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ABSTRACT 

The Finnish nuclear waste disposal company, Posiva Oy, is planning an underground 

repository for spent nuclear fuel to be constructed on the island of Olkiluoto on the 

south-west coast of Finland. One element of the site investigations conducted at 

Olkiluoto is the excavation of the underground rock characterisation facility 

(ONKALO) that will be extended to the final disposal depth (approximately -400 m). 

The bedrock around the excavated tunnel volume is fully saturated with groundwater, 

which water commonly contains a mixture of dissolved gases. These gases remain 

dissolved due to the high hydrostatic pressure. 

 

During tunnel excavation work the natural hydrostatic pressure field is disturbed and the 

water pressure will decrease close to the atmospheric pressure in the immediate vicinity 

of the tunnel. During this pressure drop two-phase flow conditions (combined flow of 

both water and gas) may develop in the vicinity of the underground opening, as the 

dissolved gas is exsoluted under the low pressure (the term exsolution refers here to 

release of the dissolved gas molecules from the water phase into a separate gas phase). 

 

This report steers towards concept development for numerical two-phase flow modeling 

for fractured rock. The focus is on the description of gas phase formation process under 

disturbed hydraulic conditions by exsolution of dissolved gases from groundwater, and 

on understanding the effects of a possibly formed gas phase on groundwater flow 

conditions in rock fractures. A mathematical model of three mutually coupled non-

linear partial differential equations for two-phase flow is presented and corresponding 

constitutional relationships are introduced and discussed. Illustrative numerical 

simulations are performed in a simplified setting using COMSOL Multiphysics 3.5a -

software package. Shortcomings and conceptual problems are discussed. 

 

Keywords: two-phase flow modeling, rock fractures 



 

 

KALLIORAKOJEN KAKSIFAASIMALLINNUKSEN MENETELMÄKEHITYS 

TIIVISTELMÄ 

Posiva Oy vastaa omistajiensa toiminnasta syntyvän käytetyn ydinpolttoaineen loppu-

sijoituksen järjestämisestä sekä loppusijoituslaitoksen suunnittelusta ja rakentamisesta 

maanalaisiin kalliotiloihin Olkiluodon saarelle. Paikkatutkimusten osana rakennetaan 

maanalainen tutkimustunneli ONKALO, joka ulottuu suunnitellulle loppusijoitus-

syvyydelle (noin -400 m). Tutkimustunnelia ympäröivä kallioperä on luonnontilassa 

täysin pohjavedestä saturoitunut. Luonnontilaiseen kalliopohjaveteen on lienneena 

kaasuja, jotka pysyvät lienneessa muodossa korkean hydrostaattisen paineen ansiosta. 

 

Hydrostaattinen paine tunnelin ympäristössä laskee tunnelilouhinnan yhteydessä, ja osa 

lienneista kaasuista saattaa vapautua ja muodostaa erillisen kaasufaasin kallion huokos-

tilavuuteen avoimen tunnelitilavuuden välittömään läheisyyteen. Paineenlaskun vuoksi 

saattaa kallion virtaushuokostilavuuteen ja kalliorakoihin muodostua kaksifaasi-

virtaustilanne (yhdistetty vesi- ja kaasuvirtaus). 

 

Tämä raportti tähtää kalliorakojen kaksifaasivirtausten numeerisen mallinnuskonseptin 

kehittämiseen. Keskeisenä päämääränä on kuvata kaasufaasin muodostumisprosessi ja 

ymmärtää mahdollisesti muodostuvan kaasufaasin vaikutus pohjaveden virtausolo-

suhteisiin. Matemaattinen malli perustuu kolmen epälineaarisen osittaisdifferentiaali-

yhtälön systeemille ja konstitutionaalisille relaatioille. Havainnollistavia numeerisia 

simulointeja suoritetaan COMSOL Multiphysics 3.5a -ohjelmistolla. Lisäksi tarkas-

tellaan lähestymistavan puutteita ja kehitystarpeita. 

 

Avainsanat: virtausmallinnus, kallioraot 
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1  INTRODUCTION 

The Finnish nuclear waste disposal company, Posiva Oy, is planning an underground 

repository for spent nuclear fuel to be constructed on the island of Olkiluoto on the 

south-west coast of Finland. One element of the site investigations conducted at 

Olkiluoto is the excavation of the underground rock characterisation facility 

(ONKALO) that will be extended to the final disposal depth (approximately -400 m). 

The bedrock around the excavated tunnel volume is fully saturated with groundwater, 

which water commonly contains a mixture of dissolved gases. These gases remain 

dissolved due to the high hydrostatic pressure. If the pressure decreases for some 

reason, some of the dissolved gas might be released from the groundwater and form a 

separate gas phase within the bedrock. 

 

During the tunnel excavation work the natural hydrostatic pressure field is disturbed and 

the water pressure will decrease close to the atmospheric pressure in the immediate 

vicinity of the tunnel. During this pressure drop two-phase flow conditions (combined 

flow of both water and gases) may develop in the vicinity of the underground opening, 

as the dissolved gases are exsoluted under the low pressure. The term exsolution refers 

here to release of the dissolved gas molecules from the water phase into a separate gas 

phase. 

