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United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
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Preface

This report is one of a series documenting the results of the Nagra-DOE Cooperative (NDC-I)

research program in which the cooperating scientists explore the geological, geophysical, hydrological,
geochemical, and structural effects anticipated from the use of a rock mass as a geologic repository for
nuclear waste. This program was sponsored by the U. S. Department of Energy (DOE) through the
Lawrence Berkeley Laboratory (LBL) and the Swiss Nationale Genossenschaft flir die Lagerung radioak-
tiver Abfélla (Nagra) and concluded in September 1989. The principal investigators are Jane C. S. Long,
Emest L. Majer, Karsten Pruess, Kenzi Karasaki, Chalon Carnahan and Chin-Fu Tsang for LBL and Piet
Zuidema, Peter Bliimling, Peter Hufschmied and Stratis Vomvoris for Nagra. Other participants will
appear as authors of the individual reports. Technical reports in this serics are listed below.
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1. INTRODUCTION

The "Nationale Genossenschaft fiir die Lagerung radioaktiver Abfille" (NAGRA)
of Switzerland has been investigating the suitability of Valanginian marl among other
types of rock as a potential host rock for a repository for low and intermediate level

"nuclear wastes. Two candidate Valanginian marl sites have been selected for site investi-
gations. At the Oberbauenstock site, a first phase of field investigations in 1987 involved
drilling of three boreholes from the Seelisberg highway tunnel into a potential repository
siting area. At the Wellenberg site, which is located approximately 12 km from Ober-
bauenstock, investigations of the Valanginian marl will start in 1990 with the drilling of
several boreholes from the surface. Concerns about two-phase flow effects arose when
the Oberbauenstock site investigations revealed the presence of natural gas (mainly
methane) in the Valanginian marl.

A nuclear waste repository will contain large amounts of concrete, metals, and
organic materials in contact with groundwater (NGB 85-07). Detailed studies have indi-
cated that corrosion of the metals and microbial degradation of the organic materials will
evolve largé amounts of gas (NGB 85-07; Neretnicks, 1985; Rasmuson and Elert, 1986;
Wiborgh, Hoeglund, and Pers, 1986), the chief constituents being hydrogen, methane,
and carbon dioxide. The expected gas release raises several concerns (Pruess, 1990).
Increases in pore fluid pressures could endanger the integrity of the engineered barriers,
alter natural groundwater level, and promote the migration of dissolved or volatile
-species.

The natural and repository-induced gas releases necessitate the development of
methods for testing, analyzing and simulating two-phase flow behavior in fractured rock
masses. It is with that objective in mind that the simulation studies discussed in this
report were undertaken. In addition, they provide specific examples upon which the
mutual transfer of technical know-how and the assessment/improvement of existing

numerical codes could be facilitated.



Two separate studies were conducted to aid in the design of gas injection tests at the
"FRI zone" of the Grimsel rock laboratory. The actual flow geometry in these tests would
be three-dimensional; however, the complexity of two-phase effects and the spatial reso-
lution required for adequate representation dictated the use of two-dimensional approxi-
mations in the present exploratory simulations. Two complementary models were inves-
tigated, namely, an idealized vertical cross section through the FRI zone (see Section 2),
and a radially symmetric gas injection system with interflow between fractures and a tight
rock matrix (see Section 3).

Simulation studies of multiphase flow effects that could play a role in the so-called
"ventilation tests" are also presented (Section 4). Such tests aim at quantifying the aver-
age permeability of a large rock mass around an excavation by monitoring the rate at
which formation waters enter the zone of low (ambient) pressure created by the excava-
tion (Wilson et al., 1981). Ventilation with air of less than 100% humidity is used in
these tests as a convenient means for conveying the incoming moisture to a measuring
device. However, mini-ventilation tests conducted by NAGRA Have cast doubt on the
validity of the idealized view of ventilation as a merely passive conveyor of moisture.
Effects such as differential drying of portions of drift walls have been observed at
Grimsel, which suggest that ventilation may induce two-phase flow effects in the host
rock. Such effects would impact the rate of water flow towards the pressure sink, and
would affect design and analysis of ventilation experiments for evaluation of macro-
permeability.

