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Abstract

Hydrologic impacts of corrosive gas release from a hypothetical LIILW nuclear waste repo

sitory at Oberbauenstock are explored by means of numerical simulation. A schematic two

dimensional vertical section through the mountain is modeled with the simulator TOUGH, which

describes t~o-phase flow of water and gas in porous and fractured media. Two reference cases

are considered which represent the fonnations as a porous and as a fractured-porous (dual per

meability) medium, respectively. Both cases predict similar and rather modest pressure increases,

from ambient 10 bars to near 25 bars at the repository level. These results are to be considered

preliminary because important parameters affecting two-phase flow, such as relative penneabili

ties of a fractured medium, are not well known at present
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Nomenclature

C heat capacity, J/kgOC

D diffilsivity, m2js

F flux, kg/s . m2 for mass, W/m2 for heat

h specific enthalpy, J/kg

k permeability, m2

kr relative permeability, dimensionless

K thermal conductivity, W/m°C

M accumulation terms, kg/m3 for mass, J/m3 for heat

n unit normal vector

P pressure, Pa

q sink/source rate, kg/m3·S for mass, W/m3 for heat

S saturation (volume fraction), dimensionless

t time, s
T temperature, °C

u specific internal energy, J/kg

V volume, m3

x distance coordinate, m

X mass fraction, dimensionless

z elevation coordinate, m

Greek

~. phase (~= liquid, gas)

r area, m2

a~g 1 for ~ = g, 0 otherwise

ep porosity, dimensionless

p density, kg/m3

lC component (lC = I: water; lC = 2: air or hydrogen; lC = 3: heat).

J.l viscosity, Pa'S

't tortuosity factor, dimensionless

a exponent in temperature-dependent diffilsivity, dimensionless

Subscripts

a air

cap capillary



g gas

I liquid

n volume element (grid block) index

R rock
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1.0. INTRODUCTION

For a number of years the "Nationale Genossenschaft fuer die Lagerung radioaktiver

Abfaelle" (NAGRA) has been developing a repository project for geologic disposal of low- and

intennediate-1eve1 radioactive wastes. Recent site investigations have focussed on a site in the

Oberbauenstock mountain (NGB 85-07; NGB 85-08; Rese1e and Tripet, 1985).

A nucl~ar waste repository will contain large amounts of concrete, metals, and organic

materials in contact with groundwater (NGB 85-07). Detailed studies have indicated that corro

sion of the metals and microbial degradation of the organic materials will evolve large amounts

of gas (NGB 85-07; Neretnieks, 1985; Rasmuson and Elert, 1986; Wiborgh, Hoeglund, Pers,

1986), the chief constituents being hydrogen, methane, and carbon dioxide. Additional relatively

minor amounts of gases will be generated from radiolysis of water.

The expected gas release raises several concerns. From the data given by Wiborgh et al.

(1986) it can be estimated that gas pressures in the repository could build up to levels of several

hundred bars unless specific design provisions are made for gas venting. Such pressures could

breach the system of engineered barriers and compromise the integrity of the repository. On the

other hand, gas escaping from the repository volume could alter existing groundwater flow paths

in the host rock, and thereby impact on the travel time of potential contaminants to the biosphere.

The present study is a first preliminary attempt to evaluate, by means ofcomputer simula

tion, the gas release from the repository and its effects on pore pressu~s and groundwater flow III

the host rock. We give a brief summary of previous work on the hydrogeology of the Oberbauen

stock site, and on the issues relating to gas release. We then proceed to define two reference

cases for computer simulation of two-phase (gas-liquid) fluid flow in the host rock, which model

the fonnations as a porous and as a fractured-porous medium, respectively. Both cases are

highly schematic in nature and are not intended to provide realistic results for a potential
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repository at Oberbauenstock. The chief objectives of the simulations are to test the perfonnance

of our numerical simulator, and to establish a baseline for communication with NAGRA scien

tists, so that important issues can be identified and more realistic models be developed.

