intermediate compres-
sibilities for completeness.

Figures 5-E1 to 5-E3 present the porosity variation results. As the
porosity increases from 0.001 to 0.03, the minimum time increases from 10%
seconds to about 102 seconds.

The effect of a limited brine source radius is given in Figure 5-F. For

an infinite and 5.0-m source radius, the results in Figures 5-Fl and 5-F2 are

essentially identical. However, for smaller source radii, namely 1.0 and 0.2
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m, the results are dramatically different. For the 1.0-m source radius in
Figure 5-F3, the fit 1s based on 3 points with an R2 (correlation
coefficient) wvalue of 0.92; this compares with an RZ2 value of 0.999 or
greater for all the other fits. For the 0.2-m source radius (Figure 5-F4),
the value of RZ is meaningless because only two points are involved.

Figures 5-Gl to 5-G4 give the fits for different DRZ distances including
zero. The asymptotic times are not appreciably different for the different
size DRZs. However, a "kink" in the inverse flux plot is noted before the
late-time behavior is reached. This "kink" seems to be indicative of a DRZ,

at least for these specifications.

For different initial conditions in the DRZ, the inverse flux data are
much different although the time of the fits is similar. For the DRZ at
atmospheric pressure, the inverse flux behavior early on in Figure 5-Hl is
dramatically different. For a constant value of the porosity, Figure 5-H2
shows a minor difference between it and the standard case (Figure 5-G4) in

the shape and extent of the "kink" mentioned above.

Figure 5-1 shows the results for various permeability magnitudes in the
DRZ. For an increased permeability contrast (higher DRZ permeability), the
asymptotic behavior in Figure 5-I1 is approached more slowly than for a
decreased permeability contrast given in Figure 5-12; the time difference is

about 2 orders of magnitude as it varies from 105 seconds down to about 103
seconds.

Finally, Figure 5-J shows the results for the McTigue DRZ model and the
two growing DRZ cases. The fit for the McTigue model in Figure 5-J1 is
similar to many of the other cases. However, for the growing DRZ cases of
Figures 5-J2 to 5-J3, no fit could be generated because the brine inflow rate
is increasing slightly (inverse flux decreasing) at the end of the
simulation. The effect is clearly seen on the inverse flux plot as the
values level out and then turn over.

In addition to the qualitative information from the plots, the fits can

be used to quantitatively evaluate the asymptotic method. The results are
summarized in Table 4 where the error is defined as

Inferred - Actual

E =

rror (%) Actual x 100 (18)
so the error ranges from -100% to +=%, For the permeability, the inferred
values are close (within 10%) in most cases except for the limited brine
source cases and the growing DRZ situations. The diffusivity wvalues are

considerably in error for these situations as well as for all the other DRZ
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cases. As mentioned earlier, brine inflow is much more sensitive to the
permeability than to the diffusivity. From results presented in Appendix E,
if the permeability is correct but the diffusivity is off by an order of
magnitude, the error in the brine inflow is only about 30%. The reason for
the poor behavior for the DRZ simulations is that the "effective" radius for
brine inflow is no longer the borehole radius. If the outside radius of the
DRZ is used, the results are considerably better, as shown in Table 5.

The consistent prediction of the permeability and the low prediction of
the diffusivity for the DRZ cases can be explained by looking at Equation 2,

oY
. -1
lim g " =Alnt + B (19)
t*—m
where
__m#BR
A== (20)
0
and
B - A ln ——%3—— . (21)
R° T

Rewriting in terms of the effective radius of the borehole, R*, gives

I'I - ﬁ In t + 1n . (22)
m

Therefore, the permeability does not depend on the effective radius while the
diffusivity will vary inversely with the effective radius squared.

For the limited brine source radius, the diffusivity values are more in
line with those obtained by McTigue (1989) in his fit to DBTLO data. Perhaps
a limited brine source could explain the lower than expected diffusivity

values (and higher capacitance values) that have been obtained from brine
inflow data. This situation may merit additional study.
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Table 4. Single-Phase Inferred Parameters

Permeability (m2)

Actual Inferred Error
1.0 x 10-21 (except as noted)

Borehole Radius

R=all 1.04 x 10-21 +4%
Permeability
10-18 p2 1.03 x 10-18 +3%
10-21 p2 1.02 x 10-21 +2%
10-23 p2 1.11 x 10-23 +11%
Pore Pressure
1 MPa 0.94 x 10-21 -6%
15 MPa 1.03 x 10-21 +3%
Formation Compressibility
0 Pa-l 1.03 x 10-21 +3%
10-13 pa-1 1.04 x 10-21 +4%
10-12 pa-1 1.04 x 10-21 +4%
10-11 pa-1 1.04 x 10-21 +4%
10-10 pa-1 1.04 x 10-21 +4%
10-9 pa-l 1.10 x 10-21 +10%
Porosity
0.001 1.01 x 10-21 +1%
0.01 1.02 x 10-21 +2%
0.03 1.02 x 10-21 +2%
Brine Source
Infinity 1.01 x 10-21 +1%
5.0 m 1.01 x 10-21 +1%
1.0m 5.6 x 10-24 -99%
0.2 m 2.4 x 10-32 -100%
DRZ Characteristics
No DRZ 1.00 x 10-21 <-1%
0.5R DRZ 1.00 x 10-21 <-.5%
1.0R DRZ 1.01 x 10-21 +1%
2 .0R DRZ 1.01 x 10-21 +1%
Patm 1.01 x 10-21 +1%
Constant ¢ 1.01 x 10-21 +1%
McTigue 1.02 x 10-21 +2%
Inc. Ak 1.01 x 10-21 +1%
Dec. Ak 1.04 x 10-21 +4%
Growing DRZ - 1R/yr No Fit No Fit
Growing DRZ - 2ZR/yr No Fit No Fit
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Table 4. Single-Phase Inferred Parameters (Continued)

Diffusivity (mZ/sec)

Actual Inferred

2.1 x 10-7 (except as noted)

Borehole Radius

R=all 3.2
Permeability
10-18 52
(2.1 x 10-%) 4.0
10-21 2
(2.1 x 10-7) 3.3
10-23 2
(2.1 x 10-9) 6.0
Pore Pressure
1 MPa 3.3
15 MPa 3.4
Formation Compressibility
0 Pa-l
(2.1 x 10-7) 3.9
10-13 pa-1
(2.0 x 10-7) 3.8
10-12 py-1
(1.6 x 10-7) 2.9
10-11 pa-1
(4.8 x 10-8) 8.8
10-10 pa-1
(6.1 x 10-9) 1.1
10-9 pa-l
(6.2 x 10-10) 2.0
Porosity
0.001
(2.1 x 10-6) 3.0
0.01
(2.1 x 10-7) 3.5
0.03
(6.9 x 10-8) 1.2
Brine Source
Infinity 2.9
50m 2.9
1.0m 1.2
0.2 m 9.7

b

L

10-6
10-7
10-7

10-7
10-7

10-11
10-12

Exrror

+50%

+90%
+60%
+190%
+60%
+60%
+90%
+90%
+80%
+80%
+80%

+220%

+40%

+70%

+70%

+40%
+40%
-100%
-100%
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Table 4. Single-Phase Inferred Parameters (Continued)

DRZ Characteristics

No DRZ 2.7 x 10-7 +30%
0.5R DRZ 1.3 x 10-7 -40%
1.0R DRZ 7.7 x 10-8 -60%
2.0R DRZ 3.7 x 10-8 -80%
Patm 3.7 x 10-8 -80%
Constant ¢ 3.7 x 10-8 -80%
McTigue 4.7 x 10-8 -80%
Inc. Ak 3.7 x 10-8 -80%
Dec. Ak 5.8 x 10-8 -70%
Growing DRZ - 1R/yr No Fit No Fit
Growing DRZ - 2R/yr No Fit No Fit

Table 5. Inferred Single-Phase Diffusivity Using Effective Radius

Diffusivitv;ﬁmz/sec)

Actual Inferred Error

2.1 x 10-7

Borehole Radius
R=all 3.2 x 107 +50%

DRZ Characteristics
No DRZ 2.7 x 10-7 +30%
0.5R DRZ 2.8 x 10-7 +40%
1.0R DRZ 3.1 x 10-7 +50%
2 .0R DRZ 3.4 x 107 +60%
Patm 3.4 x 10-7 +60%
Constant ¢ 3.4 x 10-7 +60%
McTigue 4.2 x 10~/ +100%
Inc. Ak 3.3 x 10-7 +60%
Dec. Ak 5.2 x 10-7 +150%
Growing DRZ - 1R/yr No Fit No Fit
Growing DRZ - 2R/yr No Fit No Fict
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Two-Phase Brine Inflow

The two-phase (brine saturated with dissolved gas including free gas)
brine inflow rates are reported in this section. In addition, the ratio of
the two-phase brine inflow rate to the single-phase value shown earlier is
presented. Unless otherwise noted, all two-phase conditions referred to are
from brine initially saturated with dissolved gas; no free gas is assumed.

Figure 6-Al shows the two-phase brine inflow for the borehole radius

variation. As with the single-phase results, the inflow rate can be scaled
with t/R2 as shown in Figure 6-A2. The increase in brine inflow rate for
two-phase compared to single-phase conditions is given in Figure 6-A3. The

maximum increase is about 1.45, which decreases to about a factor of 1.06.

The two-phase brine inflow rate for the permeability variation is given
in Figures 6-Bl1 to 6-B3, while the brine inflow rate divided by the
permeability is shown in Figure 6-B4. The results are similar to the single-
phase results as the magnitude and shape of the brine inflow curves are
different. The ratio of two-phase to single-phase brine inflow is depicted
in Figure 6-B5. The effect of two-phase conditions is a maximum at a
permeability of 10-21 m?; the ratio is lower for 10-23 m2 and 10-18 w2, The
reason for the maximum influence at the intermediate permeability is due to
the gas pressure variation. The capillary pressure magnitude is based on the
Davies correlation as discussed earlier. For the low permeability value, the
gas pressure remains high enough that any gas coming out of solution occupies
a very small volume and has little effect on the liquid pressure.
Conversely, for the high permeability value, the gas coming out of solution
has essentially fully expanded, so its effect is moderate. For the
intermediate permeability, enough gas has come out of solution to keep the
gas pressure moderately high, which in turn keeps the liquid pressure higher
and increases the brine inflow rate.

For the pore pressure variation, two conditions were investigated. The
first condition is brine saturated with dissolved gas at the assumed pore

pressure. The second condition is brine saturated with dissolved gas at 15

MPa that is then depressurized to the desired pressure; this variation is
intended to approximate conditions from pore pressure reduction due to an

excavation. These two variations are referred to as dissolved gas and free
gas.

Figure 6-Cl gives the brine inflow rate for the dissolved gas case.
Unlike single-phase flow, these results cannot be completely normalized by
dividing by the pressure difference, although the results are within about
10% of each other, as shown in Figure 6-C2. Figures 6-C3 and 6-C4 show the
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same parameters for the free gas scenario. The normalization does not work

as well for the free gas case as the normalized curves are within about 40%

of each other. Figures 6-C5 and 6-C6 show the ratio of two-phase brine
inflow compared to the single-phase value. The increase is greatest for the
lower pore pressures. For dissolved gas, the maximum increase is about 1.65

for 1 MPa pore pressure; the free gas maximum value is about 2.3 for 1 MPa
pore pressure. Figure 6-C7 gives the ratio of free gas to dissolved gas
brine inflow rate with a maximum ratio of 1.45 for 1 MPa.

The formation compressibility results are given in Figure 6-D. Figure
6-D1 gives the brine inflow rate, and Figure 6-D2 shows the ratio of the
inflow rate compared to that for an incompressible formation. For two-phase
conditions, the maximum increase in flow rate is a factor of about 9, while
the single-phase maximum wvalue shown earlier is about 13. The effect of
formation compressibility becomes less important for two-phase conditions
than for single-phase flow. Figure 6-D3 presents the two-phase to single-
phase brine inflow ratio. The maximum value 1is about 1.5 for an
incompressible formation, which decreases down to 1.0 for the maximum
compressibility investigated (Cf = 10-9 Pa-l). Therefore, the increase in
the brine inflow rate for two-phase conditions is smaller for a more

compressible formation. Depending on the formation compressibility, two-
phase conditions may or may not influence the brine inflow rate
significantly.

Figure 6-E presents the porosity variation results. Figure 6-El1 gives

the mass inflow rate, while Figure 6-E2 shows the inflow rate divided by the
value for the base case porosity of 0.01. The larger porosity has the higher
brine inflow rate. Figure 6-E3 presents the brine inflow rate as a function
of mnormalized time (t/¢); the curves for all three porosities basically
overlay each other. The two-phase to single-phase brine inflow rate ratio is
presented in Figure 6-E4. Except for early-time differences due to

nodalization, the ratios for all three cases are the same with a maximum
value of 1.5.

Two-phase brine inflow rates for different brine source radii are shown

in Figure 6-Fl, with the ratio to an infinite radius given in Figure 6-F2.
These figures look very similar to those for single-phase flow. However, if
the ratio of two-phase to single-phase flow is calculated, the value changes
dramatically with time and brine source radius as shown in Figures 6-F3 and
6-F4. TFor a radius of 0.2 m, the ratio toward the end of the simulation is
104 and increasing because the single-phase value is essentially =zero.
Therefore, if a limited brine source is encountered, the influence of two-

phase conditions can be dramatic.
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Figure 6-Gl presents the results for different DRZ distances. The
presence of a DRZ significantly impacts the early-time (up to 104 seconds)
brine inflow rate. The ratio of brine inflow with a DRZ to no DRZ is given
in Figures 6-G2 and 6-G3 with different scales. For a DRZ distance of 2.0R,
the maximum ratio is about 45 at early time and is still about 1.3 after 1
year. The ratio of two-phase to single-phase brine inflow is shown in
Figures 6-G4 and 6-G5. The ratio is a maximum of about 25 early, which is
largest for the smallest nonzero DRZ distance; the maximum value and the
timing may be significantly influenced by the nodalization. For no DRZ, the
maximum ratio is about 1.5. Later on, the ratio falls dramatically,
approaching the no DRZ wvalues after 106 seconds (1-1/2 weeks) for the 2.0R
DRZ case.

The results for different DRZ specifications are shown in Figure 6-H.
The brine inflow rate in Figure 6-Hl shows that the rate is lower for a
constant porosity in the DRZ and is smaller if the initial DRZ pressure is
atmospheric. The ratio of the brine inflow with the DRZ to no DRZ is given
in Figures 6-H2 and 6-H3. The constant porosity value is about one-half that
for the increased porosity (DRZ). The two porosity variations merge at about
3 x 109 seconds (3 days). For the case of initial atmospheric pressure in
the DRZ, the ratio remains at 0 up to about 1000 seconds, slowly rising to a
maximum of about 2, and merging with the other cases again at about 3 x 10°
seconds. Note that the zero brine inflow rate, which lasts about 1000
seconds, 1s equivalent to about 2-3 months for Room Q. The ratio of two-
phase to single-phase brine inflow, which is shown in Figures 6-H4 and 6-HS,
is a maximum of about 17 for the standard DRZ, about 9 for a constant
porosity, and about 1.5 for the atmospheric pressure variation.

The results for changing the permeability contrast of the DRZ are shown

in Figure 6-1I. As the permeability contrast increases (the standard model
has a contrast of 100); the two-phase brine inflow rate increases
dramatically as shown in Figure 6-I1. From Figure 6-12, the ratio to the

base case is a maximum of about 10 for decreased Ak (10), about 45 for the
standard model (100), and much greater than 50 for increased Ak (1000). As
seen in Figure 6-13, the values quickly merge at about 102 seconds (1 day) .
The same trend is seen in Figures 6-I4 and 6-I5 for the two-phase to single-

phase inflow rates. While the values are considerably different early, the
values quickly merge as the far-field parameters dominate.