 

The emergence of the two-phase flow from fully saturated conditions has possible 

implications on interpretation of hydrogeological experiments. The presence of the gas 

phase decreases the hydraulic water conductivity of the medium and thus decreases the 

leakage flow into the excavated tunnel opening. Quantitative two-phase flow models are 

tools to investigate the probability and magnitude of these effects. 

 

Major flow routes through the deep sparsely fractured bedrock are formed by rock 

fractures. A fracture connected to an underground opening will extend the tunnel 

interior conditions (atmospheric pressure) into the bedrock and provide a highly 

permeable transport path for both water and exsoluted gases from the bedrock into the 

tunnel. 

 

This work steers towards quantification of the gas phase formation and two-phase flow 

in fractures using numerical flow modelling techniques. The main purpose is to gain 

insight into the factors affecting gas exsolution and flow processes, to assess the effect 

of gas phase formation on leakage water inflows into the tunnel, and to predict the time 

scales and magnitudes of methane gas exsolution processes in variable aperture 

fractures relevant to construction of the spent nuclear fuel repository in the bedrock of 

the Olkiluoto Island. The possibility of gas phase trapping is also addressed. 

 

1.1  Experiments on two-phase flow in fractures 

A number of experiments have been conducted to determine the effects of two-phase 

flow on fracture transmissivity, although mostly on fracture replicas or synthetic 

fractures. 

 



4 

 

 

Geller (1998) used transparent replicas of natural rock fractures to address the effects of 

gas exsolution on the fracture transmissivity under linear flow geometry. He used CO2 

as the dissolved gas with concentration close to the saturation limit, and found a major 

reduction in fracture transmissivity. He also stated that modelling efforts greatly 

underestimate the effects of the evolving gas phase. He assumed that this discrepancy 

stems from the mass-transfer limited re-solution of evolved gas as pressures increase 

due to flow blockage. Due to mass-transfer limited nature of the process, the gas-

saturations cannot be accurately predicted by models based on linear Henry's law. 

 

Gale (1999) studied three sets of laboratory experiments to determine the impacts of 

degassing on the transmissivity of discrete fracture planes. He studied radial and linear 

flows in a fracture of 3.5 m
2
 constructed from high strength concrete with fracture plane 

created by imprinting a geotextile fabric into the concrete. He concluded that at high 

flow rates through the fracture the turbulent effects have a major impact on the deduced 

effective transmissivity value. The addition of a gas phase into the fracture produced 

another reduction in fracture transmissivity, but the effects of the gas phase were 

masked by changes induced by the changes in flow regime from laminar to turbulent 

flow. He still stated that it is clear that degassing in field situations will be most 

apparent in rough fractures with low to moderate transmissivities. 

 

The degassing tests conducted by Gale (1999) were based on natural fracture samples 

with water saturated by CO2 gas. In these experiments the reductions in fracture 

transmissivities were clearly noted as the fracture outlet pressure dropped below the gas 

nucleation pressure. The effective fracture transmissivities appeared to fluctuate 

considerably at each pressure step, but it could not be determined whether the 

fluctuation was because of physical phenomena or because of capillary effects on the 

manometer tubes that were used to measure the fluid pressures. Degassing with nitrogen 

gas produced a much more stable set of fracture transmissivity values and showed a 

clear demonstration of the impacts of evolving nitrogen gas on the transmissivity of a 

discrete fracture. However, the turbulent effects were assumed to have a high impact on 

the results, and all the tests were conducted under high dissolved gas content which 

overestimates the gas production when compared to conditions prevailing in natural 

systems. 

 

Jarsjö (2001) described several field observations addressing the two-phase flow 

effects. At Stripa mine in Sweden at the depth of 385 m experiments showed that inflow 

into a drift was by a factor of eight smaller than the inflow measured at the same 

location before the drift excavation in six boreholes. It was suggested that the reduction 

was caused by an unsaturated zone around the drift. On the other hand, borehole 

observations at Äspö HRL at approximately 450 m depth showed that for fractures of 

transmissivites 10
–9

 … 8 · 10
–7

 m
2
 s

–1
 there was no indication of the effects of gas 

exsolution. However, the gas content of the groundwater was relatively small. After 

increasing the gas content of the groundwater by injecting gas saturated water a clear 

reduction in the fracture transmissivity was observed. These experiments suggest that a 

gas content close to saturation limit is needed before any measurable effects of two-

phase flow can be observed. 
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Jarsjö (2001) also summarized the degassing experiments in transparent epoxy replicas 

of actual rock fractures from Stripa mine and the Äspö HRL. The transmissivities of the 

fracture replicas varied between 10
-7

 … 10
-6

 m
2
 s

-1
. The transparency of the fracture 

replicas allowed monitoring the spatial distribution of the evolved gas phase. The 

experiments indicated that gas accumulates on the largest aperture region of the 

fracture. However, a small amount of water was also present between the gas bubbles. 