2.0. DEFINITION OF REFERENCE CASES

The Swiss research program for a geologic repository for low and intennediate level

nuclear wastes has developed a large number of specialized investigations which have been sum

marized in two recent reports (NGB 85-07; NGB 85-08). The present study builds on the results

of these investigations. We utilize conceptual models and parameters developed by NAGRA to

define a detailed numerical model for two-phase flow of groundwater and hydrogen gas in the

vicinity of a potential nuclear waste repository at Oberbauenstock. The numerical model is

implemented through a modified version of the simulation program "TOUGH" (Pruess, 1987),

which describes non-isothennal flow of water and air in porous or fractured media. For reference

a summary description of the TOUGH simulator is given in the appendix. In the modified ver

sion used in the present work the air component of TOUGH was replaced by hydrogen.

The parameters of the porous medium reference case are given in Table 1, while additional

data for the fractured-porous medium case are given in Table 2. We will here give a brief sum

mary of data sources and considerations pertaining to these parameters.

2.1. Model Domain

We model the same two-dimensional vertical section through Oberbauenstock for which

single phase groundwater flow calculations had previously been made by NAGRA (NGB 85-08).

The choice of the 2-D section was substantiated by NAGRA's three-dimensional modeling work,

which indicated that the hydraulic potential was slowly varying in the direction parallel to the

shore of Lake Uri. Figure 1 (from NGB 85-07) shows the stratigraphy of the section. The poten

tial repository horizon is located in a thick (300 - 400 m) layer of Valanginian marl of low per

meability. This fonnation is sandwiched between more permeable limestone formations above

and below. The model domain as shown in Figure 2 (from NGB 85-08) is bounded from above

..
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Table 1. Parameters for the porous medium reference case

Model domain·

upper boundary: coordinates of highest point (x, z) = (0 Ill. 300 m)
slope of western flank al = 86°
slope of eastern flank <Xz = 67°

western boundary: x= -2125 m
lower boundary: z=- 300m

Boundary conditions

bottom: no flow
western: no flow

(z < 220m)tupper: western flank P=9810 x (220 -z) + 1 x lOS
P=lx1OS (z > 220m)

eastern flank P=lx1OS (z>Om)
P= -9810 xz+ 1 x lOS (z < Om)

Initial conditions

temperature: lOoC
pressure: corresponding to steady-state

flow for the boundary conditions
given above

Formation parameters

domain extent permeabillty porosity

Valanginian marl z> -150m 10J.l.d 3%
limestone z< -150m 10md 3%
repository -1125m<x<-425m 1md 3%

10m< z< 70m
See1isberg tunnel 90m<x<340m 1md 3%
(assumed collapsed) -50m<z< 190m

Relative permeabillty
(Corey's curves)

liquid phase: Ic., = [S·t
gas phase: Ie.. = (1 - S·)2 (1- [S·]2)
where S· = (S, - S/r)/(1-S/r-S.,)

S/r = 0.3, S., = 0.05

Gas release rates§

0. = 3.339x10-7kg/s for t < 20 years
0. = 1.484x10-7kg/s for t > 20 years

•see Fig. 2 and Table 7-5 of report NOB 85-08.

t pressures in Pascals

§1/466 of total repository rate, based on average cavern length of 466·m.
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by the contact to the limestone on the western flank, and by the steeply dipping ground surface in

the east The lower boundary of the model is beneath a layer of limestone which has relatively

high penneability (see below). The western boundary is placed somewhat arbitrarily at a dis

tance of 1 km from the proposed western boundary of the repository.

2.2. Computational Grid

For the porous medium reference case, the flow domain is partitioned into essentially rec

tangularvolume elements or "grid blocks." The grid as specified in Table 3 consists ofrectangu

lar blocks, with suitable cutoff at the sloping top boundaries. The grid is similar to that used by

NAGRA for 2-D model studies (NGB 85-08). A preprocessor program was written for the grid

generation; minor adjustments in nodal locations and grid block interfaces were made by hand to

properly account for the pinchout in the lower eastern corner. Including all boundary blocks and

connections, the grid consists of 328 elements with 544 interfaces between them. A plot of grid

block locations is given in Figure 3. For convenience grid thickness has been chosen as 1 m.