The McTigue model of the DRZ is compared to the standard model and
growing DRZ models in Figure 6-J. The brine inflow rate is lower for the
McTigue model than for the standard model, as shown in Figure 6-J1; this
behavior is expected due to the lower effective permeability contrast. On
this scale, the results for the growing DRZ are the same as for no DRZ. For
the growing DRZ cases, the brine inflow rate is actually increasing late in
time, increasing by 1% and 8% over the minimum values for the 1R/yr and 2R/y

cases, respectively. Figures 6-J2 and 6-J3 present the brine inflow ratio to
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that with no DRZ. The standard model and McTigue model have declining
ratios; in contrast, the growing DRZ results show an increasing ratio. The
growing DRZ ratios are 1.2 and 1.4 for the 1R/yr and 2R/yr growth rates,
respectively; the values are still increasing at 1 year. The two-phase to
single-phase ratios, given in Figures 6-J4 and 6-J5, show that the McTigue
model has a much lower peak than the standard model and merges with the no
DRZ results earlier at about 109 seconds (1 day). The growing DRZ models
have ratios essentially the same as those calculated for no DRZ except at
late time, where the ratio for the 2R/yr growth rate is about 1.15.

The predictions for varying the gas solubility are presented in Figure
6-K. Higher values of the gas solubility (higher values of Ky-l) have a
minor effect on the brine inflow rate given in Figure 6-Kl. As shown in
Figure 6-K2, the effect of increasing the gas solubility by a factor of 4
only increases the maximum two-phase to single-phase brine inflow ratio by
around 50%, or 1.45 to 2.1.

Figures 6-L1 and 6-L2 show the brine inflow rate and two-phase to single-
phase brine inflow ratio for variation of the initial dissolved gas fraction.
The inflow rates given in Figure 6-L1 for 0 and 50% dissolved gas fractions
are virtually indistinguishable on these plots. Surprisingly, as shown in
Figure 6-L2, the brine inflow rate for 50% dissolved gas fraction is below
that for single-phase conditions in early time. This behavior 1is not
physical but is related to the numerical solution of the problem as discussed
later in this section. At later time, the brine inflow rate for 50%
dissolved gas fraction increases above that for no dissolved gas, but the
increase is small. Above 50% dissolved gas fraction, the results increase
smoothly toward the 100% dissolved gas case.

Figure 6-M1 gives the two-phase brine inflow rate as a function of time
for uniform free gas distributions. The highest brine inflow rate is for 10
v/o (volume percent) free gas; the brine inflow rate is lower for no free gas
and for 20 v/o free gas. This behavior is due to the fact that for 10 v/o

free gas, the free gas increases the effective compressibility of the fluid
thereby increasing the late time brine inflow compared to no free gas; the

free gas does not flow due to the 20 v/o residual gas fraction in the two-

phase characteristic curves. However, for 20 v/o free gas, this effect is
offset by the fact that the gas flows above 20 v/o. Therefore, as the fluid
depressurizes, the free gas fraction increases above 20 v/o, and the gas
flows thereby decreasing the driving force for brine flow compared to 10 v/o.
For 50 v/o, the results are not shown because the net brine inflow rate into
the borehole is zero; the gas flow rate is so great compared to the liquid
flow rate that all the inflowing brine is evaporated by the expanding gas.
The effect of varying the free gas distribution is shown in Figure 6-M2.
While some difference is noted early for different distributions, the longer
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term (>10° seconds) brine inflow rate is unaffected by the details for the
given non-uniform distribution. Figure 6-M3 gives the brine inflow ratio to
that with no free gas; the maximum ratio is about 2.75 for 10 v/o and about
2.4 for 20 v/o. Figure 6-M4 depicts the ratio of the brine inflow rate to
single-phase conditions. The brine inflow rate with free gas may be up to
3.5 times higher than for single-phase conditions.

Figure 6-N1 gives the brine inflow rate for capillary pressure magnitude
changes. The brine inflow rate increases with decreasing capillary pressure,
probably due to the greater volume of gas (lower pressure) for a lower
capillary pressure and a resulting more compressible fluid. From Figure
6-N2, the difference in flow rate for changes in capillary pressure magnitude
is less than a factor of 2. Figure 6-N3 shows the ratio of the two-phase
brine inflow rate for the various cases to that for the base case with
single-phase conditions. For variations in the capillary pressure magnitude,
the ratio varies from a maximum of about 2.3 for a zero capillary pressure to
values less than 1.0 for a high capillary pressure.

Values of the ratio less than 1.0 in Figures 6-L2 and 6-N3 are a
numerical artifact. By investigating the source code, these values are the
result of some assumptions made in the development of TOUGH that are not
important in typical applications. These assumptions are that the density of
the liquid phase can be evaluated at the gas phase pressure, and that the
presence of dissolved gas does not alter the liquid density. These
simplifications only cause differences in the brine inflow rate (maximum 5%)
at the highest values of capillary pressure; for the base case, the effect of
these assumptions is on the order of 1% or less. Therefore, the assumptions
are adequate for WIPP usage in general but must be kept in mind when
comparing results using different parameters.

The results for variations in the capillary pressure shape are given in
Figure 6-0. The brine inflow results in Figure 6-01 for the base case and

for a uniform capillary pressure curve are essentially the same; these
results are due to the low gas saturation valves (high liquid saturation)
encountered in the simulation. The brine flow rate is slightly lower for the

dissolved gas exsolution case consistent with a slightly higher capillary
pressure. Figure 6-02 shows a maximum difference of less than 25% for the
three variations. Figure 6-03 shows the variation in the ratio of two-phase
to single-phase brine inflow rate; the maximum increase is only 50%.

Figure 6-P1 gives the brine inflow rate for the various sets of two-phase
characteristic curves studied. Variations in the residual saturations have a
small impact on the brine inflow rate as does the effect of a totally
different set of curves; the maximum difference is less than a factor of 2 as
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shown in Figure 6-P2. Figure 6-P3 depicts the ratio for the different sets
of characteristic curves. The ratio in Figure 6-P3 is less than 1.0 for the
Sandia functions due to assumptions in TOUGH discussed above, and the

variation in the ratio is about a factor of 2.
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Figure 6-B.
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Two-Phase Inferred Parameters

The straight-line fits to the inverse of the two-phase brine inflow are
shown in this section. Figures 7-A to 7-E present the results for variations
in the borehole radius, permeability, pore pressure (dissolved gas and free
gas), formation compressibility, and porosity. The results for all these
cases are essentially the same as for single-phase flow. The straight-line
fits work well for these two-phase cases, even though the fit is only
strictly applicable to single-phase conditions. The time of applicability of
the straight-line fit is essentially the same as for single-phase conditions.
Quantitative information on the inferred formation parameters will be
presented later in this section.

Figure 7-F presents the results for the limited brime source. Although
the results for an infinite source and a 5.0-m brine source are about the
same as for single-phase flow, the smaller source radii of 1.0 and 0.2 m are
somewhat different. As can be seen in Figure 7-F3, the fit to the two-phase
data for the 1.0-m source radius looks reasonable. It is based on 4 points
and has an R2 of 0.97 (the single-phase fit was for 3 points with an RZ of
0.92). Even though only a small number of points are involved, the time
period involved is up to 7 months. For the 0.2-m radius as shown in Figure
7-F4, the results are similar to the single-phase case in that the fit is
meaningless as it is only based on two points.

Figure 7-G shows the fits for different DRZ distances. The applicability
of the fits in the two-phase case are essentially the same as for single-
phase flow; however, other behavior is different. In single-phase flow, the
inverse brine flux data always approaches the final straight line from above.
In contrast, the two-phase data for the 1.0R and 2.0R DRZ cases (Figures 7-G3
and 7-G4), the data goes from above the line to below the line before
settling down. If the data were progressively fit as acquired, the fit would
be steeper early on and get shallower before finally settling down.

The fits for the initial condition variations of the DRZ are given in
Figure 7-H. The cases of initial atmospheric pressure and constant porosity
are very similar to the single-phase results. These two variations do not
show the behavior noted in Figure 7-G4. Therefore, that different behavior

is probably related to the porosity variation in the standard DRZ model
specification.

The results of changing the permeability contrast in the DRZ are given in
Figures 7-11 and 7-12 for increasing and decreasing contrast, respectively.
The "dip" in the plot seems to get more pronounced with a smaller
permeability contrast. In addition, as the dip gets larger (decreasing Ak in
this case), the applicability of the fit gets later and later. For a
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permeability contrast of 1000, the fit applies after 102 seconds (1 day),
while for a permeability contrast of 10, the time period is after about 106
seconds (10 days).

Figure 7-J shows the plots for the McTigue DRZ specification, as well as
for the growing DRZ cases. While the fit to the McTigue approach in Figure
7-J1 is good, the time period of applicability is much later than for single-
phase flow, increasing from about 109 seconds (1 day) to about 106 seconds
(10 days). No dip is seen for the data. As with single-phase flow, the data
for the growing DRZ cases in Figures 7-J2 and 7-J3 could not be fit by the
asymptotic approach.

The gas solubility fits are presented in Figure 7-K. The data is well

behaved and is easily fit by the straight-line approach. The initial
applicability of the fit increases for the higher gas solubility (higher
Ky~ 1). The time in Figure 7-Kl1 for the lowest solubility is about 10°

seconds (1 day) compared to about 5 x 102 seconds (5 days) for the higher
solubility case in Figure 7-K2.

Figures 7-L1 and 7-L2 present the dissolved pgas fraction results for 50
and 100% dissolved gas fractions, respectively; the 0% dissolved gas fraction
is simply single-phase conditions. The fits for the 50 and 100% dissolved
gas cases are similar and represent the data quite well.

Free gas variations are fit by the straight-line asymptotic approach in
Figure 7-M. For uniform free gas (10 and 20 v/o), the fits in Figures 7-Ml
and 7-M2 are applicable after about 109 seconds (1 day), and the data show no
peculiar behavior. For 10 v/o nonuniform gas distributions, the G/L case
(free gas pocket right next to the borehole) in Figure 7-M3 has a kink in the
data, while the L/G case (free gas pocket 1 node back from the borehole) in
Figure 7-M4 shows no such behavior.

Figure 7-N shows the capillary pressure magnitude variations for the two-
phase characteristics case. The results for zero capillary pressure and 10
times the nominal capillary pressure are given in Figures 7-N1 and 7-N2. No
significant difference in the fits for the two capillary pressure cases is
noted. The fits for the capillary pressure shape are presented in Figure
7-01 and 7-02. Again, straight-line behavior is seen in both cases of
uniform and dissolved gas exsolution shapes. Figure 7-P gives the results
for the variation in the residual saturations (Figures 7-Pl and 7-P2) and in
the shape of the characteristic curves (Figure 7-P3). As with the other
variations, the data behavior is consistent with the asymptotic approach.

Changes in the two-phase parameters are not reflected in these plots.
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Table 6 summarizes the guantitative information on the straight-line fits
as to their prediction of the formation parameters. In those cases where
there was a single-phase analogue, single-phase results were obtained using

the two-phase model for reference purposes.

From Table 6, the formation permeability is seen to be well predicted
(within about 10%) except in the case of a limited brine source and for the
growing DRZ cases where no fit was generated; these results are consistent
with those for single-phase conditions. Even for the case of free gas, the
formation permeability is well predicted using the single-phase approach at
20 v/o. However, note that in the case of 50 v/o free gas, no fit was
obtained because the net brine inflow rate was zero. Also note that 20 v/o
is the default residual gas saturation. Therefore, this conclusion may only

be appropriate if the gas is immobile.

For the diffusivity, the same general comments apply as for single-phase
fits. In general, the two-phase inferred values are about a factor of 2
lower than their single-phase counterparts. Prediction of the permeability
is much more reliable than prediction of the diffusivity. The diffusivity
for the free gas cases are considerably in error by about an order of
magnitude. In this situation, the inferred diffusivity wvalues are
unreliable. Prediction of diffusivity for the DRZ cases is also poor;
however, use of an effective radius considerably improves the predictions as
shown in Table 7.
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Table 6. Two-Phase Inferred Parameters

Permeability (m2)

Actual
1.0 x 10-21 (except as noted)

Borehole Radius

R=all 1.

Permeability
10-18 p2
10-21 2
10-23 2
Pore Pressure (dissolved gas
1 MPa
15 MPa
Pore Pressure (free gas)

_ O~ HF B~ O

1 MPa 0.

15 MPa
Formation Compressibility
0 Pa-l
10-13 pa-1
10-12 pa-1
10-11 pa-1
10-10 pa-1
10-9 pa-1l
Porosity
0.001
0.01
0.03
Brine Source
Infinity
5.0 m
1.0m
0.2 m
DRZ Characteristics
No DRZ
0.5R DRZ
1.0R DRZ
2.0R DRZ
Patm
Constant ¢
McTigue
Inc. Ak
Dec. Ak
Growing DRZ - 1R/yr
Growing DRZ - 2R/yr

FHRERPR R e

o

O HRRRPHO

oy e

Inferred

03 x 10-21

.96 x 10-18
.02 x 10-21
.12 x 10-23

.95 x 10-21
.03 x 10-21

97 x 10-21
.03

i
—
o
'
N
=

.03
.03
.02
.04
.04
.10

L
i
o
1
N
-

w
=
o
1
N
—

.00
.00
.99 x 10-21

b
=
o
1
~No
—

.02
.01

F
-t
o
N
=

.99
.00
.00
.00
01
.02
02
.03 x 10-21
.99 x 10-21

No Fit

No Fit

oM oM X M X K M X
P
o
1
N
=

Error

+3%

-4%
+2%
+12%

-5%
+3%

-3%
+3%

+3%
+3%
+2%
+4%
+4%
+10%

<0.5%
<0.5%
-1%

+2%
+1%
-93%
-100%

-1%
<-0.5%
<+0.5%
<-0.5%

+1%

+2%
+2%
+3%

-1%
No Fit
No Fit
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Table 6. Two-Phase Inferred Parameters (Continued)

Gas Solubility

single-phase 1.02 x 10-21 +2%
Kgl = 0.25E-10 Pa-l 1.02 x 10-21 +2%
= 0.50E-10 Pa-l 1.01 x 10-21 +1%
— 1.00E-10 Pa-l 1.01 x 10-21 +1%
Dissolved Gas
single-phase 1.05 x 10-21 +5%
DGF = 50% 1.05 x 10-21 +5%
- 75% 1.03 x 10-21 +3%
= 90% 1.01 x 10-21 +1%
= 95% 1.02 x 10-21 +2%
= 100% 1.04 x 10-21 +4%
Free Gas
free gas fraction
None 1.04 x 10-21 +4%
10 v/o - uniform 1.06 x 10-21 +6%
10 v/o - G/L 1.07 x 10-21 +7%
10 v/o - L/G 1.08 x 10-21 +8%
20 v/o - uniform 0.88 x 10-21 -12%
50 v/o - uniform N/A N/A
Two-Phase Characteristic Curves
single-phase 1.02 x 10-21 +2%
two-phase
Brooks & Corey 1.05 x 10-21 +5%
10%Prq 1.07 x 10-21 +7%
0.1%P¢q 1.02 x 10-21 +2%
Zero Pg 0.96 x 10-21 -4y
Uniform Pcap 1.05 x 10-21 +5%
Dissolved Gas 1.06 x 10-21 +6%
Exsolution
Sy = 0.0 1.04 x 10-21 +4%
Sy = 0.4 1.04 x 10-21 +4%
Sandia functions 1.00 x 10-21 <-.5%
Diffusivity (m2/sec)
Actual Inferred Error
2.1 x 10-7 (except as noted)
Borehole Radius
R=all 1.6 x 10-7 -20%
Permeability
10-18 2
(2.1 x 10-%) 7.6 x 10-3 -60%
10-21 2
(2.1 x 10-7) 1.7 x 10-/ -20%
10-23 p2
(2.1 x 10-9) 5.5 x 10-9 +160%
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Table 6.

Two-Phase Inferred Parameters (Continued)

Diffusivity (m?/sec)

Actual

Pore

Pore

1 MPa
15 MPa

1 MPa
15 MPa

Formation Compressibility

0 Pa-l

(2.1 x 10-7)
10-13 pa-1

(2.0 x 10-7)
10-12 py-1

(L.6 x 10-7)
10-11 pa-1

(4.8 x 10-8)
10-10 pa-1

(6.1 x 10-9)
10-9 pa-l

(6.2 x 10-10y

Porosity

0.001

(2.1 x 10-6)
0.01

(2.1 x 10-7)
0.03

(6.9 x 10-8)

Brine Source

Infinity
5.0 m
1.0 m
0.2 m

DRZ Characteristics

No DRZ
0.5R DRZ
1.0R DRZ

2.0R DRZ
Patm
Constant ¢
McTigue
Inc. Ak
Dec. Ak

Pressure (free gas)

Inferred

Pressure (dissolved gas)
1.
1.