Concluding the experiments, it is noted that the gas exsolution effects are not observed 

at boreholes with moderate dissolved gas content, but are observed at drift intersections 

of fractures. The two situations differ in that the boreholes are filled with water which 

regulates the pressure, whereas the drift intersections are directly connected to close to 

atmospheric pressure and dry tunnel interior forming a capillary barrier. The air content 

in the tunnel itself might be a factor affecting the tunnel wall permeability via the 

capillary barrier effect, although this phenomenon is outside the scope of this work 

(Birkholzer, 2003). 

 

1.2  Modelling approaches 

Quantitative description of multiphase flow in fractured media is still an area under 

development. One of the main difficulties to overcome is the description of internal 

heterogeneity in the most conductive hydraulic structures, since the gas flux 

concentrates in open channels. The physical problem becomes difficult to simulate 

because trajectories followed by the gas are extremely sensitive not only to fracture 

permeability, but also to variations in pressure. 

 

The fracture conceptualisations available in literature include channel models, two-

dimensional heterogeneous porous medium models and one-dimensional variable 

aperture fracture models (Bermúdez, 2007). The mathematical models of two-phase 

flows in porous medium approach are based on formulating the Darcy’s law and the 

mass continuity equations separately for each phase. This requires the definition of a 

pressure and saturation for each phase at every point in the solution domain. The 

pressures are linked at the phase interface through the capillary pressure, 

 

wnwc ppp , (1) 

 

where pnw is the pressure of the non-wetting phase (gas) and pw is the pressure of the 

wetting phase (water). The phase saturation is linked by constitutive relations which 

express the phase saturations as a function of the capillary pressure, leading to non-

linear system of partial differential equations (cf. Chapter 5 ). 

 

In the case when the scale of interest is small, the inter-fracture properties become 

important (e.g. channeling and phase separation due to aperture variations, exsolution of 

dissolved gases and gas phase entrapment). Then the averaged porous medium approach 

is not detailed enough to account for the local heterogeneities of the system. Instead, the 

fracture is commonly modelled by a parallel-plate system with laminar flow 

characterized by the Poisseuille equation. By using the well established cubic law 

relating the fracture aperture and transmissivity (Witherspoon, 1980), 

 



6 

 

 

3)()( xaxT , (2) 

 

where x is the spatial coordinate, the parallel-plate model can be extended to account for 

the inter-fracture aperture heterogeneity by defining a representative elementary volume 

(REV) for the fracture and modelling each REV-cell locally as a parallel-plate fracture 

with transmissivity given by the cubic law. This approach maintains the simplicity of 

the linear Poisseuille flow. However, the validity of this approach also depends on the 

properly selected constitutive relations. 

 

Bubble trapping in capillary tubes has been extensively studied in different applications. 

Uzel et al. (2006) developed an analytical model for blood flow embolism during 

decompression sickness. Yang (1992) studied and modelled the hydraulic conductivity 

recovery by dissolution in the xylem conduits of stems of sugar maple. In his 

dissertation, Perämäki (2005) investigated the related phenomenon of embolism by 

cavitation in tree sap. 

 

Estimation of the effects of gas phase trapping on the transmissivity of a fracture has 

commonly been approached by assuming that a certain a priori defined volume of the 

fracture is fully occupied by gas phase, which permits to use single phase flow models 

to estimate the resulting reduction in fracture transmissivity (Gale, 1999). 

 

Yager (2001) addressed the influence of the gas exsolution on site-scale groundwater 

flow condition by considering the effect of the gas phase on specific storage. The 

specific storage S is defined as the volume of water released from storage in a unit 

volume of aquifer material under a unit decline in hydraulic head. For single phase, 

water saturated, flow the specific storage S [m
-1

] affects the time scales of pressure 

disturbance spread in a porous medium. S is dependent on the compressibility of the 

medium. Gas exsolution can significantly increase the effective specific storage of the 

aquifer, because the exsoluted gas replaces water in the pore space and gas 

compressibility is several orders of magnitudes greater than the rock (or water) 

compressibility. 

 

For single phase flows S is defined in terms of the compressibility of aquifer material 

and fluid by 

 

 (3) 

 

where α is the compressibility of aquifer rock [Pa
-1

], β is fluid compressibility [Pa
-1

] and 

θ is the porosity [-]. For two-phase flows the compressibility of the other phase and the 

water saturation both affect the value of S for water phase. Using the Henry’s law under 

two-phase flow conditions, Yager (2001) developed an approximate formula for the 

effective water-phase specific storage dependent on the water pressure: 

 

wp

ww
pH

gpS
1

)( , (4) 
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where Hp is the Henry’s constant in pressure formulation [-]. The additional term results 

from the effect of the exsoluted gas, assuming equilibrium between the gas phase 

density and the dissolved gas concentration. This approximation is valid only close to 

the nucleation pressure (bubble point pressure pb) and assumes that all exsoluted gas is 

trapped at its nucleation point (i.e. there is no gas phase flow). 
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2  GAS EXSOLUTION AND BUBBLE FORMATION 

A two-phase flow can emerge from a single phase system through exsolution of the 

dissolved gases during pressure perturbations. The dissolved gases in the wetting phase 

(groundwater) remain dissolved as long as the environmental conditions remain 

favourable. Under high pressure drops, e.g. excavation of an underground opening, the 

dissolved gas might be exsoluted, forming a gas phase. 