All calculations presented in this report were made with the simulation program
"TOUGH", which describes two-phase flow of water and air, and heat flow, in porous

and fractured media (Pruess, 1987).



2. IDEALIZED VERTICAL SECTION THROUGH FRI ZONE,
GRIMSEL ROCK LABORATORY

The field activities performed at Oberbauenstock showed that the presence of natu-
ral gas (mainly methane) in the Valanginian marl may have affected the hydrogeologic
measurements significantly (Kennedy and Davidson, 1988). In the perspective of inves-
tigating the same host rock at Wellenberg it has been proposed to conduct a series of
controlled gas experiments at the Grimsel Rock Laboratory (FLG) in order to gain some
additional experience in performing and interpreting hydraulic tests in a two-phase gas-
liquid system.

The objective of the testing phase is to perform several tests under different but
defined conditions. Three test steps are foreseen:

- Perform initial hydraulic tests in order to determine the existing hydraulic properties of
the fully liquid-saturated feature;
- Create a two-phase system by injecting gas and then conduct a series of gas injection
and extraction tests within this two-phase zone;
- Perform final hydraulic tests, following the same procedure as the initial tests, to
determine the hydraulic characteristics in the presence of gas.

The results of the three test steps will be compared in order to assess the appropri-
ateness and the limits of the single-phase interpretation methodology in a complex two-
phase environment (see also Finsterle, 1989).

The objective of the design calculations presented herein is to provide a first guess
on pressure responses and flow rates that have to be expected during the test. These
informations also allow to design the test equipment. Design calculations may help to

plan and modify the location, sequence, and duration of each test step.



2.1. Problem Specification

The gas test site is located at the FRI (Fracture Rock Investigation) zone. The frac-
ture zone of interest is the S1 feature which will be modeled as a two-dimensional vertical
section through laboratory tunnel, interval I3.1, interval 10.2, interval I1.2, and main
access tunnel (see Figures 1 and 2). Injection will be made in interval 11.2. Interval 10.2
and I3.1 are monitoring wells. The specifications of the flow problem are given in Table
1; the computational grid and simulated initial pressure field are shown in Figure 3.

After several simulation runs with TOUGH and in consideration of other aspects
(such as the time required to change equipment, working time etc.) the following test
sequence was found to be appropriate (Lavanchy, 1989):

- Initial hydraulic test:
4 h constant pressure water injection at 20‘ bars
about 1 week recovery

. Creation of gas bubble:

10 h constant pressure air injection at 20 bars

12 h shut-in recovery

1 h extraction

22 h constant pressure air injection at 20 bars

31 h shut-in recovery

24 h extraction

60 h shut-in recovery
- Final hydraulic test:

4 h constant pressure water injection at 20 bars

shut-in recovery
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Table 1.  Specifications of the idealized vertical section through the FRI zone at the

Grimsel rock laboratory

Model domain (see Figures 2 and 3)
two-dimensional, vertical
lines (A-A'") and (B-B') in Figure 2 define symmetry axes since borehole BoFR
87.001 is selected as the injection well and gravity is being neglected; only one
quarter is modeled
fracture extending to laboratory and main access tunnel, respectively
computational grid: 192 grid blocks, 361 connections

Formation properties
homogeneous, isotropic _
permeability:  2.0-10® m? (0.2 millidarcy)

thickness: 0.05 m
porosity: 1%
Relative permeability

liquid phase k= S**

gas phase k,g= 1 - S*)Z-(l - [S*]z) (Corey)
where
$*= (5;-Sp/(1-5-Sg)

S,= 0.3
T

Sge= 0.05

Gravity and capillary pressures: neglected

Boundary conditions
upper: . constant pressure 3 bars (based on results at MI zone (Herzog 1989))
left: constant pressure between 1 bar (tunnel) and 3 bars (upper
boundary). These values as well as the initial pressure field have
been calculated by means of an initial TOUGH simulation run to
steady state.
lower/right:  no flow (symmetry).



Initial conditions
temperature: 10°C

pressure: steady state pressure field as shown in Figure 3
saturation: the entire domain (except the tunnel) is initially fully water saturated
Injection fluid

fully vapor saturated air at constant pressure of 20 bars

2.2. Results
We first consider the test sequence where a gas bubble is created. We then proceed

to compare the initial and final hydraulic tests.