7.
1.

oW
e =R
L -

=N R W

~
"

W oW~ OO
Moo oM M pd M XX

Error
-40%
-10%

-70%
-70%

-10%

-5%
-10%
+50%

+80%

+220%

-30%
-20%
-30%

-25%
-30%
-100%
-100%

-30%
-70%
-80%

-90%
-90%
-90%
-90%
-90%
-90%
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Table 6.

Two-Phase Inferred Parameters (Continued)

Growing
Growing
Gas Solubi

DRZ - 1R/yr
DRZ - 2R/yr
lity

single-phase

two-phas
KHl =

Dissolved

e

0.25E-10 Pa-1
0.50E-10 Pa-1
1.00E-10 Pa-1l
Gas Fraction

single-phase

two-phas
DGF =

Free Gas
free gas
None
10 v/o -
10 v/o -
10 v/o -
20 v/o -
50 v/o -

e
50%
75%
90%
95%

100%

fraction

uniform
G/L
L/G
uniform
uniform

No Fit
No Fit

3.1 x 10-7/

1.5
.0
0.6

N RN W e
O W w &~

N NN N
o~ O O
ZxK X XX

Two-Phase Characteristic Curves
single-phase

two-phas

e

Brooks & Corey

10*P¢q

0.1%P¢q
Zero P¢
Uniform
Dissolve

Pcap
d Gas

Exsolution

Sy = 0.0
Sy = 0.4

Sandia functions

3.1

(O e L
~N P o0 R
Mo M KN

N B
0

w

E -

~

wox X

10-7
10-7
10-7

10-7

10-/
10-7/
10-7/
10-7
10-7

10-7
10-8
10-8
10-8
10-8

/A

10-7

10-7
10-7
10-7
10-8
10-7
10-7

10-7
10-7
10-7

No Fit
No Fit

+50%

-30%
-50%
-70%

+110%

+110%
+60%
+10%
+0%
-5%

-5%
-90%
-90%
-90%
-90%

N/A

+50%

+10%
+180%
-50%
-70%
+10%
+70%

+130%
+30%
+340%
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Table 7. Inferred Two-Phase Diffusivity Using Effective Radius

Diffusivity (mz/sec)

Actual Inferred Error
2.1 x 10-7
Borehole Radius

R=all 1.6 x 10-7 -20%
No DRZ 1.4 x 10-7/ -30%
0.5R DRZ 1.4 x 10-7 -40%
1.0R DRZ 1.4 x 10-7/ -30%
2.0R DRZ 1.4 x 10-7 -30%
Patm 1.5 x 10-7 -30%
Constant ¢ 1.7 x 10-7 -20%
McTigue 2.1 x 10~/ -1%
Inc. Ak 1.6 x 10-7/ -20%
Dec. Ak 1.7 x 10-7 -20%
Growing DRZ - 1R/yr No Fit No Fit
Growing DRZ - 2R/yr No Fit No Fit
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Two-Phase Gas Inflow

Gas inflow rates for the two-phase cases are presented in this section.
In addition, the inflowing gas saturation (ratio of gas volume flowing in to
total volume flowing in) at the borehole condition of 0.1 MPa is given.

The gas inflow rate for the case of varying the borehole radius is given
in Figure 8-Al. Note that the gas mass inflow scale is three orders of
magnitude less than the corresponding brine mass inflow scale. Thus, the gas
mass inflow rate is insignificant compared to the brine mass inflow rate.
Figure 8-A2 gives the gas inflow rate using the normalized time. All the
curves fall on top of each other, so the borehole radius scaling for brine
inflow also applies to gas inflow, at least for the dissolved gas scenario.
Figure 8-A3 gives the gas saturation of the inflowing mixture using the
normalized time; this parameter is a measure of the volumetric fraction of
the gas to the total. While the gas mass inflow rate is negligible compared
to the brine value, the gas saturation (or gas volume fraction) is
significant, starting at about 0.36 and decreasing to about 0.25.

Figure 8-B shows the gas inflow and saturation for the permeability
variation, The magnitude of the gas inflow rate increases for higher
permeabilities as seen in Figures 8-Bl to 8-B3. Figures 8-B4 and 8-BS5 show
the gas inflow rate divided by the permeability. As with the brine inflow
rate, the behavior does not simply scale with the permeability because the

shape of the curve also changes. Figure B8-B6 depicts the gas saturation of
the inflowing fluid. The gas saturation is a strong function of the
formation permeability. For the lowest permeability (10-23 n2), the gas

saturation is about 0.6, while for the highest permeability (10‘18 m2), the
gas saturation is about 0.1. The increase in the 10-18 p2 gas saturation and
gas inflow rate at late time is due to mobile free gas; otherwise, all gas
inflow is due to transported dissolved gas. The reason for the difference
with permeability is the variation of the capillary pressure with
permeability. For the lower permeability, the capillary pressure is much
higher, and much more dissolved gas is present in the brine than for a lower
permeability. Therefore, the gas saturation will be much higher for a lower
permeability.

The pore pressure results are given in Figure 8-C. The dissolved gas and
free gas results in Figures 8-Cl and 8-C3 show a strong dependence on the
pore pressure that can be essentially normalized within a factor of 2 by
dividing by the pressure difference (Figures 8-C2 and 8-C4). The ratio of
the gas inflow rate for the free gas variation to that for the dissolved gas
case is given in Figure 8-C5. The ratio is a strong function of the pore
pressure with a maximum value of about 1.5 for 1 MPA pressure. The ratio is

exactly 1.0 for a pore pressure of 15 MPa because the dissolved gas and free
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gas cases are the same. The gas saturation variation is given in Figures
8-C6 and 8-C7. The values vary from about 0.4 to about 0.2; the higher

pressures have the higher values.

Figure 8-D presents the formation compressibility results. The variation
in the gas inflow rate in Figures 8-D1 and 8-D2 is consistent with the two-
phase brine inflow rate. In fact, as shown in Figure 8-D3, the gas
saturation is surprisingly insensitive to the formation compressibility.

The plots for the porosity case are given in Figure 8-E. Again, there
are no surprises as the gas inflow rates and normalized values in Figures
8-El and 8-E2 closely resemble the brine inflow results. Figure 8-E3 gives
the gas inflow rate as a function of normalized time (t/¢); the curves are
very close to each other except that the wvalue for the highest porosity is
below the others at early time. The gas saturation values as a function of
normalized time in Figure 8-E4 are also consistent with each other except for
the highest porosity results, which are lower than the others; this
difference may be due to nodalization effects.

The limited brine source results are shown in Figure 8-F. The gas inflow
rate in Figures 8-Fl1 and 8-F2 behaves just like the brine inflow rate, except
at lower values. The normalized wvalues in Figure 8-F3 are also similar to
the two-phase brine inflow rate results. The gas saturation values in Figure
8-F4 are insensitive to the brine source radius except for a slight variation
in the later portions of the simulation.

Figure 8-G gives the results for the DRZ distance wvariation. The gas
inflow for the different DRZ distances in Figure 8-Gl increases for larger
DRZs. However, note that the gas inflow for no DRZ crosses that for a finite
DRZ. This behavior is emphasized in Figure 8-G2, where the gas inflow rate
has been normalized to the value with no DRZ. The values for a finite DRZ
start above the no DRZ case but quickly fall below it and stay below it. The
reason for this trend is that the DRZ is a low pressure region like the
borehole. When the gas-saturated brine flows into the DRZ, much of the

dissolved gas comes out of solution in the DRZ and is trapped until it

becomes mobile. The brine, with much lower dissolved gas content due to the
lower pressure, continues through the DRZ into the borehole. Thus, the gas
saturation is much lower for a DRZ because much of the gas is trapped in the
DRZ region. This behavior will be seen in the next section when pressure and
gas saturation profiles at the end of the simulation are presented. This
situation is also reflected in the inflowing gas saturation in Figure 8-G3;
while the no DRZ wvalue is about 0.25, the finite DRZ wvalues are around 0.06.

Figure 8-H summarizes the gas inflow rate and gas saturation values for

the DRZ characteristics wvariation. The results for the gas inflow rate in
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Figure 8-Hl and the ratio to the no DRZ results in Figure 8-H2 are consistent
with the brine inflow rate and the DRZ gas-trapping behavior mentioned above.
The gas saturation wvalues in Figure 8-H3 merge quickly after the initial

transient is over.

Figure 8-I presents the results for different DRZ permeability contrasts.
While the brine inflow rate for an increased Ak is higher early on than the
standard model, the gas inflow rate in Figure 8-I1 for this early time period
is about the same. This change is due to increased gas-trapping for the
larger Ak. Since the DRZ permeability is higher in this case, the DRZ
pressure is lower. More gas comes out of solution in the DRZ and is trapped
there, so less makes it to the borehole. Likewise, the difference between
the standard model and the decreased Ak is smaller than for the brine inflow
rate. The ratio to the no DRZ case is given in Figure 8-I2. This gas
trapping behavior is also shown in the gas saturation variation in Figure
8-I3. Considering the no DRZ case as a further decreased Ak (Ak=0), the gas
saturation values decrease with increasing permeability contrast. For
contrasts of 0 (mo DRZ), 10, 100, and 1000, the late-time gas saturation
values are approximately 0.23, 0.12, 0.06, and 0.03, respectively.

The McTigue and growing DRZ results are contained in Figure 8-J. The gas
inflow rate for the McTigue model in Figure 8-J1 is similar to the brine
inflow results. For the growing DRZ cases, the initial gas inflow rate in
Figure 8-J1 is like the no DRZ rate because the DRZ extent is very small and
the permeability contrast is limited. The ratio to the no DRZ case is shown
in Figure 8-J2 which reflects gas trapping. For the growing DRZ cases, as
the DRZ extent grows, the gas inflow rate ratio drops from the no DRZ values
to the finite DRZ values. However, the rate suddenly increases for the 2R/yr
case as the gas phase becomes mobile, probably due to the lower permeability
contrast than for the McTigue approach. The gas saturation values in Figure
8-J3 show a similar trend. The McTigue value is about 0.04, below that for
the standard DRZ model. The growing DRZ results start out at a higher value
similar to that for no DRZ but decrease toward the finite DRZ wvalues.
However, for the 2R/yr case, the free gas suddenly becomes mobile, and the
gas saturation value increases dramatically.

The gas solubility results are shown in Figure 8-K. The gas inflow rate
is higher for higher gas solubilities as given in Figure 8-Kl1. As shown in
Figure 8-K2, the 1increase is slightly more than the increase in the
solubility. The gas saturation values shown in Figure 8-K3 are higher for
the higher gas solubility, varying from about 0.23 for the standard case, to
0.38 for the solubility increased by 2, and to 0.57 for the solubility
increased by 4.
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Figure 8-L gives the gas inflow and gas saturation results for variation
of the dissolved gas fraction. The variation in the gas inflow in Figure
8-L1 and in the ratio to 100% dissolved gas in Figure 8-L2 is a strong
function of the dissolved gas fraction, especially at early time. Initially,
the inflow rate ratio is very close to the initial dissolved gas fraction.
As time goes on, the values all approach 1.0. The gas saturation shown in
Figure 8-L3 also reflects this behavior as after 1000 seconds, minimal effect
of the initial dissolved gas fraction is noted.

The free gas fraction results are given in Figure 8-M. Unlike the other
cases, the gas inflow rate in Figures 8-Ml to 8-M4 varies significantly with
free gas fraction apparently unrelated to the brine inflow rate because the
gas is often mobile (note the 20 v/o residual gas saturation). Therefore,
while the no gas and 10 v/o gas cases follow the brine inflow rate trends,
the 20 and 50 v/o are completely different. In addition, the non-uniform
cases also involve mobile free gas because the gas pockets are at 20 v/o.
Figure 8-M1 gives the gas flow rates for uniform free gas. The values for mno
free gas and 10 v/o are shown; the rates for 20 v/o and 50 v/o are off the
scale. Similarly, the nonuniform rates are given in Figure 8-M2. The 10 v/o
L/G case is lower than the uniform case, while the 10 v/o G/L variation is
off the scale high. The ratio of the inflow rate to that with no free gas is
given in Figure 8-M3. For 50 v/o free gas, the ratio is about 30,000; for 20
v/o, the value is around 100; and for 10 v/o, the ratio is about 2. For
nonuniform gas, the ratio of nonuniform to uniform gas inflow shown in Figure
8-M4 is a strong function of time and can vary between 0.3 and 100 for the
cases analyzed. Figure 8-M5 gives the gas saturation for these situations.
The values vary considerably from a low of about 0.2 (10 v/o L/G) all the way
up to essentially 1.0 (50 v/o).

The capillary pressure magnitude results are plotted in Figure 8-N. In
contrast to the brine inflow rate, the gas inflow rate increases with
increasing capillary pressure magnitude, as given in Figure 8-N1. The ratio
of the flow rate compared to the base case is presented in Figure 8-N2; the
ratio diverges and reaches an asymptotic wvalue approximately equal to the
multiplier on the capillary pressure. The gas saturation results in Figure
8-N3 reflect this trend as the high capillary pressure has a gas saturation
of about 0.75, while the zero capillary pressure value approaches zero. As
with the permeability case, this variation is caused by more gas in solution
for the higher capillary pressures.

Figure 8-0 has the plots for variation in the shape of the capillary
pressure curve. The uniform results in Figure 8-01 are essentially the same
as the base case, probably because there are minor differences in the two

curves in the high liquid saturation region encountered in this simulation.
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The dissolved gas exsolution results tend toward the high capillary pressure
results, which are again expected due to the difference in the curves. The
maximum gas inflow ratio in Figure 8-02 approaches 3. The gas saturation
varies from 0.22 for the base case to 0.45 for dissolved gas exsolution as
shown in Figure 8-03.

The shape of the characteristic curves has been investigated and the
results are shown in Figure 8-P. For a decreased residual saturation,
additional gas flow is expected and is seen in Figure 8-Pl1 and in the ratio
to the base case in Figure 8-P2; the results are the opposite for increased
residual saturation. The difference in the rates from the base case 1is
between 0.4 and 1.5. However, if the Sandia functions are used with a
significantly different gas relative permeability curve, the flow rate 1is
much higher and the ratio is about 500. Thus, the gas inflow rate is a
strong function of the shape of the curves in contrast to the brine inflow
rate. The gas saturations in Figure 8-P3 show similar variation, varying
from about 0.1 for the high residual saturation to 0.99 for the Sandia
functions.
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Pressure and Gas Saturation Distributions

The brine and gas pressure and free gas saturation distributions in the
formation are presented in this section. Only the distributions at the end
of the simulation (nominally 1 year) are given. The only exception to the
l-year value is for the borehole radius variation,. In that case, as
discussed earlier, a constant value of t*-t/R2 was used. The approximate end

time values are:

Borehole Radius Simulation End Time
0.019 m 1 year
0.051 m 7.2 years
0.457 m 580 years
1.5m 6200 years
4.5 m 56000 years

Figure 9-Al shows the single-phase brine pressure profile for the radius
variation as a function of normalized radius. The curves for all the
borehole radii lie on top of each other. The local pressure reaches 95% of
the far-field value at about 200 times the borehole radius, or about 4 m for
a 0.019 m radius borehole. For two-phase conditions, as shown in Figure
9-A2, the far-field wvalue is reached at 150 times the borehole radius, or
around 3 m for a 0.019 m radius borehole. Figure 9-A3 shows the gas
pressure normalized to the far-field brine pressure; the results are greater
than 1.0 due to the capillary pressure. The gas pressure reaches the far-
field value much sooner than the brine pressure. Figure 9-A4 presents the
free gas values. The largest free gas saturation is less than 2%, which
drops rapidly with the first 5 borehole radii and slows thereafter.