 

2.1  Gas nucleation 

Gas exsolution initializes by nucleation in the liquid as the gas molecules spontaneously 

restructure into a small nuclei surrounded by the mix of water and dissolved gas 

molecules. After the initial nucleation, dissolved gas exsolution proceeds as an 

extremely fast diffusion process, during which the dissoluted gas molecules diffuse 

through the water-gas interface until the concentration equilibrium determined by the 

diffusion rate between the water and gas phases has been reached. 

 

Let the concentration of the dissolved gas in the water phase be cw, and assume that the 

Henry’s law is valid. Then at equilibrium 

 

wg Hcp , (5) 

 

where pg is the absolute partial pressure of the gas phase, H is the Henry’s constant. 

Then the dissolved gases will exsolute when the water pressure decreases below the 

equilibrium pressure given by the Henry’s law. Before exsolution no gas phase is 

assumed to exist. Hence the condition for the exsolution of dissolved gases can be 

formulated in terms of the water pressure as 

 

ww Hcp . (6) 

 

There are several formulations of the Henry’s law. For a discussion, refer to Paloneva 

(2009). 

 

2.2  Bubble growth and dissolution by diffusion 

Assume that the water pressure pw and dissolved gas concentration cw are constant. In 

the absence of the inertial effects the concentration of gas at the bubble-water interface 

is 

 

H

p
c

g

s . (7) 

 

The diffusive mass flux into the bubble, JD, is approximately (Brodsky, 1998) 
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w

sw

D

D
Rp

ccDR
dt

dm
J

2
14 . (8) 

 

Given this mass flux, the bubble radius follows an approximate equation (Brennen, 

2005) 

 

 
(9) 

 

where ρb is the density of gas in the bubble and D is the diffusivity of the dissolved gas 

in water. The last term arises from growing diffusion boundary layer. 

 

In the large time limits, the chance in bubble radius is given approximately by 

 

 
(10) 

 

Here surface tension is neglected for simplicity. From this approximation one can 

calculate in sub-saturated groundwater conditions (cw<cs) the time required for 

complete solution of a bubble of radius R is 

 

 
(11) 

 

Paloneva (2009) presented model-based results for CH4-saturation levels of 

groundwater at the bedrock of Olkiluoto. The CH4-saturation level is the ratio of the 

present methane concentration and the concentration of methane in solubility limit. At 

the level of 487 m the saturation level is on average s=cw/cs=0.23 and the concentration 

of dissolved CH4 in groundwater is approximately cw=0.235 kg/m
3
. (The level 487 m 

was arbitrarily selected because the value was reported in Paloneva 2009, and since that 

depth is just below the proposed spent nuclear fuel repository depth). The molecular 

diffusivity of air in water is Da-w=2·10
-9

 m
2
/s, which can be used to approximate also the 

methane-water system. Figure 1 presents an approximation for the dissolution times for 

methane bubbles at the depth of -500 m. 

 

Spherical bubbles of the sizes comparable to the significant fracture apertures, r =1e-6 

… 1e-4 m, dissolute completely in ts = 0.01 … 100 s, leaving no long-term effects on the 

groundwater flow. 

 

However, if a larger gas phase forms in a natural fracture, the dissolution surface of an 

entrapped gas bubble is considerably smaller than that of a spherical bubble, since the 

entrapped bubble deforms along the fracture walls through which no diffusion is 

assumed to occur. Hence the effective diffusion coefficient for an entrapped bubble is 

smaller than of a spherical bubble. Assuming that the diffusion boundary is decreased 

by two orders of magnitude due to the fracture wall effects, the dissolution times for 
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bubble sizes of the order of aperture sizes increase to 1 ... 10,000 s; that is, the bubble 

dissolution time is on the order of hours. 

 

Time for bubble dissolution by molecular diffusion
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Figure 1.  Dissolution time by molecular diffusion for spherical methane bubbles at 

depth z = -500 ms. 

From the Henry’s law it follows that if the water pressure increases above the bubble 

point, gas bubbles should dissolve completely. However, experience is contrary to this 

theory and micro bubbles persist even when the liquid is subjected to several 

atmospheres of pressure for an extended period. In most instances this stabilization of 

nuclei is caused by contamination of the gas phase surface by some surfactant. The 

groundwater and the fracture walls themselves include a variety of naturally occurring 

contaminants which could stabilize the microbubbles (Brennen, 2005). 