2.2.1. Pressures
Figure 4 shows the pressures expected in the three boreholes intersecting the S1

feature, as a function of time:

- Injection well (BoFR 87.001):
Pressures are kept at 20 bars for 10 hours. During shut-in recovery, the pressures
decrease very slowly due to large wellbore volume and the high compressibility of the
“gas. We open the borehole to atmospheric pressure for one hour. The same sequence
is then repeated followed by the final shut-in period, where the pressures again
increase to the formation pressures under steady state conditions.

- Observation wells (BoGA 89.001 and BoFR 87.003):
During the gas injection periods, the pressures in the observation wells increase faster
compared to a water injection test. Note, that the pressure build-up is slightly affected
by the relatively large volume of the boreholes even if this borehole is fully liquid satu-
rated. The higher pressure response in the observation wells can be explained consid-
ering the pressure loss in the gas phase (which is about 75 times smaller than the one
in the liquid phase due to the lower viscosity of gas), and the fact that the flow rates
are higher when injecting gas instead of water, while changing from a gas-liquid

system to a system with high gas contents at late times.



In Figure 5 the pressures after each test step are drawn along the horizontal line
between the tunnel and injection well. The test sequence leads to a rather complicated

pressure field with changing gradients and flow directions.

2.2.2. Flow rates

Figure 6 shows the flow rates being injected or extracted. In Figure 7 the total gas
mass and total gas volume in the formation are plotted as a function of time. They do not
 include the amount of gas needed to compress the air in the injection weli from 1 to 20
bars (apprdximately 0.272 kg). The same amoﬁnt of air will be released instantaneously
when opening the borehole for extréction. The gas flow rates during the first injection
period show a slight increase after the first sharp drop. During shut-in recovery, the very
large volufne of the well assures continual gas injection as the gas in the well éxpands by
decompressiori; Figure 6 shows that injection rates hardly decrease. Upon ope:ning the
borehole, both water and gas flow back to the well in about the same amount (in terms of
mass). After 1 hour of extraction, about 15 % of the injected gas ha§ been recovered. The
peak rate at the beginning of the second injection period is slightly below the first one
(88.0 mg/s versus 101.0 fng/s) due to the higher pressure (and thus loWer gradient)
around the borehole, even though the relative perrheability is higher due to the hi gher gas
safuration at this time. Subséquently the more or less constant gas flow raté is about two
times larger than during the first injection period (1.6 mg/s versus 0.8 rhg/s) due to the
higher relative permeability. After the second recovery period, a total air mass of about
0.225kg has been injected. The total gas volume in the formation has feaéhed éboﬁt 12.5
l. Ata porosity of 0.01 and an averagé gzis saturation of approximately 20% (see below;
Fig. 8), the injected gas plume has swept a formation volume of 12.5 / (0.01 x 0.2) =
6250 1. Comparing the second extraction period'with the first one, gas flow rates are now
larger than liquid flow rates indicéting that thé gas saturation (and therefore relative

permeability to gas) around the well has increased durin g the second injection period.
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During the final extraction and shut-in recovery, the gas volume continues to
increase even though the total gas mass is reduced to about 0.105 kg. This is a result of

the fact that the pressure decay allows the gas to expand.

2.2.3. Gas saturation

The gas saturation along a line between the tunnel and BoFR 87.001 are illustrated
in Figure 8. Because the gas saturation is not only a function of the injected mass of air
but is also strongly related to the pressure field, an interpretation of the curves drawn in
Figure 8 is difficult. It might be surprising that the gas saturation hardly exceeds 30 %
even close to the injection well. We do not see a piston-like displacement of immiscible
fluids with a sharp front between the two phases, leading to a gas bubble with a well
defined radius. The extension of the gas bubble (defined as the zone with two phases) is

therefore dependent on the choice of the relative permeability functions.

2.2.4. Comparison of initial and final hydraulic test

A series of initial hydraulic tests will be performed in the FRI zone before creating a
gas bubble as described in the previous section. The same series of tests (called final
hydraulic tests) will then be conducted and the results compared with the initial ones. In
this study we only consider a constant pressure water injection test for four hours
followed by a recovery period.