The distributions at the end of 1 year for the permeability wvariation
are given in Figure 9-B. The pressure is affected over a much smaller

distance for the lower permeability, as shown in Figure 9-Bl for single-

phase flow. For a permeability of 10-23 m2, the pressure is only disturbed
about 1 m out from the borehole, while this distance is over 100 m for a

permeability of 10-18 p2. The two-phase brine pressure profile shows
similar results, as given in Figure 9-B2. The gas pressure profile is
presented in Figure 9-B3. The magnitudes are much different due to the

differences in capillary pressure; the extent of the pressure change is in
accordance with the brine pressure profiles. The pgas saturation
distribution in Figure 9-B4 also reflects the capillary pressure as the low
permeability, high capillary pressure case has the lowest final gas

saturation. The 10-18 n2 permeability gas saturation wvalues near the
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borehole are slightly above 0.20, the residual gas saturation, indicating
mobile free gas as was observed in the gas flow results.

The pore pressure variation results are shown in Figure 9-C. The
single-phase pressure profile for the highest and lowest pore pressures are
shown in Figure 9-Cl; the results do not overlay because the correct
normalization is the pressure difference relative to the borehole pressure,
not just the pressure. When the correct normalization is used, the results
overlay as shown in Figure 9-C2. Similar results for the two-phase brine
pressure are shown in Figures 9-C3 and 9-C4 for dissolved gas. The two-phase
results do not overlay but are reasonably close. 1In all cases, the pressure
is affected out to about 4 m at the end of the simulation. The free gas
profiles and normalization are shown in Figures 9-C5 and 9-C6. The results
are similar although the normalization is not as successful as for the
dissolved gas case. The gas pressure profile is shown in Figure 9-C7; the
large spread in the values is due to the normalization with the far-field
brine pressure. The gas saturation profile given in Figure 9-C8 shows that
the gas saturation is higher for higher initial pressures. The maximum gas
saturation is about 0.03, and most of the increase in the free gas is within
the first 0.2 m. For the free gas case, the gas pressure profile is very
similar, as given in Figure 9-C9. However, the gas saturation profiles in
Figure 9-Cl0 are considerably different due to the initial free gas. S§till,
the free gas values are low and the larger valves are confined to regions
very close to the borehole.

Formation compressibility effects are presented in Figure 9-D. The
brine pressure profile (single-phase and two-phase) gets steeper as the
formation compressibility increases, as shown in Figures 9-Dl1 and 9-D2. For

an incompressible formation, the pressure penetrates about 4 m into the
formation. For a formation compressibility of 10-92 Pa-1l, the penetration 1is
reduced to around 0.5 m. Similar trends are shown in the gas pressure
profiles in Figure 9-D3. The free gas saturation profiles in Figure 9-Dé&
also reflect this behavior in that for the higher compressibility cases, the
free gas in concentrated much closer to the borehole and has a much higher

value.

Figure 9-E gives the results of the porosity wvariation. The single-
phase pressure profile in Figure 9-El extends much deeper into the formation
for lower porosities, i.e., about 2.5 m for a 0.03 porosity, about 4 m for a
0.01 porosity, and about 12 m for a 0.001 porosity; similar results are
shown in Figure 9-E2 for two-phase conditions. The effect is simply related
to the amount of brine available. For a higher porosity, there is more
brine available in the pore space, so the depressurization does not
penetrate as deeply. The gas pressure in Figure 9-E3 is similar. The free
gas saturation in Figure 9-E4 shows the penetration effect plus the fact
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that there is less free volume. The brine inflow rates are very similar for
the different porosities, as seen earlier. Therefore, approximately the
same amount of gas will come out of solution. For the small porosity, the

pore space is much less, so the gas saturation is much higher.

Figures 9-F1 and 9-F2 show the brine pressure profiles for the limited
brine source radius variation for single- and two-phase conditions,
respectively. In both cases, the infinite and 5.0-m radius profiles are
close to each other; the effect of a limited radius of 5.0 m is just
beginning to impact the behavior at 1 year. For the 1.0-m radius, the
entire zone is essentially depressurized for single-phase conditions, while
it is well on its way for two-phase. The 0.2-m radius case is completely
depressurized in both cases. The same features are seen for the gas-
pressure profile in Figure 9-F3. The free gas saturation profile for a
radius of 0.2 m in Figure 9-F4 shows that a significant amount of brine is
retained in the formation even when fully depressurized; the free gas
saturation is less than 1l%.

The DRZ distance plots are shown in Figure 9-G. The brine pressure
plots in Figure 9-Gl and 9-G2 for single- and two-phase flow, respectively,
show that the DRZ zone is almost completely depressurized; thus, the use of
an effective radius equal to the outer edge of the DRZ is appropriate as
suggested earlier. Similar results are noted for the gas pressure profile
in Figure 9-G3. The free gas saturation profile in Figure 9-G4 shows the
dissolved gas exsolution and gas trapping occurring at the outer edge of the
DRZ as discussed in the previous section. Due to the low pressure in the
DRZ, dissolved gas comes out of solution in the DRZ and is trapped in the
formation rather than flowing into the borehole. Therefore, the gas inflow
rate is much lower with a DRZ than without one. When the gas saturation in
the DRZ reaches the mobile gas limit, the gas inflow will suddenly increase.

The DRZ porosity and initial pressure results are given in Figure 9-H.
The pressure profiles (brine and gas) in Figures 9-Hl to 9-H3 are the same
for all three cases at the end of 1 year. The free gas saturation profiles
in Figure 9-H4 have a minor difference; the gas saturation is higher for the
lower porosity case simply due to the smaller amount of available pore

space. Otherwise, the results are the same.

Figure 9-1 summarizes the profiles for the different DRZ permeability
contrasts studied. The brine pressures in Figures 9-I1 and 9-I2 are the
same for the standard model and for an increased permeability contrast; the
pressure is a little higher for the reduced contrast due to the lower DRZ
permeability and the slightly larger pressure drop. The gas pressure in
Figure 9-I3 shows a difference in the DRZ region because the capillary

pressure is a function of the local permeability; the wvalues 1in the
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formation are very similar. The differences in the free gas saturation
profiles in Figure 9-I4 are caused by the difference in the gas pressures; a
higher gas pressure leads to a smaller gas volume and gas saturation.

The McTigue and growing DRZ cases are presented in Figure 9-J. The
brine pressure profiles in Figures 9-J1 and 9-J2 generally reflect the end
state distance of the DRZ, i.e., for a DRZ growing at 1R/yr, the entire 1R
zone is depressurized. The McTigue and 2R/yr profiles are slightly higher
than the 2.0R DRZ due to the permeability variation in both cases. The gas
pressure profiles in Figure 9-J3 are considerably different due to the
different permeabilities and resulting different capillary pressure values
in the DRZ. The gas saturation profiles in Figure 9-J4 show considerably
different behavior for the different models as shown in Figure 9-J5. The
McTigue variation gradually increases toward the borehole due to the
permeability behavior in this region. The growing DRZ cases have a much
steeper increase because the region of dissolved gas exsolution continually
moves. In early time, when the brine inflow is the highest, the DRZ is wvery
small, and the gas that comes out of solution is trapped very near the
borehole. While this zone eventually spreads out, there is still dissolved
gas exsolution in the entire DRZ due to the permeability wvariation.
Finally, the mobile gas saturation value is reached for the 2R/yr growing
DRZ case, as shown in this profile and as seen earlier in the gas inflow
rate results.

The profiles are presented in Figure 9-K for the gas solubility case.
The single-phase brine pressure in Figure 9-K1 is for the base case and is
included simply for comparison purposes. The two-phase brine pressure in
Figure 9-K2 is slightly higher as the gas solubility increases because the
fluid system is able to expand more due to the higher fraction of gas. The
same trend is seen iIn the gas pressure profile in Figure 9-K3. The free gas
saturation profile in Figure 9-K4 has similar results as the values are
higher for the higher gas solubilities.

The dissolved gas profiles are shown in Figure 9-L. Again, Figure 9-L1
is the single-phase base case results for comparison purposes. The brine
and gas pressures in Figures 9-L2 and 9-L3 increase slightly with increasing
fraction of dissolved gas. The free gas saturation profiles in Figure 9-14
show the same trend. For a low dissolved gas fraction, the free gas is
confined to a very narrow zone around the borehole; as the dissolved gas

fraction increases, so does the size of the zone.

Figure 9-M presents the free gas fraction profiles. The two-phase brine
pressure in Figure 9-M2 is significantly higher as more free gas is present
up to the mobile gas limit. The distance where the pressure is 95% of the
far-field value is about 4, 3, 1, and 0.7 m for gas fractions of single-
phase, dissolved gas only, 10 and 20 v/o. For 50 v/o free gas, the brine
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pressure is lower because the gas is mobile and flows, thereby reducing the
system pressure. The non-uniform free gas brine pressure profiles are
equivalent to the uniform values. The gas pressure profiles in Figure 9-M3
reflect the increase in the capillary pressure with increasing free gas.
The free gas saturation profiles in Figure 9-M5 reflect the initial

condition and the mobility of the gas phase. The value near the borehole
tends toward the 20 v/o value for mobility; the far-field is the initial
condition. The increase in the 20 v/o case toward the borehole is due to

the decreased gas pressure and the small relative permeability mear 20 v/o.
For the non-uniform distributions, the gas pressures and gas saturations in
Figures 9-M4 and 9-Mé are naturally erratic due to the local conditions.
However, they average out close to the uniform profiles.

The effect of the magnitude of the capillary pressure on the profiles is
given in Figure 9-N. The differences in the brine pressure profiles in
Figure 9-N2 are a result of the volume of the gas which is reduced at higher
capillary pressures. For higher capillary pressures, the effect of any
dissolved gas exsolution is small due to the small volume, so the behavior
is more like single-phase. The gas pressures in Figure 9-N3 reflect the
large differences in the capillary pressure magnitude. Figure 9-N4 presents
the free gas saturation values, which are much lower for higher capillary
pressure.

The effect of the capillary pressure shape is shown in Figure 9-0.
Again, the dissolved gas exsolution case has a higher capillary pressure
than the uniform case and the base case. Therefore, the gas volumes will be
smaller, and the effect of two-phase conditions will be reduced. This trend
is reflected in the brine pressure profiles, the gas pressure profiles, and
the free gas saturation variation shown in Figures 9-02 to 9-04. Only small
differences are seen between the base case and the uniform capillary
pressure case since the curves are very similar for the low gas saturation
(high liquid saturation) values encountered in this simulation.

Figure 9-P presents the differences due to the shapes of the curves.
Minor variations are noted in the brine pressure profiles in Figure 9-P2.
The gas pressure discrepancies in Figure 9-P3 reflect the different
capillary pressure curves. The free gas saturation profiles in Figure 9-P4
follow the capillary pressure and relative permeability trends. For
variation in the residual saturations, the highest residual saturation (Sy =
0.4) has the highest free gas saturation. The low value of the free gas
saturation for the Sandia functions reflects the gas-phase relative
permeability curve, which permits significant gas flow immediately after
exsolution.
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Figure 9-A. Results from variation in borehole radius at 1 year.
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SUMMARY AND DISCUSSION

Single-Phase Brine inflow

As was discussed in detail in the Introduction, the single-phase brine
inflow rate for uniform properties should and does scale directly with the
borehole radius, pressure difference, and porosity. The scaling is more
complicated for the other cases including permeability, formation
compressibility, source radius, and the presence of a DRZ. The single-phase
brine inflow rate can have a large range of wvalues, especially if a DRZ is
present, although the significant differences from the base case results are
generally confined to times less than 104 seconds (3 hours); this time
translates into about 18 years on the repository scale (R=4.5 m). Because

this behavior occurs so early, the values may be additionally influenced by
the borehole drilling process.

The only variation that leads to an increasing brine inflow rate with
time, which is commonly observed in the WIPP underground, is a growing DRZ.
While the observed rate of increase over the last six months of the
simulation is small (<1% and 4% for 1R/yr and 2R/yr, respectively), the rate
could be enhanced by increasing the growth rate or other modifications.

Single-Phase Inferred Parameters

Straight-line fits to the inverse brine inflow data were generally good
representations of the synthetic "data" generated by the simulations. The
fits were often applicable after only one day, although the minimum time
period increased to about 1 month for the high formation compressibility
case. The fit is also applicable for the case of a constant distance DRZ.
The fit for the DRZ cases seems to have a "kink" in the inverse flux plot,
which may be a mechanism to identify the presence of a DRZ. A fit could not
be generated for the growing DRZ cases because the inverse brine inflow data

decreases with time toward the end of the simulation. The fit generated for

a limited source radius is questionable late in time.

The inferred permeability from these straight-line fits is generally
good (within 10%) except for the growing DRZ and limited brine source cases.
The diffusivity values have a much larger error, generally within a factor of
2, for the above problem variations plus situations with a DRZ. The values

can be considerably improved if the outside radius of the DRZ is used to
infer the diffusivity.

151



Accurate prediction of the permeability is much more important than the
diffusivity as far as the brine inflow rate is concerned. As discussed in
Appendix E, the brine inflow rate varies linearly with the permeability for a
constant value of the diffusivity. However, in the reverse case, an order of
magnitude change in the diffusivity for a constant permeability only changes
the brine inflow rate by about 30%. Thus, the more important parameter, the
permeability, is well predicted in all the cases considered.

Two-Phase Brine Inflow

The single-phase brine inflow rate could be normalized by a number of
factors including borehole radius, pressure difference, and porosity. While
the borehole radius scaling still seems to work for two-phase (dissolved gas)

conditions, the pressure difference and porosity scalings are only
approximate.

The ratio of the two-phase to single-phase brine inflow rate varies
considerably. For a highly compressible formation (Cf = 10-9 Pa-l), the
maximum ratio is close to 1.0, while the maximum value increases to about 1.5
for the incompressible base case. The maximum ratio is about 20 with a DRZ,
and 10%4 or greater for a limited brine source. These maximum ratios occur at
early time (<10% seconds) except for a limited brine source which occurs at 1
year.

As for single-phase conditions, the only variation with an increasing
brine inflow rate with time is a growing DRZ. No other two-phase conditions
analyzed resulted in an increasing brine inflow situation.

For variation of the initial free gas fraction, the maximum two-phase
brine inflow rate is largest at 10 v/o; the inflow rate was lower for no free
gas, 20 v/o free gas, and 50 v/o free gas. This behavior is tied closely to
the assumed 20 v/o residual gas saturation before the gas phase becomes
mobile. At 20 v/o, flow of gas reduces the driving force, so the inflow rate
of brine is reduced. For 50 v/o, another mechanism dominates. As the gas
flows into the borehole, it expands and becomes unsaturated, and all the

inflowing brine is evaporated by the gas. Thus, the brine inflow rate for 50
v/o free gas is zero.

The effect of the two-phase characteristic curves on the two-phase brine

inflow rate is minor. As will be discussed later, the same is not true for
the effect on the gas inflow rate.

Finally, some relatively minor limitations in TOUGH have been identified
regarding the density of the flowing fluid. The liquid (brine) density is

evaluated at the gas pressure, and the mass of dissolved gas is neglected in
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the mass flowing between volumes. These limitations are not a concern for
analyses typically conducted for the WIPP. However, they should be kept in
mind when trying to compare cases with minor differences.

Two-Phase Inferred Parameters

Although the straight-line fits are only directly applicable to single-
phase conditions, the fits work quite well for most two-phase (dissolved gas)
situations. The "kink" that was seen for the single-phase fits indicative of
a DRZ is also present for two-phase conditions. In addition, this "kink" has
other features that seem to indicate variation of the porosity in the DRZ.
Whether this behavior can be used as a measure of the formation
characteristics remains to be seen.

As with single-phase conditions, the inferred permeability is well
predicted, while significant errors exist for the diffusivity. In general,
the inferred diffusivity values are a factor of 2 lower than the single-phase

counterparts. The actual values of the diffusivity are based on single-phase
conditions.

Problems with the inferred parameters are seen for limited brine source
and, of course, the growing DRZ variation. The DRZ diffusivity predictions
are considerably low, which can be improved if the outside DRZ radius is
used. Values of the diffusivity are also low by about an order of magnitude
if significant free gas is present. No fit could be generated for the 50 v/o
free gas case because the net brine inflow rate is zero.