 

2.3  Gas phase formation by rectified diffusion 

When a bubble is placed in an oscillating pressure field, the bubble may grow in 

response to the oscillations due to nonlinear effect called rectified mass diffusion 

(Brennen, 2005; Brodsky, 1998). This may cause random bubble nuclei to grow to a 

stable size. 

 

In an oscillating pressure field the pressure periodically increase and decrease. During 

the decreased pressure the gas tend to come out of the solution into a bubble. 

Conversely, gas will re-dissolve during the phase of increased pressure. However, the 

surface area of the bubble is larger during the low-pressure phase than during the high 

pressure phase. Since the diffusive mass flux into and out of the bubble is proportional 

to the surface area, the net mass flux into the bubble is positive in an oscillating pressure 

field, leading to a possible gas phase formation. 

 



12 

 

 

Rectified diffusion leads to – at least a theoretical – possibility of gas phase formation 

or bubble growth during the excavation of an underground tunnel system. Excavation 

by explosives is a source of extremely strong short term pressure field oscillations. On 

the other hand, vibration of the drill bit during drilling causes steady long-term 

oscillations of lower amplitude. Earthquakes cause seismic waves which travel long 

distances and induced vibrations at distant locations. 

 

An important consequence of rectified diffusion could be the growth of already 

nucleated bubbles up to the sizes of fracture apertures or pore sizes, resulting in a local 

blockage of natural flow channels. Hsieh (1961) calculated the mean rate of mass flow 

into an isothermal bubble in saturated liquid due to rectified diffusion, 

 

 

(12) 

 

where D is the diffusivity of the dissolved gas in water, R is the mean radius of the 

bubble over a period of the oscillation and Δpw is the amplitude of pressure oscillations. 

In subsaturated liquid the ordinary molecular diffusion produces a flux of gas molecules 

out of the bubble and this flux must therefore be superposed on the flux caused by 

rectified diffusion to get the net mass flux into the bubble, 

 

ww

w
swDRD

Rpp

p
ccDRJ

2
1

3

2
4

2

. (13) 

 

This mass flux must be positive for the gas phase to form under pressure vibrations, 

giving a condition for the threshold oscillation amplitude. Hence, gas phase formation 

due to rectified diffusion is possible, if 

 

s

w

w

ww
c

c

Rp
pp

2
1

2

3
. (14) 

 

Figure 2 presents the threshold amplitudes for different bubble sizes and saturation 

levels at depths z = -420 m and z = -1000 m. For dissolved gas saturations close to the 

saturation limit even relatively minor vibrations (Δpw = 0.2 … 1.0 bar) could release a 

bubble nucleation or bubble growth process for bubbles of the size of fracture apertures 

(r = 1e-6 m … 1e-4 m). However, the threshold pressure increase rapidly as the 

dissolved gas saturation in water decreases. Paloneva (2009) presented a model-based 

result that in the bedrock of Olkiluoto the CH4-saturation level of groundwater is only s 

= 0.55 even at the depth of z = -818 m. Even if this water were to be brought to the 

repository level, it would require major vibrations of amplitude of 3.7 bar to result in a 

considerable gas phase formation due to rectified diffusion. 
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Figure 2. The threshold amplitude of pressure oscillations which result in bubble 

growth due to rectified diffusion. Blue line represents the amplitude at depth z = -420 m 

and red line at z = -1000 m. The s-values are the dissolved gas saturation levels, 

s=cw/cs. 
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3  BUBBLE AND GAS PHASE TRAPPING 

During the initial growing phase the nucleated bubbles are trapped into the fracture 

walls by capillary forces (capillary entrapment). After the bubble has grown by 

diffusion the drag forces imposed by the flow in groundwater will overcome the 

capillary forces and mobilize the bubble. The mobilized bubbles will transport along the 

streamlines and merge into larger volumes of the gas phase, after which the gas volume 

might become trapped in the fracture due to the combined mechanical and capillary 

forces imposed by variations in the fracture aperture and capillary pressure (mechanical 

entrapment). 

 

3.1  Capillary entrapment 

The process of exsolution occurs at a molecular level by spontaneous nucleation and 

microbubble formation. The rough walls of a fracture provide nucleation sites at which 

the evolving bubble is attached to until the drag of groundwater flow overcomes the 

capillary force between the gas bubble and the fracture wall. The drag force for a 

laminar flow past a spherical bubble of radius r is 

 

uF rD 6 , (15) 

 

where u is the fluid velocity [m/s] (Hua, 2001). This drag force deforms the bubble by 

the deformation angle α (see Figure 3). Based on the capillary pressure at the phase 

interface surface ( cos2 1rpc ), the component of the capillary force ccC pAF  

along the direction of the drag force is (Hua, 2001) 

 

sin2

,
r

bxCF . (16) 

The detachment of the bubble occurs when α is equal to the contact angle θ. Hence the 

fluid velocity at which a bubble of radius r will be dispatched is 

 
2

6 r

b
u . (17) 

 