For the fractured-porous medium case each of the volume elements of the porous medium

grid was further partitioned into two regions, corresponding to fracture and rock matrix domains,

respectively. A more detailed discussion of issues of flow geometry and gridding for the

fractured-porous medium is given in section 4, below.

2.3. Formation Parameters

NAGRA has undertaken a variety of theoretical, laboratory, and field studies to estimate

natural groundwater flow and large-seale penneability and porosity in the potential host forma

tions at Oberbauenstock. Laboratory measurements on a small sample of Valanginian marl

yielded an extremely small penneability of 0.026 J.Ld and a porosity of 3.1 % (NGB 85-07). Field

scale penneability is dominated by networlcs of fractures and faults. A detailed study of the

geometric and hydrologic properties of the fracture networlcs at Oberbauenstock was presented

by Resele and Tripet (1985). These authors estimated large-s<:;ale penneability of the host rock as

approximately 10 J.Ld. In the vicinity of mined openings (e.g., drifts, tunnels) penneability is
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Table 2. Parameters for fractured-porous medium description

Fracture Matrix Fracture Matrix
Domain penneability penneability porosity porosity

Valanginian marl 10 JUt 0.1 JUt 1% 3%
Chalk lOmd 1 md 1% 3%
Repository 1 md O.lmd 1% 3%
Seelisberg tunnel 1 md 0.1 md 1% 3%
(assumed collapsed)

Table 3. Basic computational grid

Row # x-coordinate 6x Column z-coordinate 6z
of left grid (m) index oflower grid (m)

boundary(m) boundary (m)

1 -2125 250 A - 300 100
2-4 - 1875 3x2oo B -200 50

5 -1275 100 C -150 50
6, 7 -1175 2x 50 D -100 50

8-15 -1075 8x 75 E - 50 60
16, 17 - 475 2x 50 F 10 60
18-21 - 375 4 x 100 G 70 60

22 25 65 H 130 60
23-27 90 5x50 I 190 60

28 340 73.5 J 250 50
29-38 413.5 10 x 100
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expected to be enhanced by perhaps two orders of magnitude because of stress relief. For our

porous medium reference case we have adopted permeability and porosity values identical to

those used in the base case of NAGRA's 2-D model (NGB 85-08). A highly idealized represen

tation of fracture geometry, loosely based on the analysis of Resele and Tripet (1985), was

adopted for the fractured-porous medium case (see section 4).

2.4. Boundary and Initial Conditions

The boundary conditions imposed on the model domain are identical to those used in previ

0us 2-D modeling studies by NAGRA (NGB 85-08). Initial conditions are a temperature of lOoe

throughout the flow domain, and steady-state pressures for the given boundary conditions. The

steady-state pressure field was generated by means of a TOUGH simulation, in which arbitrary

initial pressure conditions were run to steady state for the applied boundary conditions. The ini

tial pressures for the porous and fractured-porous medium cases are very nearly identical, and are

indistinguishable on the scale of the contour plot in Figure 4.

2.5. Relative Permeability and Capillary Pressure

The relative permeability and capillary pressure characteristics of fractured rocks are

poorly understood, and no data are available for the formations at the Oberbauenstock site. In

their estimation of gas transport at Oberbauenstock, Wiborgh et al. (1986) have utilized pub

lished capillary pressure data for three different porous media (sandstone, dolomite, limestone).

The applicability of these data to fractured Valanginian marl is questionable. Further uncertain

ties are introduced when relative permeabilities are derived from capillary pressure data, as the

relationship between the two involves hypothetical models of pore space geometry. For this first

exploratory study we have decided not to use the gas phase relative permeabilities obtained by

Wiborgh et al. (they provide no liquid relative permeability data). Instead we have taken stan

dard relative permeability functions and parameters for two-component two-phase systems

(Corey, 1954).
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In rocks with small pores capillary pressures can be strong, reaching tens of bars at low

values of liquid saturation (Wiborgh et al., 1986; Pruess et al., 1988). Test calculations revealed

that gas pressurization effucts would be large, so that capillary pressure effucts may not be major.