Two-Phase Gas Inflow

In many cases, the two-phase gas inflow rate is smaller by about three
orders of magnitude than the brine inflow rate in terms of mass. However, at
the assumed borehole conditions of 0.1 MPa, the volume ratio is much greater,
and gas saturation values for the inflowing fluid vary from 0.36 to 0.25 for

the base case.

The variation of two-phase parameters, especially the two-phase
characteristic curves and the amount of free gas, give a wide range in the
gas mass inflow and gas saturation values. While many of the gas inflow
rates are reasonably consistent with the two-phase brine inflow wvariation,
others are dramatically different. In the case of 50 v/o free gas, the gas
inflow rate is about 30,000 times greater than for no free gas, while the net
brine inflow rate is zero for the 50 v/o free gas case. An order of

magnitude 1increase in the capillary pressure causes about an order of
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magnitude increase in the gas inflow rate compared to the base case, while
the brine inflow rate is only slightly lower. The gas saturation of the
inflowing fluid also shows dramatic changes for these cases. Thus, gas
inflow cannot be directly inferred from brine inflow measurements alone.
Conversely, measurement of brine inflow and gas inflow does not uniquely
determine the two-phase parameters; other measurements such as the free gas
fraction and the two-phase characteristic curves are needed as well.

The presence of a DRZ causes an interesting modification of the gas
inflow rate. While the brine inflow rate is higher if a DRZ is present, the
gas inflow rate decreases after initially being higher. This behavior is
caused by pas being trapped in the DRZ. As the brine flows into the DRZ, the
lower pressure causes gas to come out of solution in the DRZ before reaching
the borehole. 1If the gas saturation is less than the mobile limit, this gas
becomes trapped, and the gas inflow rate to the borehole is lower until the

gas phase becomes mobile. This behavior is also noted in the gas saturation
profiles.

Pressure and Gas Saturation Distributions

The pressure and gas saturation profiles in the formation show that, for
the base case, the radius of influence is about 4 m at one year for a 0.019 m

radius borehole. This radius of influence is affected by a number of
parameters including the formation compressibility, porosity, and two-phase
conditions. For a high formation compressibility (Cgf = 10-9 Pa-1l), the
radius 1is reduced to about 0.5 m. Porosity values of 0.001, 0.01 (base

case), and 0.03 have a radius of influence of 12, 4, and 2.5 m, respectively.
For two-phase conditions, the radius is reduced to 3 m for brine saturated
with dissolved gas, to 1 m with 10 v/o free gas, to 0.7 m with 20 v/o free

gas. For 50 v/o free gas, the radius increases to about 4 m because the free
gas is mobile.

The gas saturation profiles show the DRZ gas-trapping behavior noted in
the gas inflow section. The gas saturation values are much greater at the

outer edge of the DRZ since gas is trapped in the DRZ until it becomes
mobile. In cases without a DRZ, the gas saturation peaks at the borehole
wall, and most of the free gas 1is present within a few centimeters of the
borehole. This behavior of the gas saturation profile may be wuseful in

determining the presence of a DRZ if significant dissolved gas is present in
the resident brine.
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CONCLUSIONS

Brine inflow sensitivity studies have been conducted using a one-
dimensional model to try to identify the effect of different parameter
variations including two-phase conditions on brine inflow measurements. Many
of the effects were expected, such as the effect of permeability on the brine
inflow rate, and the usefulness of the late-time asymptotic technique in
inferring formation permeabilities and diffusivities for single-phase flow.
Some of the other effects were a pleasant surprise such as the applicability
of the asymptotic method in inferring formation characteristics for two-phase
(dissolved gas and some free gas) conditions. Finally, some results indicate

that many parameters only influence brine inflow to boreholes at very small
times (<1 day).

The general conclusions from this investigation are:

« The late-time asymptotic approach for inferring formation parameters
from brine inflow data is reliable (within 10%) in predicting the
formation permeability for most single-phase and two-phase conditions.
Problems occur for limited brine sources, high initial free gas
fractions, and growing DRZs.

« The late-time asymptotic approach is less reliable in evaluating the
formation diffusivity, although this parameter is not as crucial as the

permeability. Typical errors are within a factor of 2. Again,
problems occur for limited brine sources, high initial free gas
fractions, and growing DRZs. In addition, for cases with a stationary

DRZ, the error in the inferred diffusivity can be about a factor of 10.
Use of the outer radius of the DRZ in evaluating the formation
diffusivity improves the predictive capability to within a factor of 2.

» Gas 1inflow rates vary orders of magnitude with wvariations in the two-
phase characteristic curves and free gas fractions. Note that the
brine inflow rate variation for these conditions is minimal (within a
factor of 2). Therefore, any inference on the free gas conditions in
the formation must include knowledge of the two-phase characteristic
curves. The presence of a DRZ also affects the gas inflow rate and the
distribution of gas in the formation.
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The zone of influence that the borehole measures is often small. After
1 year, for a 0.019-m radius borehole, this distance could be as small
as 0.5 m from the center of the borehole for a highly compressible
formation or about 1.0 m if there is a significant amount of free gas
present.

The only situation that resulted in the commonly observed increasing
brine inflow rate with time is a growing DRZ. Unfortunately, this also
is a case where the late-time asymptotic approach did not work and
formation parameters can not be inferred.

Additional two-dimensional simulations are planned to address other

effects such as excavation-borehole interactions and the influence of
stratigraphy.
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NOMENCLATURE

curve fit parameter, borehole surface area
curve fit parameter

diffusivity

formation compressibility

natural log of DRZ permeability ratio
dissolved gas fraction

disturbed rock zone

gas/liquid

Bessel function

permeability

DRZ permeability contrast
undisturbed formation permeability
gas phase relative permeability
liquid phase relative permeability
hydraulic conductivity

Henry's constant

length of borehole

liquid/gas

mass flow rate

pressure

atmospheric pressure

capillary pressure

maximum value of capillary pressure
initial brine pressure

threshold pressure

base case threshold pressure
far-field brine pore pressure

brine flux

radial distance from borehole centerline

borehole radius, square root of correlation coefficient

effective borehole radius
far-field effective radius
storativity

effective liquid saturation (equation (F-4))
residual gas saturation

residual liquid saturation

complete liquid saturation

residual saturation for both gas and liquid
specific storage (S/L)

effective liquid saturation (equation (F-8))
time

dimensionless time, ct/R2

transmissivity
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B ® © > X

dummy variable
volume percent
pore volume
Bessel function

characteristic distance for DRZ permeability variation

porous medium compressibility
pore compressibility

liquid compressibility

solid compressibility

Euler’s constant = 0.5772...
exp(v)

pore-size distribution parameter
brine density

brine viscosity

porosity
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Anelytical Solution for Seepage to a Borehole

Introduction

One of the simplest conceptual models for the seepage of brine in salt assumes that
the salt is a brine-saturated porous medium. Analytical solutions exist for simple flow
configurations in such a system [e.g., 1, 2, and serve as useful tools for the interpretation
of data. In particular, the solution for the flow rate to an open borehole can be fit to data
to estimate two critical parameters, e.g., the initial formation pressure and the hydraulic
diffusivity (given an independent estimate of the capacitance). Analytical solutions are
also used as “benchmarks” for the verification of computer codes designed to solve a
broader class of problems.

Radial flow to a borehole has been discussed extensively in previous reports |1, 2]. How-
ever, the practical importance of this problem has been highlighted by its recent ap-
plication to both data interpretation and code benchmarking. This has prompted a

more exhaustive study of the exact solution, its numerical evaluation, and its asymptotic
behavior.

This memo reports the results of a detailed examination of the exact solution for ra-
dial seepage to an open borehole in a homogeneous medium. The study reveals some
inaccuracies in previous evaluations of the solution and identifies means to correct these
errors. Updated pressure profiles and flux histories are provided for reference. Also, a
hic: ~r-order approximation to the flux at late time is derived, and the applicability of
the asymptotic solution is discussed.

Model Description

The standard, linearized, hydrological model for flow in a porous medium represents the
evolution of the excess pore pressure by a diffusion equation. A detailed development
is given, for example in [1]. An open, circular hole introduced into an unbounded,
homogeneous medium at some initial pressure po results in radial flow toward the hole,
associated with relaxation of the pressure in a zone that grows diffusively outward from
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the hole. The exact statement of the initial-value problem is:

Op cd ( 6p\ _

3 rE ('a_) =0 @)
p(r,t) = po, (2)
p(a,t) =0, (3)

'li_rip(r,t) = Po, (4)

where c is the hydraulic diffusivity and a is the radius of the borehole. An analytical
solution to (1)-(4) is well known |[e.g., 3, pp. 87-88):

222 [T et ) )
where J Y, Y, J
flu; r) = ofur. o(u) = Yo(ur.) o(u), (6)

Ji(u) + Y5 (u)
and where {, = ct/a?, 7, = r/a, and Jp and Y} are Bessel functions of the first and second
kind of order zero, respectively.

Although (5) is a closed-form solution to the problem of interest, it proves to be difficult
to evaluate accurately. The source of the difficulty is that the integrand is singuler at
the lower limit of integration. However, the singulerity is integrable, so that (5) can be
evaluated accurately if appropriate cere is taken. Proper account of this was not teken
in the calculations shown in [1] and [2]; one purpose of this memo is to provide corrected
calculations.

In order to isolate the singular part of the integrand, one cen partition the integral in
(5) into two parts:

P 2 [ 2 du 2 /"" 9 du

—_= = - t- y T )™ — — - t- 1 Ta)™ 7
22 [ept-wit) fu n) - 7 [ emp(-wit) fwi ) ()
where ¢ can be chosen to be arbitrarily small. The expensions of Jo({) and Y5(¢) for
small argument are given by:

Jo(<)=1—%2+---, (8)
Yo(¢) = % (1— %z)ln (%) e (9)

where C = exp(y), and 4 = 0.5772... is Euler’s constant. Substitution of (8) and (9)
into the first integral in (7) and expansion about u = 0 gives, to leading order:

.2 2 du _ j’ exp(—u®t,) du
‘1‘1_1‘1%-;‘/; CXP(—‘U t-) f(u)r-)u —11'11'. | lnz—_—(Cu/2)T+ . (10)
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This can be integrated by parts to yield

¢ du —e’t)Inr, .
Pl%‘%/o exp(-u'ts) f(u,r) - = _expl(n(C:/)2)n O (%> -y

Thus, (5) can be evaluated accurately by separating the singular part of the integrand,
integrating it analytically, and evaluating the remainder by numerical quadrature. Sub-
stitution of (11) into (7) gives the final form used:

- r it du

Evaluations of (12) have been carried out, setting € = 10~®, and performing the integral
by the Gauss quadrature routine DGAUSS8 in the SLATEC subroutine package. The error
tolerance in the numerical integrator was set to ERR = 107¢, and the calculations were
carried out on a VAX 8650 using double-precision arithmetic. Figure 1 shows equation
(12) evaluated for 1 < r, < 5 and ¢, = 0.01, 0.1, 0.5, 1.0, 5.0, 10.0, 50.0. This figure is
identical in scope to Figure 20 in [1]. The most significant differences in the corrected
version shown here are evident at later time and larger radius, where the pressures are
typically somewhat larger than in the original calculations. Thus, it appears that the
numerical quadrature applied to (5) directly tends to underestimate the contribution
near the singularity.

The exact numerical values on which Figure 1 is based are reproduced in Table 1 for
reference. Note that the integration scheme appears to have some difficulty in resolving
values asymptotically close to unity. For example, at ¢, = 0.01, the dimensionless pressure
reaches a maximum value of 0.9986 at r, = 1.6, and decreases monotonically to 0.9952
at r, = 5.0, rather than continuing to approach 1.0. No attempt has been made here to
resolve this problem, as it appears to have little practical consequence.

Fluid Flux at the Borehole

The easiest quantity to measure in the field is the flux into the hole, g,(q,t), which can

be obtained from (5) by application of Darcy’s law:

wlet)=-220 1 (13)

uor
where k is the permeability and g is the brine viscosity. The resulting expression has
been noted previously [1]:!

4 [™ exp(-u?t,) du

=2 e (14)

"There is a typographical error in equation (28) of reference [1]; the coefficient 4/% should read 4/72.
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where g, is the magnitude of the normalized flux at the borehole, q. = |g.|(a,t)/q =
—g.(a,t)/qo, nd the scale of the flux, go, is given by go = kpo/pa.

Equation (14) encounters the same difficulty discussed above in the context of the pressure
profiles: the integrand is singular at ¥ = 0, and numerical quadrature routines cannot
easily resolve this. However, the singularity is of the same form as that in (5), and is
therefore integrable. The identical procedure can be applied to (14). However, the same
result can be achieved by differentiating (12) directly, giving:

_ exp(—€) 4 [% exp(—eu’t/a®)du
%= "Ta(Ce2) T ;5/ J3(u) + Y2(u) v (15)

Evaluations of (15) have been carried out in the same fashion as those of (12) described
above, again taking ¢ = 10~%, and ERR = 107%. The results are shown in Table 2
and in Figure 2. These results replace Figure 18 in [1] and Figure 1 in [2; (which was
simply reproduced from the former reference). The fluxes computed here are slightly
higher than those obtained in the older calculations, again because numerical quadrature
applied directly to (14) underestimates the contribution near the singularity.

Late-Time, Asymptotic Flux

The asymptotic expansion of (14) for t, > 1 takes a particularly simple form useful for
fitting data. The development is reproduced here in detail because some care must be
taken in order to obtain consistent higher-order corrections.

In order to find the late-time, asymptotic expansion of the fluid flux (14), let n? = v?t,,
so that large t, corresponds to small arguments of the Bessel functions. Introduce the
appropriate expansions for small argument (8-9), and expand the integrand:

[T __exp(=7") N /4 o\ dn
t}EnxQ- ‘/° [ln (C17/2t3./2)]2 : [ln(Cn/_2t1/2>]z+ n

2 —n?
40 J/ nexp(—19°) dn -
2t, [1
n

CED)

where C = exp(y), and 4 = 0.5772... is Euler’s constant. Integration of each term in
(16) by parts yields:

(16)

2

) o nexp(—nz) [ T, 4 2 ]
lim q. = —2/ TEXPATT) Tt 3 1) 4| d
oo ) ln(Cn/2t3/z) 6 ( ) n

1/”’7(772-1)CXP(-777)d
R 1/2 +
t. In(Cn/21}/?)
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Expansion of 1/1n(Cn/2t}*) in powers of 1/1n(4t,/C?) gives:

1 2 2ln7 4(lnm)®
In(Cq/213%) ln(4t-/C’){1+ln(4t-/C’) la(4t. /7] }

(18)

Substitution of (18) into (17) and integration term by term yields:

.l
t!i_fnxq- _ 2 [1 v n (s + 7’)}2 + :l

In(4t./C?) |*  [In(4t./C?)] = [In(4t./C?)

2r?/3

~in(at./C7) [O 0+

.. (19)
In(a./C)F ]

2t 1/2
*in(at,/07) [0 T e T ]

Combination of the first four nonzero terms in (19) and neglect of the smaller term of
order tZ11n~%(t.) yields the final result:

(3 -)
lim g, = 2 1- L - =
t.—oo -~ In(4t,/C?) In(4t,/C?) [In(4t./C?))2

+ - (20)

Figure 3 shows an evaluation of the full integral solution for the flux (15) along with the
late-time approximations based on (20). It is evident by inspection of Figure 3 that one
or two terms of the series given by (20) capture the general trend of the exact solution
at late time, but overestimate the flux somewhat. The two-term expansion yields a flux
5% too high at t, = 100 and 3% too high at t, = 1000. The three-term expansion is very
close (less than 2% error) for ¢, > 100.