Assuming an underground tunnel with wall radius R intersected by a fracture of mean 

aperture a, the total discharge rate Q [m
3
 s

-1
] at which the bubble will be dispatched is 

 
2

3 r

b
RaQdispatch . (18) 

 

This gives an estimate for the threshold leakage flow rate from a fracture which will 

mobilize a bubble nucleus of given size. Figure 4 presents the bubble mobilization flow 

rates for three different fracture apertures as a function of the relative bubble size, when 

the nucleation site width is assumed to be 10 % of the fracture aperture. It should be 

expected that the most influence on the hydrologic properties of a fracture is caused by 

bubbles of size comparable to the fracture aperture. However, the graph in Figure 4 
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indicates that bubbles comparable to the aperture size are mobilized at relatively low 

flow rates for apertures of the order 10
-5

…10
-4

 m, rendering the capillary entrapment of 

hydrologically relevant bubbles insignificant when compared to the mechanical 

entrapment. 

 

 

Figure 3. Schematics of the capillary attachment of a bubble on the fracture wall. The 

groundwater flow field past the bubble is assumed to be laminar with constant velocity. 

The bubble is attached to the small crack in the fracture wall by capillary force FC. The 

small crack is assumed to have a circular intersection of radius b with the bubble. The 

drag force FD imposed by the groundwater flow will deform the bubble. Wall effects on 

the flow field are neglected. 

 

On the other hand, the smallest bubbles (relative size less that 20 %) will be strongly 

bounded to the fracture surface and provide a highly effective nucleation boundary at 

which the dissolved gas can attach to. 

 

If the capillary bounded bubbles are formed inside the matrix pore system and form a 

gas phase which fills the whole individual pores, the capillary bounded bubbles might 

be an important factor affecting the fracture-matrix interaction.  For the matrix pore 

filling bubbles the diffusion boundary at which dissolution would take place is 

practically non-existent, and the capillary bounded microbubbles will insulate the 

fracture from the matrix pore system, thereby prohibiting matrix diffusion. For 

microbubbles with effective contact with flowing water, e.g the bubbles attached to the 

fracture wall, the microbubbles will be dissoluted in a matter of seconds, see Figure 4. 

 

r 

b θ-α  θ+α  

FD FC 
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Figure 4. Bubble mobilization flow rate (scoping calculation). The flow rate is the total 

leakage flow from fracture into the tunnel. The bubble radius is presented as relative to 

the fracture aperture. Nucleation site width is assumed to be 10 % of the aperture. 

 

3.2  Mechanical entrapment 

Under strong pressure disturbances the advective forces can be assumed to exceed the 

friction forces and the bubble is transported along the flow channel until the varying 

fracture aperture shrinks below the minimum entry aperture amea (abbreviated as m.e.a.), 

at which the friction forces of the fracture walls exceed the advective forces (Zhou, 

1995; Pruess, 1990). The m.e.a. is related to surface tension (σ), contact angle of the 

gas-water interphase (θ), and the local capillary pressure (pc) via 

 

c

mea
p

a
cos2

. (19) 

 

Both numerical and experimental evidence has been found to support a conclusion that 

under constant boundary conditions, the non-wetting phase will occupy the largest 

aperture flow channels and the wetting phase will reside within the apertures below 

m.e.a. (Detwiler, 2009; Pruess, 1990), which results in the reduction of the effective 

water permeability of the fracture. However, a small residual water saturation has been 

observed within the gas bubbles in the large aperture areas as well, which reduces the 

gas phase saturation but does not contribute to the flowing water phase Jarsjö (2001). 
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Under severely disturbed boundary conditions, for example under the pressure drop 

caused by excavation of an underground opening, the dissolved gases in groundwater 

exsolute and form a gas phase. If the fracture is initially saturated with water, gas phase 

will form inside the region where the water pressure is below the bubble point pressure, 

 

wbw Hcpp : , (20) 

 

the region of gas exsolution thus depending on the fracture aperture distribution close to 

the source of the pressure disturbance. Assuming that the exsolution proceeds through 

bubble nucleation and that there are aperture values lower than the minimum entry 

aperture amesa within the gas exsolution region, the nucleated gas bubbles will become 

trapped. However, the pressure disturbances advance in the fracture first via the most 

permeable channels, which consequently are the channels with the largest apertures and 

smallest bubble trapping probabilities. Therefore gas phase trapping should not be 

expected to happen during the early pressure transients after the excavation, but instead 

to be a phenomenon relevant in the large time limit for gas bubbles in the small aperture 

volume of the fracture. Therefore the total contribution of the trapped gas phase might 

affect the leakage flow rates less than the flowing gas phase inside the large aperture 

region. 