The pressure responses in the injection well and observation wells are drawn for
the initial hydraulic test in Figure 9, and for the final hydraulic test in Figure 10. The
difference between the two figures is quite dramatic. The propagation of a pressure pulse
is invérsely proportional to the compressibility of the fluid. During the final hydraulic
test, the pressure pulse does not propagate to the observation wells; in fact, we hardly see
a pressure reaction in the two observation wells. During recovery, the pressure in the
injection well stays at a higher level due to the large storage of the gas filled pores in the

formation.
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The water flow rates are a function of the pressure gradient, the relative permeabil-
ity, and the compressibility (storage) of the fluid around the injection borehole. Injecting
water into a gas bubble, the pressure gradient remains steep for a longer time due to the
- gas compressibility and the difference in fluid viscosity. The injected water does not need
to displace formation water but only has to.compress the gas bubble. At the same time the
relative permeability to liquid increases. However, for the considered times the decrease
in the permeability does not seem to affect the flow rate which during the final hydraulic
test is much higher than during the initial one (Figure 11).

The straight-line method of Jacob and Lohmann is now applied to both the initial
and the final hydraulic test. The method allows to determine transmissivity and storativity

given the flow rates of a constant head injection test:

_ _ 2303 ) _ 2.250-T-t,
4-ms,- B’ r2
with -
Adf) | Pins - Po
B = Alog (t) ° t, = t for(l/q) =0.0; Sw= g

The strai ght-line'approximation of the curve 1/q versus log(t) provides two parame-
ters: the intersection with the log(t) axis (represented by ;0) determines storativity; the
slope. (represented by B) determines transmissivity. Table 2 compares the results of the
initial and final hydraulic tests obtained by the Jacob-Lohmann-Plot (Figure 12). The
transmissivity evaluated in a single phase liquid environmerit during the initial hydraulic
test corresponds to the value used in the numerical model. The calculations show that the
transmissivity obtained in the two phase system is nearly the éame, whereas the storativ-
ityv has increased by a factor of 440. It seems that the effects of the characteristics altered
by the presence of the "gas bubble” cancel each other (i.e., lower relative permeability but
higher pressure gfadient and higher fluid compressibility). This is reasonable, if one

| considers that in the method of Jacob and Lohmann the evaluation of the transmissivity is
restricted to the second part of the curve where most of the formation in the vicinity of the

borehole is again saturated by a single phase.
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initial final

hydraulic test hydraulic test
regression: (1/q) =a+Dblog (t)
a [s/ml] 3.7800 -27.97
b [1/ml] 10.4000 11.95
r [-] 0.9964 0.9998
ty [s] 0.4330 219.100
Transmissivity [m?/s] 1.000610 °| 0871010 *°
S/S il 1.0 440.5

Table 2: Evaluation of Jacob-Lohmann-Plots

2.3. Conclusions

The design calculations of the gas test show that it should be possible, by means of
gas injection, to create a region with a significant gas content so that two-phase phenom-
ena can be studied in subsequent tests. The test sequence and duration of each test step as
proposed in the work program (Lavanchy, 1989) seem to be reasonable. The gas flow
rates and pressures would be measurable in-situ.

Note that the results presented in this report comprise the design calculations and
are based on simplifying assumptions. Although, the choice of parameters appears to be
reasonable for .the FRI-zone, the results are also sensitive on parameters that are not well
known. Therefore, the actual test program should be flexible in anticipation of effects and
responses that deviate from the predicted ones.

The numerical simulation also indicates that absolute (saturated) permeability in a
two-phase environment may be estimated using standard single-phase evaluation

methods.
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3. RADIAL GAS FLOW IN A FRACTURE WITH PERMEABLE ROCK
MATRIX

This problem was designed to explore possible operating conditions for gas injec-
tion tests in a fracture, with consideration of flow into an adjacent rock matrix of low
permeability (Figure 13). The feasibility of creating a two-phase zone of "significant"

extent was of particular interest.