A simple scheme for fitting data in order to extract hydraulic properties is suggested by
taking the inverse of (20):

. -1 _ 1 41, ¥ 7rz/6
Jim ¢t =3ln (E) {1 * n@.jcn) t (e o T } (21)

Retaining the first two terms in (21) (i.e., neglecting the term of O(In~'(4t./C?)), and
returning to dimensional variables, this takes the convenient form:

!lim lg-1"%(a,t) = Alnt + B, (22)

where s
A= ,
T (23)
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and
4c

= —_— . 24
B=Aln (a’C) (24)
Thus, a plot of the inverse flux at the borehole versus Int is approximately linear at

sufficiently late time. The slope, A, is an indicator of the permeability, and the intercept,
B, is an indicator of the hydraulic diffusivity through the simple relations:

pa
k= :
2P0A

(25)

and \ B
c= a_49 exp (Z) (two — term expansion). (26)
Note that, if only the first term of the expansion given in (20) or (21) is retained, (26) is
replaced by

22
af exp (—g) (leading order). (27)

Thus, the higher-order approximation simply shifts the curve upward by a constant, A-.
As a result, a fit based on only the first term in (20) or (21) will vield an estimate for

the diffusivity (27) thet is a factor of C >~ 1.78 times greater than that obtained in view
of the two-term expansion (26).

¢ =

Figure 4 shows a plot of inverse flux versus the logerithm of time for ¢, > 10. The open
symbols are computed from evaluations of the exact, integral solution (15). The lines
show one, two, and three terms of equation (21). As noted above, both the Jeading-order
epproximation and the next, higher-order approximation are linear on this plot, with the
latter simply shifted upward by a constant. It is evident from this plot that (26) will
give a better estimate of the hydraulic diffusivity than will (27), but (26) still tends to
overestimate ¢. A nonlinear fit of the three-term series given in (21) would give a much
better result, and, although more involved than e linear regression based on the first two
terms, is still far easier to perform than a fit requiring numerical quadrature on (15).

The inverse-flux fitting method was tested recently [4, 5] using synthetic data generated
by numerical simulations of radial flow. Although the permeabilities used in the sim-
ulations were recovered with very good accuracy (typically within a few percent), the

diffusivities estimated using (27) were consistently overestimated by factors of about 2
to 3. It is well known from the heat-transfer literature [e.g., 6, that this difficulty is
inherent in the method because extrapolation of the late-time fit back to Int = 0 intro-
duces significant error. Nonetheless, the above considerations indicate that some of the
discrepancy is removed simply by accounting for one higher-order term in the late-time
expansion. When the same fits are interpreted using equation (26) rather than (27), the
errors are reduced to the order of 50%. Thus, the simple linear fit to late time dzta gives
a reasonably good approximation to the diffusivity.
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Summary

The principal results reported in this memo are:

. Previous evaluations of the integral solution for flow to an open borehole were

inaccurate, particularly for large radius and long time.

. The inaccuracy arose because direct application of a standard numerical quadrature

scheme to the integral solution did not take careful account of the singular nature
of the integrand at the lower limit of integration.

The singularity is exactly integrable, which allows more accurate evaluation of the
pressure profiles and flux history. Results are provided in tabular and graphical
forms.

. The late-time asymptotic solution for the borehole flux has been exterded to order

In~31¢,.

The late-time expansion for the inverse of the flux is linearin Int when one considers
either the leading-order term alone or the first higher-order correction, as well.
Inclusion of the higher-order correction has no eflect on the permeability inferred
from a linear fit to late-time data, but results in an estimate for the hydraulic
diffusivity that is smaller by a factor of 1.8.
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Table 1. Pressure Profiles at Various Times.

r. .=00111,=0.1(¢,=05(¢t, =101, =501, =10.0{t, =500

1.0 | 0.0000 0.0000 | 0.0000 | 0.0000 | 0.0000 0.0000 0.0000
1.2 | 0.8557 0.3987 | 0.2234 | 0.1785 | 0.1139 0.0968 0.0702
1.4 | 0.9950 0.6830 | 0.4067 | 0.3273 { 0.2101 0.1785 0.1296
16| 0.9986 0.8553 | 0.5558 | 0.4525 | 0.2930 0.2492 0.1810
1.8 | 0.9982 0.9428 | 0.6749 | 0.5580 | 0.3656 0.3113 0.2263
2.0 0.9979 0.9798 | 0.7679 | 0.6466 | 0.4298 0.3666 0.2668
2.2 | 0.9977 0.9927 | 0.8384 | 0.7203 | 0.4871 0.4164 0.3035
24| 0.9974 0.9962 | 0.89504 | 0.7812 | 0.5386 0.4614 0.3368
26| 0.9972 0.8969 | 0.9274 | 0.8308 | 0.5850 0.5025 0.3675
2.8 | 0.9969 0.9969 | 0.9529 | 0.8706 | 0.6270 0.5401 0.3959
3.0 0.9967 0.9967 | 0.9698 | 0.9022 | 0.6650 0.5747 0.4222
3.2 | 0.9965 0.9965 | 0.9806 | 0.9269 | 0.6994 0.6066 0.4468
3.4 0.9963 0.9963 | 0.9872 | 0.9458 | 0.7306 0.6360 0.4698
3.6 | 0.9962 0.9961 | 0.9912 | 0.9600 | 0.7590 0.6633 0.4914
3.8 0.9960 0.9960 | 0.9934 | 0.9706 | 0.7847 0.6886 0.5118
4.0 | 0.9959 0.9958 | 0.9945 | 0.9783 | 0.8079 0.7121 0.5311
4.2 | 0.9957 0.9957 | 0.9951 | 0.9838 | 0.8289 0.7340 0.5494
4.4 | 0.9956 0.9955 | 0.9953 | 0.9876 | 0.8479 0.7542 0.5668
4.6 | 0.9954 0.9954 | 0.9953 | 0.9902 | 0.8650 0.7731 0.5833
48| 0.9953 0.9953 | 0.9953 | 0.9919 | 0.8804 0.7806 0.5990
5.0 | 0.9952 0.9951 | 0.9952 | 0.9931 | 0.8942 0.8069 0.6140
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Table 2. Fluid Flux at the Borehole for Selected Times; Evaluated from “Exact”

Solution, Equation (15).

t. q.
0.1F -01 6.1291
0.2FE - 01 4.4718
0.4F - 01 3.2969
0.6F - 01 2.7748
0.8F - 01 2.4625
0.1E+00 2.2489
0.2E+00 1.7154
0.4E+00 1.3326
0.6E+00 1.1601
0.8E+00 1.0539
0.1E+01 0.9839
0.2E+01 0.8007
0.4E+01 0.6645
0.6E+01 0.6010
0.8E+01 0.5617
0.1E+02 0.5340

0.2E+02 0.4613
0.4E+02 0.4041
0.6E+02 0.3762
0.8E+02 0.3584
0.1E+03 0.3457
0.2E+03 0.3109
0.4E403 0.2822
0.6E+03 0.2676
0.8E+03 0.2580
0.1E4+04 0.2511
0.2E+04 0.2316
0.4E+04 0.2149
0.6E+04 0.2061
0.8E-+04 0.2003
0.1E+05 0.1961

A-11



Distribution

March 6, 1991

Table 8. Fluid Flux at the Borehole for Selected Times; Comparison of Lete-Time

Approximetions (Eq. 20) and “Exact” Solution (Eqg. 15).

t. q.
Late-time Approx. “Exact”
1 Term | 2 Terms | 3 Terms
10 | 0.7891 0.6094 0.4483 0.5340
50 | 0.48B26 | 0.4154 0.3785 0.3883
100 | 0.4135 | 0.3641 0.3410 0.3457
500 | 0.3102 | 0.2825 0.2727 0.2739
1000 | 0.280] | 0.2575 0.2503 0.2511
5000 | 0.2286 0.2135 0.2096 0.2100
10000 | 0.2118 | 0.1989 0.1957 0.1961
|
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Figure 1. Pressure profiles based on equation (12); radial coordinate, r, is normalized
by borehole radius, a; pressure, p, is normalized by initial value, py. This figure replaces
Figure 18 in [1].



March 6, 1991

Distribution

||||||||||| devrasonuancadnmenssumsesmderonen-vasodom - foo— - —
lllllllllll boenemmsoeswnsboasennerereboecancenwereboaccolonaa
||||||||||| deveeraoemnaadecessvoavmedenncaencereteaa o fooan

' ) ] '
||||||||||| B R L R R e R R L R R LRl i
||||||||||| desemamnsnnsdencesenvemedo-ncronmm-cdoacafona. —

. (] [} )
lllllllllll becamacaceanbrsananssrsmwhbecacnsevereboneae faoana-—

1 ] ] []

[ . ] 1
||||||||||| R LT P R T EE TR EEEEY A AR il
[} ’ ] [}

] ) ] »
lllllllllll becoenerensasbecsoncancnsnabacscccananebocrfroaane.

[ [] ‘ ] J

] (] ] (]

1 ’ ] (]

] [} ] (]

] ' ] ]

M . A N
||||||||||| bamammaamsunbasocnnnnrercboorcancscnssabacgdicccna—f
||||||||||| demeensacammadronmeeerreascdonaccsersoredow-ffove=on=—
lllllllllll Loccececcacsbocncccroecabeacnnncanecbecfacoooaad

] . 1
fmemommemee- F==--=---=-=- oo P LR R RS R
........... Levcamaaveoooboceoecccmsecbosnaannnaes PR

[} 1 ]
||||||||||| deres-—cascndacenvrnwvendecencnnnans e mme—=

] [ [] =

1 1 '
||||||||||| qerereeemem-eqessscesesacqreceermoncmq-fanecneo o —

[] [] []

) (] )
||||||||||| derwerecoaremnadacesmcscsossrdavwreanesa= ceemeree-

[] [ I .

L] ) [

) ) )

1 ' [

1 ' []

A - N
||||||||||| doememmmerascsdecrmcere e redmsam . R
||||||||||| beecmanmrosveabormsersrrsereboccaranawef-brencncee-o—
lllllllllll R T e e e demeeemeee

1 3 ' '
||||||||||| Me-eemmsssssqessccseccecqorammmec-foqeanenoo.
lllllllllll doacaammsnmendevsacnscrrendasncncsafredencnreeeoe o

[ . . ]
||||||||||| beescommecmanboosvesnrenrvcbacccaacfanabeonavacene—

) ] ) ]

[] ' [ ]
||||||||||| f-=----=-cc-precemcr----pe---- smespecsncnen=-—

[] ' ] [

[} L] ] ]

lllllllllll bremwmcemmnwrhoccsmorrrweboa-a csemmenbececsenvene—

. ' ‘ ]

[ v [ ]

] ' ] ’

a ' ’ 1

. ' . '

. i 4 N
||||||||||| baemmearenesbeceenmee [
||||||||||| decacemcecrsmdemm e —-a e
lllllllllll [ e T T T N I
[ i 1 ' ' ]
| ceeececoaa- feommececen-= F---=--J--- LR PR —
uuuuuuuuuuu heaceecesmpwrebocenc e

' '
||||||||||||||||||||||||||||||| B L T L I
’ ] I
3 1
|||||||||||||||||||||||||||||||| D N
[ '
’ [
............................... P
[ [
' [
. [
1 '
l ]
w0 o v o [ ] o
. . .
™~ o~ - - o o

xnid

10° 10' 10’
TIME

10"

kpo/ua. This figure replaces

Figure 2. Flux history based on equation (15); time, t, is normalized by characteristic
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diflusion time, a?/c; flux, |g,|(a,1), is normalized by g

Figure 20 in [1] and Figure 1 in [2].
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Figure 8. Comparison of “exact” integral solution (15) and late-time, asymptotic solu-
tion (20); time, ¢, is normalized by characteristic diffusion time, a?/c; flux, |g.|(e,t), is
normalized by go = kpo/pua.
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Figure 4. Comparison of “exact” integral solution (15) and late-lime, asympiotic so-
lution (21) for inverse of borehole flux; time, ¢, is normalized by characteristic diffusion
time, a?/c; flux, |g.|(e,1), is normalized by go = kpo/pa.
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S. J. Finley, 6344 and W. F. DeYonge, RE/SPEC

Measurement of WIPP Brine Humidities

Intr ction and jectives

Relative humidity data has been collected as part of the Room D brine inflow
experiment since September, 1987. Recent data reduction indicates that the relative
humidity in the 10 sealed, brine inflow boreholes ranges from roughly 55% to 70%.
In order to determine the integrity of the borehole seals in Room D and use the
Room D humidity data to compliment the brine inflow data, the equilibrium relative
humidity of WIPP brines is needed. In addition to the Room D experiments, relative
humidity is also being monitored in the L4 brine inflow experiments and in Room Q,
the Cylindrical Brine Room. Knowledge of the equilibrium relative humidity for
WIPP brines is also necessary for the analysis and interpretation of the data from
these experiments. Well beyond the scope of the brine inflow experiments, the
equilibrium relative humidity value for WIPP brines is also needed as input for the
prediction of metal corrosion and biogenic gas generation from the waste.

The National Bureau of Standards (NBS) has approved the use of saturated salt
solutions as fixed points for relative humidity and reports an equilibrium relative
humidity of approximately 75% for a chemically pure, saturated sodium chloride
solution. (See Table 1 for exact NBS values.) WIPP brines are saturated sodium
chloride solutions; however, there are other chemical constituents that may affect the
vapor pressure and, consequently, the relative humidity in equilibrium with these

brines. The objective of this test was to develop a means of determining the WIPP
brine equilibrium relative humidity.

Test Method

WIPP QA Procedure No. 285 entitled "Testing Brine Humidities” was developed to
specifically identify the equilibrium relative humidity or humidities associated with
WIPP brines. In summary, Procedure No. 285 involves transferring a sufficient
quantity of WIPP brine to a new, unused calibration cell and measuring the relative
humidity with a recently calibrated, capacitance-type sensor at a constant
temperature of 75°F. Table 2 lists the test dates, dates the sensors were calibrated,
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and the error in relative humidity at the 75.3% calibration step after adjustment. The
75.3% calibration step is the closest step to the range of test data obtained. The
humidity sensors used were calibrated according to WIPP QA Procedure No. 157.

The relative humidity measurements were conducted in 12/89 and 2/90. In
December, 1989, all four samples were tested twice with the same humidity sensor.
In February, 1990, the humidity measurements were conducted again using two
different humidity sensors. A total of sixteen relative humidity measurements were
completed. The sensors used were HYCAL, model CT-827-D. The calibration cells
used were also manufactured by HYCAL, and the model designation is HC-60.
These HYCAL humidity sensors are currently used for the brine inflow experiments
in Rooms D, L4, and Q.

The WIPP brine samples used for this test were selected from the brine sample
inventory from the brine inflow experiments in Rooms D, 1.4, and Q. In the course of
these experiments, brine has accumulated in boreholes. The accumulated brine is
periodically extracted and stored according to WIPP QA Procedure No. 154. In
summary, brine is extracted by using an 110V portable pump to pump the brine
through Inconel and Tygon tubing into a plastic vacuum flask. After extraction, the
brine is weighed and then transferred to a plastic sample bottle and stored in metal
cabinets underground at WIPP.

The brine sample designations used for this test indicate the borehole number, that
the brine was extracted from, and the date the brine was extracted. The two samples
designated DBT10-A are from the same vertical borehole collared in the invert of
Room D, but the samples were extracted on different dates. The sample designated
14B01-A (6/8/89) came from a sub-horizontal borehole collared in the face of Room
LA. The sample designated QPB02-A (5/24/89) came from one of the five vertical
brine inflow boreholes drilled in the invert of the Q entry drift.