 

Jarsjö and Destouni (1998) presented a different condition for bubble trapping in terms 

of the bubble length and fracture apertures. They proposed that a gas bubble will remain 

mobile as long as the pressure difference between the downstream and upstream points 

of the bubble is equal to the corresponding difference in the water pressure. Then the 

bubble trapping condition can be formulated using a concept of bubble length along the 

streamlines; the bubble will become immobile, or trapped if: 

 

12

1
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aadl

dp
L w

b  (21) 

 

where Lb is the length of the bubble along the water streamlines, σ is the surface tension 

of the gas-water interface, pw is the water pressure, a1 and a2 are the apertures upstream 

and downstream the bubble. Using this condition and assuming log-normal distribution 

for fracture aperture, they formulated a probability distribution function for Lb and 

applied the approach to investigate the bubble trapping in steady-state radial convergent 

flow to estimate the reduction of the effective transmissivity of a fracture. 

 

The approach proposed by Jarsjö and Destouni (1998) has several drawbacks. Although 

the formulation of the bubble length implicitly assesses the heterogeneity in fracture 

aperture, the approach is only applicable on radial convergent flows. Under random 

aperture distribution, the flow in a fracture is always more or less channelized and the 

assumption of radial flow is violated. Secondly, the influence of the gas phase formation 

on the water streamlines is not assessed in their model. The water phase pressure pw 

undergoes a constant evolution during gas exsolution and the streamline configuration 

changes over time. Thirdly, if a bubble would be trapped because of the above 

mentioned condition, it would deform perpendicular to the water streamlines and 

interact with the water streamlines, possibly forming new flow routes. 
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4  SOLUBILITY OF CH4 IN GROUNDWATER 

The simplest and the most straightforward model for estimating the solubility of CH4 in 

water is to use the linear Henry’s law. For most purposes its use is justified, although 

formally it is valid only in low pressures. 

 

Paloneva (2009) studied several models for estimating the dependence of the solubility 

of CH4 in groundwater. He applied an experimentally based model of Duan (2006) for 

estimating the effect of groundwater composition (presence of NaCl) on the solubility 

of methane, and compared the Henry’s law to the model of Duan. The Duan model 

predicts a slightly lower solubility for high pressures (pw > 40 bar), but the difference is 

relatively low when all other sources of uncertainties in the modelling are considered 

(Paloneva, 2009, page 26, Figure 11). 

 

4.1  Dissolved CH4 in the groundwater of Olkiluoto 

The main factor affecting exsolution of the dissolved gases and formation of the gas 

phase is the saturation level of the dissolved gases in the groundwater. When the 

concentration of dissolved CH4 is close to the solubility limit, a small perturbation in the 

pressure field could ignite nucleation and begin the gas phase formation process. For 

small CH4 concentrations the gas phase formation presumably has only negligible 

effects on the groundwater flow. 

 

The measured CH4 saturation levels (ratio of the present dissolved gas concentration 

and the solubility concentration) of the groundwater at the bedrock of Olkiluoto are 

relatively low when compared to the fully saturated conditions. The saturation level 

increases with depth (see Figure 5). At depth 500 m, just below the depth of the planned 

repository, the saturation level is approximately 0.23. Due to upwards flow of deeper 

groundwaters, the methane concentration at the level of -500 m might somewhat 

increase after extended periods of repository operation. However, even at the depth of 

900 m the saturation level 0.7 kg m
-3

 is well below the solubility limit of over 1.0 kg m
-3

 

at depth 500 m, indicating that there is no saturation or over-saturation of the 

groundwater with dissolved methane in natural conditions. Under disturbed conditions 

the gas phase could nevertheless be formed. 
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Figure 5. The measured CH4 saturation level (the ratio of dissolved gas concentration 

and solubility) on the left hand side. On the right hand side is the concentration and 

solubility in Olkiluoto (Paloneva, 2009). The solubility is calculated using the model 

proposed by Duan (2006) with measured groundwater composition. 

 

4.2  Presence of methane hydrate 

Methane can form hydrate in pure water and aqueous NaCl solutions in low-temperature 

and high-pressure region. The hydrate is a solid clathrate hydrate in which a large 

amount of methane is trapped within the crystal structure of water ice. The stability 

region of methane hydrates is defined by the dissociation pressure at which the bonds of 

the crystal structure are broken. 

 

The models that are normally used to estimate the solubility of methane in water, e.g. 

Henry's law, are not applicable under the presence of the hydrates. It was suggested by 

Paloneva (2009) that the thermodynamic model of Duan (2006) could be used to 

account for the effect of the hydrates. The model can be utilized to calculate the 

dissociation pressure for different environmental conditions and groundwater 

compositions. Figure 6 presents the hydrate stability regions for different groundwater 

compositions at relatively low temperatures. The hydrate stability region diminishes as 

the NaCl concentration of the groundwater increases. The upconing of deep saline water 

therefore reduces the risk of methane hydrate formation, providing a beneficial feedback 

loop even though the CH4 saturation increases with depth of groundwater. Figure 7 

illustrates the effect of CH4 hydrates on the solubility of the gas. 
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Figure 6. The stability of CH4 hydrates for different salinity concentrations (NaCl). The 

dissociation pressure is calculated according to Duan (2006). The white area presents 

the conditions at which methane hydrates can not form. 
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Figure 7. The effect of CH4 hydrates on the solubility of methane in water (xCH4 in mole 

fraction) in CH4-H2O system. The hydrates are present in the region where the 

solubility increases with increasing temperature. The figure is from Paloneva (2009). 