3.1. Problem Specification

The specifications of the flow problem are given in Table 3; the computational grid
is shown in Figurev 14. Most parameters were provided by Andrews (1988); minor
adjustments were made, as follows. At the initially specified gas injection rate of 10
kg/s, pressure at the injection point increased to large values in excess of 60 bars (Figure
15). The gas injection rate was therefore reduced by one order of magnitude, to 107
kg/s, which resulted in a more acceptable pressurization to near 20 bars (Figure 16).
Relative permeabilities to liquid and gas were represented with Corey's functions (1954),
instead of the originally specified Grant's functions (1977). Grant's liquid relative per-
meability is identical to Corey's, while his gas relative permeability is given by krg=1 -
k1, which is considerably larger than Corey's gas relative permeability (Figure 17). It
was frequently assumed in the literature that for fractured media the constraint kyg + kyy =‘
1 is applicable; However, recent theoretical work has indicated that phase interference in
fractures will generally be stronger than in porous media (Pruess and Tsang, 1989).
Thus, Corey's functions are believed to be more realistic for the present problem.

Gravity and capillary pressure effects were neglected in the simulations, as they are
expected to be /small in comparison to pressure effects from gas injection. In the absence
of gravity, the flow system is symmetric with respect to midplane of the fracture (see
Figure 13), so that only one half of fhe system needs to be modeled. The numerical be-
havior of the flow system was simplified by specifying an initial gas satufation of 1 %

throughout. This avoids the highly non-linear phase transitions that would occur when a
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gas front invades a water-saturated medium. Irreducible (immobile) gas saturation was
specified as 2 % in the fractures, and 10 % in the matrix, so that the initially present gas

is immobile and will not cause unphysical effects.

Table 3.  Parameters for dual-permeability fracture-matrix flow problem.

Model domain (see Figures 13 and 14)1
- radial symmetry
- two-dimensional (R-Z)
- well radius 0.10 m
- discrete horizontal fracture, 0.02 m aperture
- matrix block extending 10 m above and below fracture

Formation properties
domain permeability  thickness porosity
fracture 10 md 0.0l m! 50 %
matrix 10* md 10.0 m 1%
Relative permeability
liquidphase k= S**
gas phase k= (1-8%%(1- [S*%) (Corey)
krg = 1- kr1 (Grant)

where $* = (S-S )/(1-S, - S,)
S,= 03

I
S

gr= 0.02 (fracture), 0.1 (matrix)

Gravity and capillary pressures: neglected

Boundary conditions

fracture, outer: 1 bar

matrix (outer, top, inner): no flow
Initial conditions

pressure: 1 bar

temperature: 10°C
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gas saturation: 1%

Injection
air at rates of 10 and 107 kg/s, or shut-in

lbecause of symmetry, only half the fracture is modeled

3.2. Results and Discussion
Gas injection at 107 kg/s proceeds until gas saturation has increased to about 10 %
at a distance of 10 m from the injection point. This is achieved after approximately 7 days
in grid block AA9, which extends from 6.05 to 10.05 m; see Figures 18-20. Notice that
at this time gas has penetrated only a few centimeters into the rock matrix, due to its very
low permeability. Pressure buildup in response to gas injection is extremely rapid (see
Figures 16 and 21), exceeding 12 bars at the injection point after only 23 seconds. The
~buildup levels off after a quasi-steady pressure of approximately 20 bars.is reached. For
Grant relative permeabilities the pressure buildup is considerably smaller, as expected
(Figure 21), while the increase in gas saturation is slowed (Figure 22). Gas injection is
stopped after 7 days, resulting in a initially rapid pressure decline which subsequently
slows down considerably (Figures 21, 23). Injection is resumed after 114 days, at which
tifne pressure recovery is approximately 90 % complete (see Figure 21). A gas saturation
of 50 % at 10 m from the injection point is reached after approximately S000 days (Figure
18). Subsequent shut-in of injection gives rise to an exceedingly slow pressure recovery.
It is of interest to compare the predicted pressurization and flow effects in the radial
fracture model with those obtained before in the vertical model. In the radial model, the
permeability-thickness product for the fracture is 10 md x 0.01 m = 0.01 md-m, and
injection at a rate of 107 kg/s = 10 mg/s results in a pressurizatioh to approximately 20
bars in the gas plume (Figure 16). The permeability-thickness product for the vertical
fracture model was 0.2 md x 0.05 = 0.01 md-m, or 1/10 that of the radial model.