Discussion of Results

The detailed test results are included in Appendix A; however, the test results are
summarized in Table 3. Equilibrium relative humidity values for the WIPP brines
tested range from 72.4% to 75.6%. The mean for all 16 measurements is 73.8% with
a standard deviation of 1.1%. These values calculated from actual measurements are
consistent with the equilibrium relative humidity of ~73% calculated by L. H. Brush,
6345 (Brush, 1990). L. H. Brush calculated an average activity of water of ~73% in
intergranular Salado brines from the waste facility horizon with the speciation and
solubility code EQ3NR. The average activity of water in these brines is numerically

equal to the relative humidity, if water vapor is in equilibrium with water in the brine
according to Brush.
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Moreover, the data suggests that different equilibrium relative humidity values are
associated with different brine samples. The variability of the equilibrium relative
humidity measurements for a particular brine sample is significantly less than the
variability of humidity measurements for all four brine samples. Figure 1 shows the
range in relative humidity values for each of the different WIPP brine samples used.
Although the ranges overlap to some extent, the range of values for each individual
brine sample is considerably smaller than the range of values for the entire data set.
Variations in equilibrium relative humidity could be a result of the variations in
WIPP brine chemistry reported by Stein and Krumhans! (1988).
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Table 1: Equilibrium Relative Humidity of Selected Saturated Salt Solution from O to 100°C
Relative Humidity, 3

T Lithiume Potassium Magresium Potassium tagnesium Sodium Potassium Potassfium Potassium
°c Chloride Acetate Chlor{de Carbonate Nitrite Chloride Chloride Nitrate Sulfate

0 11,23 +0.54 33,66 + 0,33 4.1 ¢ 0.66 60.35 ¢+ 0,55 5.5V ¢ 0.4 88.61 ¢+ 0.5) 9%.31+ 29 98.77¢1.)

5 11,26 %047 33.60 T0.28 43,137 0.50 58.86 T0.4) 75.65%¥0.27 87,67 F0.45 96.21%2.) 98.4 %0.9)
10 11.2970.4) 23284 0.5 347 50.24 43.14730.39 57,367 0.33 75.67F0.22 66.777%0.19 95.96¢% 1.4 98.187 0.76
15 11,0703 20407032 3.070.20 43,157 0.33 5587 £ 0.27 75.6) $0.18 85,92 30.31 95.41 3 0.96 97.89 ¥ 0.6)
20 N.NTON 2217 0.25 31077018 43167013 54387023 7547 F0.04 85,11 F 0.29 94.627F 0.66 97.59 ¢ 0.53
25 11.3070,27 22.5170.32 32.78%0.16 4.6 +0.39 52.89 $0.22 75.29 ¥0.12 84,34 ¥0.26 93.58 % 0.55 97.30 ¥ 0.45
30 N.2870.24 21.6) ¥ 0.5 J2.44F 0.4 41177050 51.4070.24 75097 0.11 81,62F0.25 92.31F 0.60 97.00 % 0.4V
3 N5 vo0.2 - 32.05 * 0.1} - 49.91 $0.29 74,87 ¥0.12 82.95%0.25 90.79 ¥ 0,83 96.71 +0.18
@ N.21%0.2 .60+ 0.1) 48,427 0.37 74687 0.)3 82.3270.25 89.01% 1.2 96.41 7 0.8
% 106 %0.2) 0 +0.13 46.93 70,47 74,52 %0.16 81,74 ¥0.28 87,01 % 1.8 96.12 % 0.40
S0 11,10 * 0.22 30,54 7 0.14 45,44 70,60 74.4370.19 81,207 0.31 B84.780F 2,5 9582 F 0.45
5 11.03 %+ 0.2) 29.9) ¥ 0.16 - 74.41 0,24 BU.70 70,25 - -

6U  10.95 ¥ 0.26 29.26 + 0.18 74.50 * 0.0 80,25 * 0.4]

65 10,66 ¥ 0.29 24.54 ¥ 0.2 7.7V 0,37 79,85 ¥ 0.48

70 10,75 % 0.33 21,717 7 .25 15.06 7 0.45  79.49 % 0.57

75 10.64 +0.38 2,94 ¥ 0.29 75.58 ¥ 0.55 79.17 % 0.66

80 10.51 * 0.44 26.05 ¥ 0.34 16.29 ¥ 0,65 78.90 * 0,77

85 10.38 * 0.5 25.1) + 0.9 - 78.68 ¥ 0.89

90 10.23 % 0.59 24,12 % 0.46 79.50 + 1.0

95 10,07 ¥ 0,67 23.07 ¥ .52 -
v .90 % 0.77 21.97 % 0.60

(Hasegawa, S., 1985)



Table 2: Calibration Information for Humidity Sensors Used
for WIPP Brine Tests

Humidity Sensor Test Date(s) Calibration A Relative Humidity
Serial Number Date at 75.3% Calibration
Step after Adjustment

178921 12/22 - 12/27/89 12/18/89 0.0
179088 2/19 - 2/20/90 2/14/90 +0.3%
178921 2/19 - 2/20/90 2/14/90 +0.6%



Table 3: Summarized Equilibrium Relative Humidity (RH)
Measurement Results for WIPP Brines

Brine SN 178921+ SN 178921+* SN 179088% SN 178921«
Sample RH Measured RH Measured RH Measured RH Measured
Designation in % in % in & in &
DBT10-A 74.9 74.2 74.0 73.8
10/7/87
DBT10-A 72.5 72.6 72 .4 72.6
12,/6/89
L4BO1-A 72.8 73.8 73.7 73.0
6/8/89
QPBO2-A 74.4 75.4 75.6 75.6
5/24/89

* The serial number of the RH sensor used for the measurements listed.
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WIPP BRINE TESTING RESULTS



WASTE ISOLATION WIPP BRINE HUMIDITIES SANDIA NATIONAL

PILOT PLANT LABORATORIES
GAGE USED: HY~-CAL MODEL CT- PROCEDURE 285 DATE. 12/27/89-
827-D HUMIDITY GAGE, S/N: FORM: 130 12/28/89
178921, CAL'D 12/18/89 EXCIT: 30.00 VDC

ELECTRICAL CONNECTIONS. E= +EXC., F= -EXC. OPERATOR:
DWR. NO.: 590- 016 00-A G= +MON., H= -MON. D. BARTON
CERTIFICATION: MODEL: HP-3467A

DESCRIPTION: LOGGING MULTIMETER
S/N' 1821A0236 CAL. DUE: 02/28/90
CERTIFICATION. MODEL. HP-6114A

DESCRIPTION: PRECISION POWER SUPPLY
S/N: 2437A04024 CAL. DUE: N/A

CERTIFICATION: MODEL: DATRON 1081
DESCRIPTION: AUTOCAL STANDARDS MULTIMETER
S/N: 10940 CAL. DUE: 02/28/90
CERTIFICATION: MODEL: SDL PRT 100
DESCRIPTION: PLATINUM RESISTANCE THERMOMETER
S/N: R100/262 CAL. DUE: 07/25/90
SOLN. FIXTURE: MODEL: HY-CAL HC-60 SERIES

DESCRIPTION: BRINE HUMIDITY CELLS
DATE PREPARED: 12/20/89

REMARKS : LOAD RESISTOR #63= 499.970 OHMS APPROVAL' QLEBZ}’ 2 /1190
SOLUTION FIXTURES WERE PREPARED FROM WIPP BRINE SAMPLES
SECOND TEST RUN, USING SAME GAGE

BRINE (DATE) S
SAMPLE (COLLECTED) V Read R.H. Calc (%)
DBT 10-A (10/07/87) 7.844 74.2
DBT 10-A (12/06/89) 7.702 72.6
L4 BO1-A (06/08/89) 7.811 73.8
QPB 02-A (05/24/89) 7.949 75.4
AVERAGE : N/A 74.0
____________ BRINE SAMPLE " ENDING TEMP.(C)
TEMPERATURES DBT 10-A (10/07/87) 24.111
DURING DBT 10-A (12/06/89) 24.066
RUN L4 BOl-A (06/08/89) 24.092
QPB 02-A (05/24/89) 24.099
AVG. 24.092




WASTE ISDLATION | WIPP BRINE HUMIDITIES i SANDTA NATIONAL

EILDT PLANT i LABDRATCRIES
YT * 2 3 2 32 B 02 2 32 2 2 2 2 2 2 12 212 2 4 2 3 1 it 1 E At T T A1 E E E R R X TR E A R 2 A2 B 1 g XX
GAGE TYPE1 HWY-CAL MODEL NO. ! €/N: 1787521 ! DATE: 12/22/B9-~
CT-827-D HUMIDITY GASGE iCAL DUE: Bl/1E/90Q: 12/27/65

! ! ExCI1T: 32.20 VDC
- E TS CS s S-rrEE SRR E S S S E A T T R e R S E S S E S S S S S A S EEYI ST
"LECTRICAL CONNECTIDNS: E~ +EXC., F= -EXC. ! OPERATOR:
JWR, ND.: 5%0@-216-80-A Ge +MON., H= ~MON. | D. BARTODN
CE RS TS S SR T S T T E N TR NS s SR E S s A e E S R E S E S E AN ECEEEREEREEE I EE ST e

CERTIFICATION: MODEL: HP-J447A

DESCRIPTIONt LDGGING MULTIMETER
S/Nt 1B21AR236& CAL. DUE: B2/2B/92

BRI E N ER D A I AN ERE P T R T R e R E P E e N S E S E S S S E S ES S SRS

CERTIFICATION: MODEL: HP-H6114A
DESCRIPTION: PRECISION POWER SUPPLY
S/N: 2437A040724 CAL. DUE: N/A

R E S S S T S L SN R E R T e S E S CE A S CE S E S EEE IS O ENESENTERAFFYEREEEE T
CERTIFICATION: MODEL: DATRON 1QE1L

DESCRIPTION: AUTOCAL STANDARDS MULTIMETER

S/N: 12940 CAL. DUE: Q2/28B/%0
I A ¥ EF S ST I T T A E T A F X T S X R X1 S 32 S X ¥ R S F RN SR YT YR RN AN N XY B S S A0 S N2 ¥ ]
CERTIF.ZATION: MDODEL 1 SDL PRT 122

DESCRIPTION: PLATINUM RESISTANCE THERMOMETER
S/N: R1BD/7262 CAL. DUE: B7/25/F%0
SOLN. FIXTURE: MGCDEL: HY-Ca_ HC-60 SERIEES
DESCRIPTIDON: BRINE HUMIDITY CELLS
DATE PREPARED: 12/20/E9

s eeesse e e e e e T e e e S S e e s s e e e e e E R T e S E R E R R R E R E ST el s EE S SsErEaENErr B E
REMARKE: LDAD RESISTSR wale 453,570 DHMS arrrova_t (U9 a7/
SOLUTION FIXTURES WERE FREPAREZD FROM WIPP BRINE SAMFLES
BRINE (DATE)
SaMP_E (COLLECTED) vV Read R.H. Calc
CET 12 (12/@7/B7) 7.926 74.9
DE™ 1T (12/@6/B9) 7.696 72.5
L4 B2l (Q&/QB/EB9) 7.725 72.6
QPE BZ (©05/24/8B9) 7.8&62 74 .4
AVERABE : N/A 73.646
Bk e S S T S L S TSNS ST O S ST T e ET o RECRIIETET - 4 28 34 B & 2 % & & ¥ &34
BRINE SAMPLE ENL:NG TEMF, (T
TEMFERATURES DBT 10 (1Q/@7/87) 24.2%4
DURING CBT 10 (12/04&/B%9) 24.091
RUN i.é B2l (P&/RB/EY) 24,120
GPB @2 (@5/24/B89) 24.279
avis. 284.136
S mEmcEc e T AR S S S CEE SR PRSP R EEESr TYTETEBEERRESRTEETE=



WASTE ISOLATION
PILOT PLANT

12 3 3 3+ & 22 2 2 3 3 5 5 3
GAGE USED: HY-CAL

627-D HUMIDITY GAG
178921, CAL'D: @2/
4 3 3 3 3 4+ 3 3 3 3 3 4 5 3
ELECTRICAL CONNECT
DWR. NO.: 59@-B16-

CERTIFICATION:

CERTIFICATION:

CERTIFICATION:

CERTIFICATION:

WIPP BRINE HUMIDITIES SANDIA NATIONAL

LABORATORIES
e S S S S S S S S S S R S S S E TS ECSE=E=CS==Z===Ts
MODEL CT- : PROCEDURE: 285 ! DATE: @2/19/90-
E, S/N: i FORM: 130 i 02/20/90
14/%0 ; ¢ EXCIT: 30.00 vDC
s s 1 i i 2 - 2 it 2 2 F £+ 1 1 2 1 2 1 31 11155 3T
IONS: E= +EXC., F= -EXC. | OPERATOR:
P2-A = +MON., H= -MDN. | D. BARTON
TS TS S S S S S S S S E S S E S S EEEE==Ss==ms
MODEL: HP-3447A
DESCRIPTION: LOGGING MULTIMETER
S/N: 1821AB203% CAL. DUE: ©4/0%9/90
2 A s A i Tt 2 22 3 i i Tt 2 E A X2 1 2 2 F 1 2 T+ F 3 1t 111 313111
MODEL: HP-6114A
DESCRIPTION: PRECISION POWER SUPPLY
S/N: 2437A04024 CAL. DUE: N/A
it 22 2+ 2 3 ¥ 3 2t 4222 ittt i1 1 1t 1 1 1 1t 1 T 1Tt s 21t i i ittt
MODEL: HP-3456A
DESCRIPTION: DIGITAL MULTIMETER
S/N: 2201A0B414 CAL. DUE: 04/85/90
MODEL: SDL PRT 100

DESCRIPTION: PLATINUM RESISTANCE THERMOMETER

S/N: R100/262 CAL. DUE: ©7/25/%90
R S A R A s s A it it 1At st P E T T Y+ S+ T T ¥ T T T
SOLN. FIXTURE: MODEL: HY-CAL HC-6@ SERIES
DESCRIPTION: BRINE HUMIDITY CELLS
DATE PREPARED: 12/20/89, ©2/08/90
s St T -+ 3t P T > T 3 1 T 3t Tt 1 1 1 t Tttt 3t 1t 1+ 131311t T]
REMARKS: LOAD RESISTOR #63= 499.97@0 OHMS APPROVAL: UWO35>, 2la3/qo
SOLUTION FIXTURES WERE PREPARED FROM WIPP BRINE SAMPLES
SECOND SERIES OF TEST
BRINE (DATE)
SAMPLE (COLLECTED) V Read R.H. Calc (%)
DBT 10-A (10/07/87) 7.813 73.8
DBT 1@-A (12/@6/89) 7.709 72.6
L4 BR1-A (@4&/0B/B%) 7.737 73.0
GPB @2-A (@5/24/89) 7.966 75.6
MB1-1 (02/@8/90) 8.042 76.4
AVERAGE N/A 74.3

DBT 10-A (10©/0@7/87
DBT 10-A (12/06/8%9
L4 BOl1-A (0&/708/89
QPB B2-A (@5/24/89
MBl1-1 (02/08/50

TEMPERATURES DURING RUN:

OHM VALUE ENDING TEMP.(C)
) 107.350 23.927
) 109.412 24 .87
) 109.312 23.831
) 129.339 23.900
) 109.305 23.810
AGE CALCULATED TEMPERATURE®= 23.911



WASTE ISOLATION | WIPP BRINE HUMIDITIES ! SANDIA NATIONAL
PILOT PLANT ‘ { LABDRATORIES
GAGE USED: HY-CAL MODEL CT- ! PROCEDURE: 285 | DATE: ©02/19/%90-
827-D HUMIDITY GAGE, S/N: i FORM: 130 : 02/20/90
179088, CAL'D: 02/14/90 : ! EXCI1T: 30.00 VvDC
ELECTRICAL CONNECTIONS: E= +EXC., F= -EXC. ! OPERATOR:
CERTIFICATION: MODEL : HP-3447A

DESCRIPTION: LOGGING MULTIMETER
S/N: 1821A0203%9 CAL. DUE: @4/0%9/90

CERTIFICATION: MODEL: HP-6114A
DESCRIPTION: PRECISION POWER SUPPLY
S/N: 2437404024 CAL. DUE: N/A

- CoEC-SoCoCoC-oSSCSSCECCEE ST RS S S S S =SS =SS S S ES S S SESEEEEEEE

CERTIFICATION: MODEL: HP-3456A
DESCRIPTION: DIGITAL MULTIMETER
S/N: 2201AR02B614 CAL. DUE: 06/05/90

CERTIFICATION: MODEL: SDL PRT 100
DESCRIPTION: PLATINUM RESISTANCE THERMOMETER
S/N: R108r/262 CAL. DUE: @7/25/90

SOLN. FIXTURE: MODEL : HY-CAL HC-60 SERIES
DESCRIPTION: BRINE HUMIDITY CELLS
DATE PREPARED: 12/20/8%9, 02/08/90

REMARKS: LOAD RESISTOR #52= 499.985 OHMS APPROVAL : LOS® i 2/’3!90
SOLUTION FIXTURES WERE PREPARED FROM WIPP BRINE SAMPLES
SECOND SERIES OF TEST