Therefore, given the lack of any specific data on applicable capillary pressure for the fonnations

under study, it was decided to simply ignore capillary pressure for the reference case calcula

tions.

It is anticipated that relative penneabilities and capillary pressures constitute major

unknown parameters with a potentially large impact on, predicted fluid pressures and flows.

These issues.will have to be addressed in future studies.

2.6. Gas Release Rates

Total gas release rate for the entire repository has been estimated as 1.8 x 10-3 m 3 (STP)/s

for t < 20 years, and as 8.0 xlO-4 m3(STP)/s thereafter (NTB 85-17, p. 56). From the data given

in NGB 85-07, the total length of the storage caverns is approximately 4660 m. With 10 caverns

in parallel, average cavern length is 466 m, so that we allocate 1/466 of total gas generation rate

to our 1 m thick model section. For specification of a mass release rate the density of hydrogen

gas at T =10°C, P =1 bar, is needed, which is 0.08645 kg 1m 3 (Vargaftik, 1975).

2.7. Fluid Data

Thennophysical properties of water were taken from the steam table equations as given by

the International Fonnulatio.n Committee (1967). Following the approximation made in previous

estimations of gas effucts (Wiborgh et al., 1986; Rasmuson and Elert, 1986), all gas generated in

the repository is assumed to be hydrogen. This is modeled as an ideal gas; the thennophysical

properties needed are given in Table 4. (For the present problem TOUGH is run in isothennal

mode, and it is not necessary to specify a heat capacity for the gas.)

3.0. RESULTS FOR THE POROUS MEDIUM CASE

Simulated results for the porous medium reference case are shown in Figures 5-12. In
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Table 4. Thermophysical properties of hydrogen

density at P = 1 bar

T=280K
T=3OOK

. . *VISCOSity

P=lbar
P= 100 bar

SOlubility in water at P = 1 bar§

experimental*

.086546 kg/m3

.080776 kg/m3

T=O°C
8.40 x 1O~ Pa's
8.57 x 1O~ Pas

2.14 cm3/1oo g H20
1.91 cm3/1oo g H20

ideal gas lawt

.08660 kg/m3

.08083 kg/m3

T= 100°C
10.33 x 1O~ Pa's
10.44 x 1O~ Pa's

Solubility at higher pressures is computed from Henry's law, with Henry's constant at
T = 10°C obtained by linear interpolation from the above solubility values at 0 and
25°C, respectively.

*from Vargaftik (1975).

tuniversal gas constant R = 8314 J/moIrC; molecular weight of hydrogen
2.0160 (Vargaftik, 1975).

§after Rasmuson and Elert (1986).
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agreement with previous analysis (Rasmuson and Elert, 1986) our simulation shows that dissolu

tion and removal of gas by flowing groundwater occurs at a rate which is smaller than the rate of

gas generation. In our model it takes approximately 2.5 years for hydrogen to exceed the solubil

ity limit. Subsequently, a free gas phase evolves in the repository grid blocks, which is accom

panied by an increase in fluid pressure (see Figure 5). Gas mass at early time is much smaller

than hydrogen mass, indicating that initially most of the hydrogen is dissolved in the water (Fig

ure 6). Gas saturation in the repository grid blocks remains below the irreducible value (here

assumed 5 %) for almost 20 years. During this period gas remains confined to the repository grid

blocks (see Figure 7). Fluid pressures attain a local maximum around the gas sources (see Figure

8), but remain close to the steady-state values otherwise (compare Figure 4).