Application of a constant gas pressure of 20 bars at the injection point resulted in a quasi-
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steady injection rate of approximately 1 mg/s, which is consistent with the 10:1 contrast
in permeability-thickness between the two models.

The dominant feature seen in all of the gas injection simulations is the very tight
nature of the formation into which gas injecfion is made. Matrix permeability is extremely
low, and the higher fracture permeability is available oniy in a very thin zone. This
tightness causes a very strong pressure response to injection, as gas advances to displace
formation water. The dominant cause of pressure buildup is single-phase flow of liquid
water ahead of the displacement front, while pressure gradients level off in the invaded
zone of larger gas saturation (see Figures 16 and 19). This behavior is easily explained in
terms of the viscosity contrast between water and air. At 10°C, water viscosity exceeds
that of air by a factor of approximately 75 (13.0 x 10 Pa s versus 0.176 x 10 Pa s;
Vargaftik, 1975). Thus, displacement of water ahead of the invading gas front at the
same volumetric rate as air displacement behind the front requires 75 times larger
pressure gradients.

These simulation results are preliminary because the test case studied here is of a
highly idealized and schematic nature. Important formation characteristics such as relative
permeability and capillary pressure behavior are not known at the present time, and hypo-
thetical assumptions had to be made. Assuming that the FRI test section at Grimsel is in
fact as tight as specified in the present simulations, the gas injection rate should be
restricted to 107 kg/s or less to avoid excessive pressure buildup. Time scales involved
in gas injection testing tend to be large, and the formation is being probed only over rela-
tively small spatial scales of a few meters. Future calculations should explore the sensi-
tivity of pressure and saturation response to possible ranges of formation parameters.
Also, alternatively testing protocols should be examined to determine whether two-phase
flow behavior of larger formation volumes can be probed within a reasonable time frame.
One possible mode of operation might be to alternate between periods of gas injection and
periods of well shut-in or production. The decrease in fluid pressures when injection is
stopped would cause gas to expand, which would promote an increase in gas saturation

and thereby enable gas to penetrate further into the rock.



- 15 -

4. MULTIPHASE EFFECTS IN VENTILATION TESTS

In order to determine the large-scale hydraulic permeability of the host rock, the
water inflow to a tunnel and the hydraulic pressure distribution in the vicinity of the exca-
vation are monitored. Due to the low outflow of moisture from a very tight rock, ventila-
tion with dry air is used to convey the incoming moisture to a cooling trap where the
water is condensed from the tunnel atmosphere. During the ventilation tests performed at
the Grimsel rock laboratory, partial drying of portions of drift walls have been observed.
In this chapter, conceptual models are discussed by means of computer simulations with
the TOUGH simulator to study the possible impact of two-phase effects on the design

and analysis of the ventilation experiments.

4.1. Gaseous Diffusion of Vapor and Air (Binary Diffusion)

Assuming that the air in the tunnel is kept dry by ventilation, a gradient of air
humidity causes an exchange of air and vapor across the rock surface. The effect is
known as binary diffusion and can be described as follows: If two gases of different
molecular weight (air and vapor, My = 28.96 > My,por = 18.00) are allowed to interdif-
fuse then a net flux of vapor from the more humid to the drier r_egion and an equal and
opposite net flux of air molecules will occur. Diffusion effects in porous media are

complicated due to the complex geometry of the pore space; the flux expression used in

TOUGH is as follows.
air vapor (air)
bindiff. ~ bindiff. T Dyapg VX,
with i
o Py [T+273.15]
= 1-0-S - L0 | AT LoD
D = w05y 3 { 273.15 ]
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where

:rn diff. = diffusive mass flux of air [kg/mz-s]

;?::iff_ = diffusive mass flux of vapor [kg/mz-s]
Pg = gas density [kg/m3]
X;K) = mass fraction of component K in gas phase (ngapor =1- X;ir)
D,, = vapor-air diffusion coefficient [m2/s]
Dga = parameter for diffusive vapor flux [m?/s]

at standard conditions of T, = 273.15°K and P, =1 bar

0 = parameter for temperature dependence of binary diffusion
0 = porosity [m>/m°)
Sg = gas saturation [m3/m3]
T = tortuosity [m/m]

Two specific cases of binary diffusion are studied in a simple two-grid-block

numerical experiment.