BRINE (DATE)

SAMPLE (COLLECTED) V Read R.H. Calc (%)

DBT 1@-A (1@/07/87) 7.826 74.0

DBT 10-A (12/06/89) 7.692 72.4

L4 BOl-A (@&/728/89) 7.822 73.7

GPB 02-A (@5/24/89) 7.966 75.6

MB1-1 (02/08/90) 8.0221 76.2
AVERAGE : N/A 74.4

TEMPERATURES DURING RUN:

BRINE SAMPLE DHM VALUE ENDING TEMP. (C)
DBT 10-A (10/07/87) 109.412 24.087
DBT 1@-A (12/06/89) 109.312 23.831
L4 B21-A (@6/08/89) 109.339 23.900
GPB @2-A (@5/24/89) 109.305 23.810
MBl-1 (82/08/9Q) 109.386 24.021
AVERAGE CALCULATED TEMPERATURE= 23.930
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Appendix C: Sensitivity Simulations

The following is a list of the sensitivity simulations performed in this
study. As mentioned in the main part of the report, each parameter was
varied around the base case which is

Borehole Radius 0.019 m

Borehole Depth 1.0m

Permeability 10-21 n2

Porosity 0.01

Pore Pressure 11 MPa

Effective Radius Infinite

Compressibility Fluid Only
Incompressible Formation

Dissolved Gas Air

Dissolved Gas Fraction 0 and 100%

Free Gas None

Capillary Pressure Brooks and Corey

Relative Permeability Brooks and Corey

DRZ None

The variations and the logic behind them are discussed below. These
parameters are based on those summarized by Rechard et al. (1990) unless

otherwise noted. The base case values are marked with an "»",.
1. Borehole Radius

* 1.9 cm (1.5 in diameter) - Room Q Boreholes (Howarth et al., 1991)
5.1 cm (4.0 in diameter) - Beauheim et al. (1991) and
Finley et al. (1992) Boreholes
45.7 cm (36. in diameter) - Finley et al. (1992) Boreholes

1.5m - Radius of Room Q
4.5 m - Simple 1-D model of Repository (Nowak et
al., 1988)

2. Permeability

10-23 n? - Low range of Salado permeability
*10-21 m2 - Rounded off value of expected Salado permeability
10-18 p2 - High range of Salado permeability



Porosity (initial wvalue)

0.001 - Low measured value
*0.01 - Median value
0.03 - High measured value

Pore Pressure

1 MPa - low arbitrary wvalue
6 MPa - value between 1 MPa and 11 MPa
*11 MPa - maximum measured far-field pore pressure.

15 MPa - lithostatic pressure

Two sets of two-phase conditions were selected for this wvariation. The
first set is brine saturated with dissolved gas at this pore pressure.
The second set is brine saturated with dissolved gas at 15 MPa which is
then depressurized to the respective pore pressure. This second set is
a rough approximation of the local depressurization that might occur due

to an excavation.

Effective Radius of Brine Source

*infinite - standard model
5.0 m - arbitrary value
1.0m - arbitrary value
0.2 m - arbitrary value

Compressibility

The values of the vertical formation compressibility used by Beauheim et
al. (1991) range from 4.8 x 10-12 to 1.4 x 10-10 Pa-1. The formation
compressibilities selected are orders of magnitude which contain these
values and include the incompressible limit.

*incompressible formation
10-13 pa-1
10-12 pa-1
10-11 pa-1
10-10 pa-1
109 pa-l
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10.

11.

Solubility

*nominal - based on Cygan (1991)
multiplied by two - enhances effect
multiplied by four - further enhancement - similar to alr-water

Dissolved Gas Fraction

* 0%
50%
75%
90%
95%

*100%

Free Gas Fraction

* 0%
10% by volume - uniform distribution - arbitrary
- gas pockets (gas next to borehole - arbitrary
(brine next to borehole - arbitrary
20% by volume - uniform - default residual gas saturation
50% by volume - uniform - arbitrary

Capillary Pressure and Relative Permeability

*Brooks and Corey Model
Capillary Pressure * 10 - arbitrary
Capillary Pressure + 10 - arbitrary
Capillary Pressure

0. - arbitrary

Uniform Capillary Pressure - arbitrary

Dissolved Gas Exsolution Shape - Webb (1990)

Residual Saturations = 0.0 (Default = 0.2) - arbitrary
Residual Saturations = 0.4 (Default = 0.2) - arbitrary
Sandia functions - Pruess (1987)

Disturbed Rock Zone Characteristics

*none
DRZ of 0.5 R
DRZ of 1.0 R



DRZ of 2.0 R - range typical of those studied by McTigue (1989)
Initial DRZ P = Patm - uncertainty in initial pressure in DRZ
No increase in porosity - uncertainty in porosity in DRZ
increase Ak (decreased DRZ k) - k uncertainty
decrease Ak (increased DRZ k) - k uncertainty
McTigue approach - McTigue (1989)
Growing DRZ - possible variation

1R/vr

2R/yr

The details of the DRZ characteristics are summarized Table 3 of the
main report.
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Appendix D: Base Case Nodalization Effects

The sensitivity study has been conducted with the TOUGH computer code.
Typical nodalization of the formation resulted in 63 nodes out to 20 meters.
The initial node spacing was 0.0055 m at the borehole with a telescoping
(multiplication) factor of 1.1. 1Initially, the results seemed adequate with
this nodalization. However, after the study was essentially completed, it
was determined that finer nodalization was necessary in some situations, and
as many as 94 nodes out to 20 m were employed with an initial spacing of
0.0019 m. The effect of the different nodalizations is discussed in this
appendix.

The results from the different nodalizations are presented in Figures D-
1 to D-4. The single-phase brine inflow rate is given in Figure D-1, while
Figure D-2 presents the two-phase brine inflow rate (brine saturated with
dissolved gas, no free gas). The differences between the wvarious
nodalizations are confined predominantly to the period up to 100 seconds;
minor differences can be seen up to 1000 seconds. Figure D-3 gives the gas
inflow rate with the same regions of disagreement. The gas saturation of the
inflowing brine is shown in Figure D-4. While differences exist for the
entire simulation for this parameter, the magnitude is less than 0.02 after
about 104 seconds. Based on these comparisons, the effect of the
nodalization is small after 10% seconds (3 hours) or less. Since this time
period is small compared to the total simulation time, and the actual
borehole drilling procedure is not simulated, these differences are not

generally significant. Note that the results in the main report are only
presented for time periods pgreater than 100 seconds in order to minimize
differences due to nodalization. Even so, it should be kept in mind that

small differences in results between cases may be due to nodalization effects
and should be examined closely.

The effect of the nodalization is also reflected in the wvalues of the

inferred formation parameters. In addition, the number and distribution of
the "data" due to time step differences will affect the late-time asymptotic
fit used in the inferring procedure. The variation in the inferred

parameters for the base case due to differences in the nodalization and in
the time steps is summarized in Table D-1 for two different nodalizations,
each with two different sets of time steps. As can be noted, the finer
nodalization does mnot necessarily lead to better prediction of the inferred
parameters; in fact, the variation due to the nodalization and due to the

different time steps seem to be about the same. The total variability in the



permeability is about 4% while the diffusivity range is about 40%. Note that

the late-time asymptotic fit is only applicable after about 10° seconds, or
well after the nodalization effects are minimal.

Based on these results, nodalization effects are small and will not

significantly alter the results presented in this report. In those instances
where the effect is apparent, it will be noted.
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Table D-1.

Nodalization

and Time Step Results

Permeability (m2)
Actual
1.0 x 10-21
single-phase
63 Nodes - Radius
- Perm.
94 Nodes - Matrix Comp.
- DRZ
two-phase
63 Nodes - Radius
- Perm.
94 Nodes - Matrix Comp.

DRZ

Diffusivity (m2/sec)

Actual

2.1 x 10-7

single-phase
63 Nodes -

94 Nodes -

two-phase
63 Nodes -

94 Nodes -

Radius
Perm.

Matrix Comp.

DRZ

Radius
Perm.

Matrix Comp.

DRZ

[

Or -

Inferred

.04 x 10-21
.01 x 10-21
.03 x 10-21
.00 x 10-21
.03 x 10-21
.02 x 10-21
.03 x 10-21
.99 x 10-21
Inferred

3.2 x 10-7
3.1 x 10-7
3.9 x 107
2.7 x 10-7
1.6 x 10~/
1.7 x 10-7
1.9 x 10-7
1.4 x 10-7

Error

+4%
+1%
+3%
<-1%

+3%
+2%
+3%
-1%

Error

+50%
+50%
+90%
+30%

-20%
-20%
-10%
-30%




APPENDIX E:
BRINE INFLOW PERMEABILITY-DIFFUSIVITY MAPS AND
INFERRED PARAMETERS






Sandia National Laboratories

Albugquerque, New Mexico 87185
date: January 3, 1992

to:E. D. Gorham, 6344

from: Mebb , 6344

subject: Brine Inflow Permeability-Diffusivity Maps and Inferred Parameters

Brine inflow into a borehole is a function of the permeability and the
diffusivity. At the current time, the data reduction procedure used to
infer the formation parameters is a simplified one-dimensional, wuniform
property, single-phase Darcy flow model (Nowak et al. (1988)). The brine

inflow rate per unit length to an open borehole as prescribed by this
simplified model is

m/L=pqA/L=2xprq

_ p k Po 8 exp (-cu2t/r2) du

u n 2 2
0 Jo(u) + Yo(u) u

(L

where p, k, P,, u, r, and c are the brine density, permeability, initial
brine pressure, brine viscosity, borehole radius, and diffusivity,
respectively, and u is a dummy variable. From the above relationship, -the
brine inflow per unit length scales linearly with the permeability and in a
more complex fashion with the diffusivity through the integral. The
diffusivity can be written as (Webb, 1991b)

e T _ Xk 1 2
S

IR [ By + o ]

vhere T, S, 4. B,, and a, are the transmissivity, storativity, porosity,
liquid compressibility, and pore compressibility coefficient, respectively.
While the diffusivity and permeability are coupled from the above

expression, the permeability and diffusivity will be individually specified
in the present study.

In data reduction of brine inflow into a borehole (McTigue, 1991),
uncertainties in the inferred values of permeability and diffusivity exist.
In order to ascertain the relative importance of these two factors, maps of
the single-phase brine inflow rate and the cumulative brine inflow as a
function of permeability and diffusivity for various times have been
generated for a 0.019 m radius borehole using the TOUGH code (Webb, 1991a).
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E. D. Gorham -2- January 3, 1992

TOUGH was used since it 1s the current code being used for brine inflow
studies by Webb (1991b). Note that as discussed by Webb (1991b), these
results are also applicable to other size boreholes if the appropriate
scaling criteria are employed.

Figures 1 and 2 present the mappings for brine inflow rate and cumulative
brine inflow, respectively, for times of 1 month, 6 months, 1 year, and 2
years after borehole drilling. The numbers on the figures are the brine
inflow rate (or cumulative mass) relative to the wvalue for the reference
case, which is for a diffusivity and permeability of 1078 m%2/s and 10721 m2,
respectively. The parameters used in the analysis are listed below. Lines
are drawn on each figure to indicate the approximate location of constant
inflow rate or cumulative mass,

Study Parameters

Borehole Radius 0.019 m
Formation Depth 1.0m
Permeability Varied
Porosity 0.01
Pore Pressure 11 MPa
Effective Radius Infinite
Compressibility (Fluid) 3.0 x 10710 pPa-1
(Matrix) Calculated from Diffusivity
Dissolved Gas None
Free Gas None

Note that the linear scaling predicted by equation (1) is not seen in all
cases, especlally for low values of the diffusivity (more compressible
porous medium). This discrepancy is due to temporal and spatial variations
of the porosity (and the diffusivity (equation 2)) as the porous medium
depressurizes. In most cases, this wvariation is insignificant, but it
becomes more important as the diffusivity decreases.

As can be seen from the figures, a factor of 3 increase in the permeability
is approximately equivalent to an increase of 3 orders of magnitude in the
diffusivity, and the slope of the constant parameter lines changes very
little with time. Variation of the ratio at any given set of conditions is
about 20% from 1 month to 1 year. Note, however, that this wvariation is
similar to those seen by Webb (1991b) in his sensitivity studies of, for

example, porosity changes, the presence of a DRZ, or dissolved gas
exsolution. In addition, multi-dimensional effects (stratification, finite
length borehole) cause additional deviations from the model.

Attempts to fit the entire brine inflow history to determine the
diffusivity are difficult since the brine inflow rate and cumulative mass
are relatively insensitive to diffusivity compared to permeability.
Additional complications arise from non-uniform properties, if the
parameters are different than assumed, i.e., porosity, and from multi-
dimensional effects. Therefore, large variation in the inferred
diffusivity for different boreholes is expected; variation of the inferred
values of the permeability is much more significant for brine inflow
purposes.
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Appendix F: Two-Phase Characteristic Curves

Brooks and Corey

According to Davies and LaVenue (1990), a modified Brooks and Corey
(1964) model has been used for the relative permeability and capillary
pressure curves in the preliminary analysis of the Salado. This model was
also used in the recent Performance Assessment calculations (Rechard et al.,

1990). From Davies and LaVenue (1990), the appropriate relationships are:

Capillary Pressure

P = ——— (F-1)

Relative Permeability

(2430 /X
krl =S, (F-2)
2 (2+2) /X
k=[l—S] [1-5 /] (F-3)
Tg e e
where
S, - S
1 1r
S =71 - s -S (F-4)
gr 1lr
and
Pc = capillary pressure
Pt = threshold pressure
Se = effective liquid saturation
A = pore-size distribution parameter
ky1 = relative permeability of liquid
kyg = relative permeability of gas
S1 = liquid saturation
Sir = residual liquid saturation
Sgr = residual gas saturation.



In the current implementation, the capillary pressure relationship,
Equation F-1, 1s used throughout the entire saturation region. As discussed
by Corey (1986), this relationship does not represent the data for P, < P¢,
where Pt is the threshold pressure for displacement (kyg > 0). Note that the
figures presented by Davies and LaVenue (1990) seem to continue to use

Equation F-1 for P. < Pt while Rechard et al. (1990) use a constant value of
P. in this region.

Sandia Functions

The Sandia functions are based on the work of van Genuchten (1980) and
are an option in the TOUGH code (Pruess, 1987). The equations are:

Capillary Pressure

[ 1/ ]1 -
P = P S -1 (F-5)
o] o]

Relative Permeability

3 2
) 12 ) ) /A
-8 ; - s (F-6)
kg =1 - kg (F-7)
where
S - S
* 1 1
e N (F-8)
ls 1y

and S1g is complete liquid saturation.



Table F-1.

Two-Phase Characteristic Curve Variations

Case

Base

10%P¢ap

0.1%P¢ap

Zero Pcap

Uniform Peap

Dissolved Gas
Exsolution Shape

Sy = 0.0

Sr = 04

Sandia functions

Capillary Pressure

Relative Permeability

Brooks & Corey
A=0.7,
S1y = Sgr =0.2,
Pt = 10. MPa,
Pemax = 120. Mpa

Brooks & Corey
Pt = 100. MPa

Brooks & Corey
Pt = 1. MPa

Brooks & Corey
Pt = 0. MPa

Brooks & Corey
Peap = 6.63 MPa

Brooks & Corey
with Webb and Chen
(1990) Mods

Brooks & Corey

Brooks & Corey
S1r = Sgr = 0.4

Sandia functions
A = .45, Py = 10.63
MPa chosen to be
consistent with
Brooks & Corey at
S1 =0.8; S1 = 0.2,
S1s = 1.0,

Ppax = 120. MPA.

Brooks

Brooks

Brooks

Brooks

Brooks

Brooks

Brooks

Brooks

Sandia

& Corey

& Corey

& Corey

& Corey

& Corey

& Corey

& Corey

& Corey

functions
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