Gas phase saturation exceeds the irreducible limit and gas becomes mobile just prior to the

rate change at t = 20 years. Subsequently, gas flows away from the repository. Together with the

sharp drop in gas generation rate, this leads to a strong pressure decline. After approximately 60

years the flow system has adjusted to the new lower gas rate, and enters a period of slow pressure

decline with a continued slow increase in gas saturation (Figures 5 and 6). After 200 years the

gas bubble around the repository has expanded almost to the boundary of the flow domain (Fig

ure 9), while pressures have declined closer to the steady state pressures prior to gas release

(compare Figures 10 and 4). The mass of gas and hydrogen (gaseous as well as dissolved)

reaches a maximum at about 500 years (Figure 6). At later time hydrogen is removed from the

top boundary of the system at a larger rate than it is being generated in the repository, so that

total gas and hydrogen inventories decline. This is accompanied by pressure decline so that gas

saturation and total gas volume continue to increase even as gas mass is decreasing (Figures 5

and 6). After 1000 years gas saturation at the repository level has reached almost 30 %, while

maximum saturation near the top boundary is approximately 33 % (Figure 11). The pressure at

the repository level has declined slightly below the initial steady-state value (Figure 5; see also

the downward depression of the P =10 bar contour in Figure 12).

Hydrogen mass balances for the entire model domain are given in Table 5. It is seen that
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Table 5. Total hydrogen mass (kg) in 2-D Oberbauenstock porous medium model

."
Time (years) TOUGH-simulation Total release

1 10.37 10.54
2 20.91 21.08

.5 52.64 52.70
10 105.4 105.4
20 211.8 210.8
50 352.1 351.3

100 586.3 585.4
200 1054.6 1053.7
500 1645.7 2458.7

1000 1357.5 4800.0
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for t < 200 years, the hydrogen inventory in the system closely agrees with the total hydrogen

release. The slight discrepancies reflect the applied convergence tolerance of 1 in lOS in each

grid block at each time step; with a tighter convergence tolerance and consequent use of more

iterations these discrepancies could be reduced further. Subsequently there is considerably less

hydrogen in the model domain than had been produced, indicating that some of the produced

hydrogen escaped at the boundaries. This behavior is consistent with the simulated flow veloci

ties. At t = 200 years, the pore velocity for upward liquid flow above the repository is approxi

mately 0.95 m/year. The closest distance from the repository to the upper boundary is 180 m, so

that the first arrival of dissolved hydrogen at the boundary is expected after about 200 years.

4.0. FRACTURED-POROUS MEDIUM

A porous medium description of the fonnations implies that the hydrogen released by cor

rosion will be (locally) unifonnly distributed throughout the void space. However, if most of the

penneability of the medium is' provided by fractures, the hydrogen gas will tend to accumulate

and migrate primarily in the fraetures, and will only slowly invade the less penneable matrix

blocks. It is conceivable that the response to corrosive gas release may be quite diffurent under

these conditions as compared to the porous medium idealization. A fraetured-porous medium

model was developed to serve as a baseline case for examining the impact of fonnation hetero

geneities on repository behavior.

4.1. Approach

Several diffurent approaches are available for modeling flow in fractured-porous media.

Conceptually, the most straightforward approach is to explicitly include fractures into a numeri

cal model by defining suitably small volume elements with large penneability. This approach is

only applicable, however, for idealized systems with a few fractures, because the computational

effort becomes unmanageable when there are many fractures present The most popular

approach for modeling systems with many fractures is the double porosity technique (Barenblatt

et al., 1960; Warren and Root, 1963). In this method, a fractured-porous medium is partitioned
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into (1) a primary porosity, which consists of small pores in the rock matrix, e.g., intergranular

vugs or vesicles, and (2) a secondary porosity, consisting of fractures and joints. Each of the two

porosities is treated as a porous continuum, whose properties can be characterized by means of

the customary porous medium properties, such as permeability, porosity, and compressibility.

Flow within each continuum is assumed to be porous flow, governed by Darcy's law.