4.1.1. Binary diffusion under single-phase con‘ditions

We model two separated grid blocks containing gas of different vapor content at an
initial pressure of 1 bar. A porosity of 0.1 is chosen and the absolute permeability is
equal 5.0 x 1017 m2. Grid block 1 is filled with dry air (air mass fraction in the gas
phase is equal to 1.0), whereas the gas in grid block 2 is vapor saturated air (100 %
relative humidity at 10°C and 1 bar corresponds to an air mass fraction of 0.99233). The
situation is sketched in Figure 24. At time zero, the gas is allowed to interdiffuse. The
diffusion process tends to equalize the air mass fraction in the two grid blocks. Air
molecules are invading grid block 2, vapor is invading grid block 1 at the same mass rate.
The air mass fraction in grid block 1 decreases, whereas the air mass fraction in grid
block 2 increases to the average value of 0.99617 (Figure 25). Since the molecular

weight of air is larger than the molecular weight of vapor, grid block 1 has a net gain in
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the number of gas molecules; as a result, the pressure in grid block 1 increases slightly
and the pressure in grid block 2 decreases due to the same reason. Since the total number
of molecules is large in comparison to the number of molecules being exchanged, the
pressure change in the two grid blocks is nearly symmetric. The pressure gradient estab-
lished by the diffusion process is dissipated by viscous flow of gas from grid block 1 to
grid block 2. In the end, the system is in a uniform state of pressure and temperature; gas

of different moisture has been exchanged.

4.1.2. Binary diffusion under two-phase conditions

We consider two separated grid blocks. A porosity of 0.1 is chosen and the
absolute permeability is equal 5.0 x 101" m?. Grid block 1 is filled with dry air (air mass
fraction in the gas phase is equal to 1.0). Grid block 2 contains two phases (S g= 0.5).
The liquid phase assures the air to be vapor saturated at any time (concept of
instantaneous equilibrium). The situation is sketched in Figure 26.

At time zero, the gas is allowed to interdiffuse. Since a difference in air and ;/apor
partial pressure is present, binary diffusion takes place. Vapor is invading grid block 1,
air is invading grid block 2 at the same mass rate. Gas pressure in grid block 2 starts to
grow because the invading air molecules increase the air partial pressure, whereas vapor
partial pressure is stabilized by vaporization, leading to a slight temperature drop (Figure
27). The gas pressure in grid block 1 also increases because the loss of air partial
pressure is less than the gain in vapor partial pressure due to the difference in the
molecular weights of the two components. In a tight rock, the pressure increase caused
by binary diffusion cannot dissipate instantaneously by viscous flow of gas from grid
block 2 back to grid blc;ck 1. Therefore, the diffusive flow is counteracted by a Darcy
flux, the pressufe gradient being a function of permeability. The lower the permeability,
the larger the pressure difference between the two grid blocks. This conclusion assumes
that the diffusion coefficient is not dependent on permeability. Still, there might be a
correlation between relative pefmeabilit'y and tortuosity, leading to reduced diffusion in

partially saturated porous media.
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After about one hour, the air in grid block 1 is vapor saturated; condensation takes
place and temperature in grid block 1 increases. Diffusive flux stops, because gas phase
composition equilibrium is very nearly reached. Conductive and convective heat flux is
not zero till temperature and pressure are in equilibrium.

The fiﬁal state of the system can be described as follows. Pressures have increased by
about 810 Pa. This value is a function of the number of molecules being exchanged in
relation to the total number of gas molecules in the system. The gas in both grid blocks is
air of 100 % humidity. Temperature has decreased by about 0.0016 °K. The net overall
temperature drop is due to a finite net vaporization which put some additional mass into
gas phase; its value is also a function of the systems heat capacity. Under two-phase
conditions, thermal energy becomes pressure by phase change, mediated by binary

diffusion.