In the classical double-porosity work it was assumed that global flow in the medium occurs

only through the fracture continuum, while the role of the matrix rock is restricted to exchanging

fluid locally with the fractures. Furthermore, the "interporosity flow" between matrix and frac

tures was approximated as being quasi-steady. Subsequently, "dual permeability" approaches

have been developed (Miller and Allman, 1986; Dean and Lo, 1986), which permit global flow in

both fracture and matrix continua. The double porosity method has also been extended to a

method of "multiple interacting continua" (MINC; Pruess and Narasimhan, 1982, 1985), which

can describe fully transient interporosity flow by means of suitable subgridding of the matrix

blocks. The MINC-method can incorporate global flow in the matrix in the direction of fractur

ing while maintaining the simple one-dimensional approximation to interporosity flow (Pruess,

1985). An unrestricted description of global flow combined with a fully transient treatment of

interporosity flow, however, would require at least a two-dimensional representation of flow in

the matrix blocks, and would thus greatly enhance the number of grid blocks and the computa

tional work.

In the present problem it is expected that substantial phase segregation may take place

between matrix and fractures, with gas phase preferentially occupying the large voids in the frac

tures, and liquid phase residing preferentially in the small pores in the matrix. Therefore, it will

be necessary to permit global flow in both matrix and fractures. Furthermore, because of small

matrix permeability and large (of order 10 m) matrix block dimensions, it is expected that the

transient periods for interporosity flow may be long. Thus the problem presents the most compli

cated kind of fractured-porous flow problem, where both unrestricted global flow and fully tran

sient interporosity flow should be permitted. However, a model representing global flow in both
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fracture and matrix continua, combined with a fully transient treatment of interporosity flow,

would at a minimum require of the order of 30 sub-blocks in each "primary" (porous medium)

grid block. For the Oberbauenstock grid with 328 primary blocks, this would add up to a total of

10,000 grid blocks or more. Thus, some fairly drastic simplifications need to be made to obtain a

manageable reference case.

We have idealized the fracture system as consisting of two perpendicular sets of planar

vertical fractures, with spacing of 10m. This amounts to modeling the matrix rock as consisting

of tall vertical slabs of lOx 10m2 square cross sectional area. An areal view of the flow system

is given in Figure 13. Global flow in the fracture system is unrestricted, while global flow in the

matrix may occur only in the vertical direction; in addition there is local matrix-fracture inter

porosity flow (see Figure 14). This model is implemented by partitioning each block of the pri

mary grid (see Figure 3) into two continua, representing fracture and matrix domains, respec

tively. Both fracture and matrix domains are treated as porous continua, with parameters as

given in Table 2. All other parameters are identical to the porous medium reference case (Table

1). Gas release is assumed to occur into the fracture continuum. The computational grid of the

fractured-porous system has 618 volume elements and 1135 connections (note that elements used

to define the pressure boundary conditions do not require subgridding).

The main shortcomings of this reference model are (1) the neglect of global matrix-matrix

flow in the horizontal direction, and (2) the inability to describe transient interporosity flow.

Either of these limitations can be remedied in future modifications. Unrestricted global flow can

be realized by adding horizontal matrix-matrix flow connections, while a fully transient treatment

of interporosity flow can be made by appropriate subgridding of the matrix blocks. Either of

these extensions appears feasible by itself; it is only when both present limitations are to be over

come simultaneously that the computational problem grows to unmanageable proportions.

4.2. Results

Results for pressures and gas saturations in the fractures at the repository level are given in
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Figure 13. Schematic of fractured-porous flow system (areal view), with matrix blocks modeled
as tall slabs with square cross section.
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Figure 14. Schematic of flow geometry in fractured-porous model.
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Figure 15. Comparison with the porous medium case shows that evolution of a free gas phase

and accompanying pressurization occur at earlier time. This was expected because of the smaller

average porosity of the fractures (1 %) as compared to the porous medium (3 %). Pressure

increase ceases after a mobile gas saturation is reached; the maximum pressure is almost identi

cal to that of the porous medium case. The drop in gas generation rate at t = 20 years is again

accompanied by a strong pressure decline, while gas saturation continues to increase. Gas

saturations in the fractured-porous medium model are generally larger than in the porous medium

model, but overall the behavior of both models is remarkably similar.

The rate of gas flow from the fractures into the matrix blocks is small, and all matrix blocks

remain in single phase liquid conditions for the first 100 years. After about 100 years gas begins

to flow out at the top of the system, and subsequently fluid pressures decline more rapidly (see

Figure 15). At the lower pressures reached after 200 years the solubility limit for hydrogen is

exceeded in some matrix blocks near the repository, and a free gas phase begins to fonn in the

matrix. Gas saturation in the matrix remains small but continues to increase as the system

depressurizes, reaching maximum values of 2.5 % after 1,000 years.

The quantitative aspects of these results reflect space discretization effects. Because there

is no sub-gridding in the matrix blocks, all hydrogen entering the matrix is immediately uni

fonnly distributed throughout these blocks. A more detailed spatial resolution of flow in the

matrix blocks would show that the outer "skin" of the blocks evolves some gas saturation early,

while gas may take a very long time to evolve in the interior of the blocks. However, if

allowance were made for capillary effects, we would expect the rock matrix with its small pores

to begin to suck water out of the fractures as soon as it makes a transition to two-phase condi

tions. Capillary effects would thus tend to keep gas saturation in the matrix blocks to low values.

5.0. DISCUSSION AND CONCLUSIONS

The results presented in this report are to be considered illustrative and preliminary rather

than quantitative, pertaining as they do to highly schematic reference cases. We have attempted

to choose parameters that appear "reasonable" for the Oberbauenstock site, but it is recognized
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that some of the more important parameters, such as relative penneabilities, are not well knOwrl.

The porous medium reference case is not expected to provide a realistic outlook on gas pressuri-

zation and migration effects, while the fractured-porous medium case employs highly approxi-

mate descriptions of global matrix flow and interporosity flow. Another limitation of the present

simulation is that rather coarse grid blocks have been used in the repository domain.

The latest results from site investigations at Oberbauenstock indicate that a few larger frac-

ture zones exist which could have a high penneability. Additionally, it seems that some of these

features are filled with natural gas. This could diminish significantly the potential pressure

build-up due to gas production in the repository.

Thus, we do not wish to attach particular significance to the quantitative details of the

present simulation studies. However, it appears to us that the simulation results are reasonable in

a qualitative sense, showing a plausible pattern of physical processes and system behavior.

Future work should focus on identifying the most important parameters affecting system behavior

so that uncertainty in system response can be reduced to acceptable levels.
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APPENDIX A: Summary Description of TOUGH Simulator

TOUGH is a multi-dimensional numerical simulator for the coupled transport of water,

vapor, air and heat in porous and fractured media (Pruess, 1987). It is a member of the MUL

KOM family of multi-phase, multi-component codes, which is being developed at Lawrence

Berkeley Laboratory primarily for geothennal reservoir applications (Pruess, 1988). Theacro

nym "TOUGH" stands for" .!.ransport £f~nsaturatedgroundwater and !!eat."

The TOUGH simulator takes account of the following physical processes. Fluid flow in

both liquid and gaseous phases occurs under pressure, viscous, and gravity forces according to

Darcy's law, with interference between the phases represented by means of relative permeability

functions. In addition we consider binary diffiJsion in the gas phase. However, no account is

presently made of Knudsen diffusion, which will effectively enhance gas phase penneability

under conditions when the mean free path of gas molecules becomes comparable to or larger than

typical pore sizes (Knudsen, 1909; Klinkenberg, 1941; Hadley, 1982). This effect will become

important for media with very small pores and/or at small gas pressures. Capillary and phase

adsorption effects are taken into account for the liquid phase, but no allowance is made for vapor

pressure lowering, which will become significant for very strong suction pressures (for example,

a suction pressure of -14.5 MPa will cause approximately 10% reduction in vapor pressure).

Also, no allowance is made for hysteresis in either capillary pressure or relative penneability.