4.2. Capillary Pressures Initiated by Binary Diffusion

In the vicinity of the excavation in the Grimsel Rock Laboratory, negative pressures
(relatively to atmospheric pressure) have been observed in certain intervals indicating the
existence of capillary forces. The underlying physical processes are conceptualized and
modeled as follows:

We consider a one-dimensional horizontal column with a gas fi11¢d reservoir
(representing the tunnel) attached to its left end. The column is initially fully liquid satu-
rated and at a uniform pressure of 1 bar. Van Genuchten's relative permeability and capil-
lary pressure functions are applied (Figure 28).

Since the air in the tunnel is not fully vapor saturated, binary diffusion takes place
which allows the water in the pores to evaporate. The gas saturation in the ﬁrét millime-
ters increases; a gas-liquid front propagates into the formation (Figure 29). Providing the
rock permeability is low, water cannot refill the gas filled pore space fast enough, even if
there was a pressure gradient toward the tunnel. After a certain time, the process is
counteracted by capillary forces which tend to reduce the gas saturation by reducing the

pressure in the liquid phase and therefore increasing the pressure gradient toward the
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tunnel. Liquid water is sucked to the gas-liquid front by capillary forces, evaporation
takes place and water molecules ﬂow to the tunnel by viscous and diffusive flux of
vapor.

Phase transition by evaporation is the only mechanism that allows the water
molecules to leave the formation. Liquid water is always underpressured (relatively to the
pressure in the tunnel) due to capillarity, so there is no viscous liquid flux to the tunnel,
whereas vapor follows the pressure in the gas phase which is increased due to the diffu-
sion process (see Section 4.1.2.). On the other hand, binary diffusion is the only
mechanism which allows air to invade, even though the pressure gradient in the gas

phase is reversed. The initially fully liquid saturated formation dries out.
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5. DISCUSSION AND CONCLUSIONS

The preliminéry modeling studies presented in this report have shown a cbmplex
phenomenology of multiphase behavior in gas injection and ventilation tests. The mathe-
matical and numerical approaches used in the TOUGH simulator are shown to be suffi-
ciently robust and flexible for scoping studies of two-phase water-gas flow in fractured
rock. Application of these concepts for a more detailed interpretation of the mini-ventila-
tion tests in Grimsel Test Laboratory appears quite promising. A principal limitation of
practical applications at the present time is the lack of credible site-specific data. A close
interaction between conceptual and numerical modeling on the one hand, and field test
design and analysis on the other, will be reqﬁired in future studies.

It appears that two-phase testing of initially water-saturated tight fractured rock
masses will be a time-consuming process, and will be limited with respect to the forma-
tion volumes that can be probed. An imponaht issue to be addressed in future testing is
the characteristic curves (relative permeability and capillary pressures) of fractured rock
masses. No experimental data are presently available on relative permeability behavior of
rough-walled rock fractures. On a more fundamental level, there is the possibility that
formation heterogeneities and flow instabilities in the displacement of a heavier, more
viscous fluid (water) by a lighter fluid of lower viscosity (air or other gases) could cause
gas to "finger" through portions of fractures, while bypassing other zones that would re-
main water-saturated. Thus, it is not clear to what extent continuum concepts such as
relative permeability will be applicable to two-phase flow processes in fréctures on differ-

ent space and time scales.
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Figure 16: Gas pressures in fracture for different injection times (injection rate Q= 107
kg/s). o
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Relative permeability functions.

Figure 17:
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Figure 18: Gas saturation versus time for diffrerent injection and recovery periods.
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Figure 22: Gas saturation versus time in the injection block.
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Figure 23: Gas pressure profiles in fracture during recovery, following seven-day

injection period.
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Figure 24: Binary diffusion experiment under sirigle-phase conditions.
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Figure 26: Binary diffusion experiment under two-phase conditions
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Figure 27a: Binary diffusion experiment under two-phase conditions:
Air mass fraction and temperature change versus time.
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Figure 28: Relative permeability and capillary pressure functions.
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Figure 29: Gas pressure, gas saturation and capillary pressures profiles.
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