All thennophysical properties of liquid water and vapor are obtained within experimental accu

racy from steam table equations (International Fonnulation Committee, 1967). Air is treated as

an ideal gas, and additivity of partial pressures is assumed for air/vapor mixtures. Air dissolution

in water is represented by Henry's law. No allowance is made for diffiJsion of dissolved gas in
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the liquid phase. This will usually be negligible because both air solubility and diffusivity in the

liquid phase are small.

Heat transport occurs by means of conduction, with thermal conductivity dependent on

water saturation, and convection and binary diffusion, which includes both sensible and latent

heat

The governing mass- and energy-balance equations solved by TOUGH can be written in

the following general form

JL f M(lC) dV = f p(lC) . n dr + f q(lC) dV
dt - -VD r D VD

(K =1: water, K =2: air, K =3: heat)

The mass accumulation terms (K = 1,2) are

(1)

M(lC) =ell L Sp PP X~lC) (2)
P=l,g

where ell is porosity, Sp is saturation or volume fraction of phase ~ (= liquid, gas), Pp is density of

phase ~, and X~lC) is the mass fraction of component K present in phase ~. Thus, M(lC) is the total

mass of component K present per unit volume of the flow system. The heat accumulation term

contains rock and fluid contributions

M(3) = (1- ell) PR CR T + ell L Sp Pp up (3)
P=l,g

where PR is rock grain density, CR is rock specific heat, T is temperature, and up is specific inter-

nal energy of phase ~.

The mass flux terms contain a sum over phases

J

..
(lC) (lC)
~ = L ~p

P=l,g

where the flux in each phase is

(4) .

(5)



(}

- 29-

Here k is absolute penneability, krj3 is relative permeability of phase ~, J.lj3 is viscosity of phase

~, Pf3 = P + PcaP,f3 is the pressure in phase ~ (sum of a reference phase pressure and capillary pres-

sure), and ~ is gravitational acceleration. Of3g is the "Kronecker delta," being equal to 1 for

phase ~ = gas and aotherwise. Thus no allowance is made for diffilsion of dissolved gas in the

liquid phase. Dva is the diffilsion coefficient for vapor-air mixtures (Vargaftik, 1975; Walker et

al., 1981),

[ ]

9
_ 0 Po T+273.15

Dva - 't ep Sg Dva P 273.15.

where 't is a tortuosity factor, which is dependent on pore geometry.

(6)

D~a is the air-vapor

.U

diffusion coefficient at standard conditions of Po =1 bar, To =O°C, and e ,.. 1.80 is a material

parameter.

Heat flux contains conductive and convective components

. -r.(3) = _ KVT + L h~1C) ~1C) (7)
P=/.g
1C=1.2

Here K is heat conductivity of the rock-fluid mixture, and hf3 is specific enthalpy of phase ~.

The transport equations given above need to be complemented with constitutive relation-

ships, which express all parameters as functions of a set of primary thennodynamic variables.

The thennophysical properties of water substance are accurately represented by the steam table

equations, as given by the International Fonnulation Committee (1967). Air is represented as an

ideal gas. For the present problem TOUGH was modified so that the non-condensible gas

represents hydrogen rather than air. The modifications affect density, viscosity, and water solu-

bility of the gas (see Table 4).

For numerical solution the integro-differential Equations (1) are discretized, using first-

order finite differences in time and integral finite differences for the space variables (Narasimhan

and Witherspoon, 1976). For numerical stability all flux terms are evaluated "fully implicitly,"

Le., at the advanced time level. It is assumed that the flow system is in thermodynamic
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equilibrium locally, so that conditions in each volume element of the finite difference grid can be

uniquely characterized by a complete set of thennodynamic state variables. The thennodynamic

state variables are pressure, temperature, and mass fraction of non-condensible gas in single

phase conditions, and pressure, temperature, and gas saturation in two-phase conditions.

Discretization results in a set of non-linear coupled algebraic equations. These are solved

by means of Newton-Raphson iteration. The linear equations arising at each iteration step are

solved with a sparse version of Gaussian elimination (Duff, 1977).
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