23 

 

 

5  MODELLING TWO-PHASE FLOW IN A VARIABLE APERTURE 
FRACTURE 

Until some decades ago, the flow in fractures was constantly modelled as uniform flow 

between two parallel plates with constant aperture. The uniform flow field is readily 

derived from analytical solutions of the Navier-Stokes equations (Wanfang, 1997). The 

parallel plate approach is a simplification to facilitate straightforward numerical 

modelling, and for single phase flows the parallel plate assumption has been proved to 

be sufficiently realistic to allow validation and calibration against large scale field tests. 

 

However, on the smaller scale the naturally occurring fractures fundamentally deviate 

from to parallel plate assumption: the aperture of a natural fracture varies spatially over 

several orders of magnitude and on all spatial scales, which introduces channeled 

multiphase flow. The aperture variability can be effectively averaged out for the reasons 

of computational efficiency on the scales larger than the aperture correlation scale, but 

the channeling of multiphase flow within the fracture can not be reasonably reproduced 

by the computational model when averaging is performed (Murphy, 1993). 

 

Numerical and experimental (Chen, 2005) investigations suggest, that in the case of two 

phase flow of non-wetting and wetting phases, the wetting phase occupies the smallest-

aperture portion of the fracture and the non-wetting phase occupies the largest apertures. 

See Figure 8 for an illustrative example of a numerical simulation of two-phase flow in 

a variable aperture fracture. The streamlines in the figure are generated using the 

mathematical model introduced in the following Sections 5.1 and 5.2 , but the parameter 

values used in the simulations are arbitrary and somewhat unphysical in order to 

emphasize the effect of gas and water phase separation and channeling
1
. Figure 8 

nevertheless illustrates how the channels of gas extend along the high-aperture regions 

of the fracture and streams of water are constrained in the low-aperture regions, and 

gives an insight into why the parallel-plate approximation at fracture scale is 

unreasonable. 

 

The preferential and channelized flow has been experimentally verified both in 

laboratory and field scale experiments. Geller (1998) used fracture replicas to study the 

effects of gas exsolution on linear flow regime and showed that preferential flow paths 

played an important role in the effects of degassing on fracture transmissivity. Chen 

(2005) conducted laboratory experiments of air-water system using imaging technology 

for several fracture replicas of different wall roughness, and concluded that channeled 

flow occurs in both homogeneously and randomly rough fractures. Interestingly, also 

the smooth-walled fracture exhibited channelized behavior in his experiments. Zhou et 

al. (2004) used electrical resistivity tomography to map the evolution of saturation field 

around a borehole drilled on a heterogeneous fractured tunnel wall at 140 m depth in 

Tono Mine, Japan. Their experiment demonstrated that the water flow around the 

borehole is highly channelized, and that the unsaturated area can expand to the area far 

from the borehole. 

 

                                                 
1
 The simulation parameters are not physically relevant for the problem this report is facing, e.g. the 

initial gas phase saturation is 50 %, and there is a constant saturation of 50 % fixed at all boundaries of 

the model domain. 
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Figure 8. Illustration of the separation and channeling of two-phase flow in a variable 

aperture fracture. The blue lines are the streamlines for wetting phase (water) and red 

lines are streamlines for non wetting phase (gas). The background coloring reflects the 

aperture distribution of the fracture (red is large aperture, blue is small aperture). The 

results are from a steady-state simulation of a two-phase flow with low hydraulic 

gradient from the outer edge to the inner edge using arbitrary hydraulic properties, i.e. 

the situation does not refer to field-specific conditions. 

 

5.1  Modelling approach 

In this work the physical description of the two phase flow consists of the phase 

pressures, that is the distinct pressures for the water phase and for the gas phase. The 

two pressures are linked by surface tension at the phase interface. Due to limited 

volume available for the two phases to occupy, the effective phase saturation of the void 

volume of the medium is assumed to be the function of the phase pressures, or the 

capillary pressure, see equation (1). 

 

The wetting phase is assumed to consist of the groundwater contaminated by dissolved 

methane molecules. The gas phase is assumed to be purely gaseous methane with no 

contaminants. 

 

The mathematical formulation of the model consists of the mass balance and continuity 

equations for both of the phases, and of the advection-dispersion equation for the 

transport of the dissolved methane within the groundwater. The equations are coupled 

by constitutive relationships which provide a link between the capillary pressure, phase 

saturations and relative phase permeabilities. 

 

5.1.1  Mass balance equations 

The phase-pressure model results in three partial differential equations to be solved 

simultaneously, 
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(22) 

 

(23) 

 
(24) 

 

Here pw and pg are the absolute phase pressures for water and gas respectively [Pa], w  

and g  are the phase densities [kg m
-3

], w and g  are the phase viscosities [Pa s], kabs 

is the absolute permeability of the medium (linked to the fracture aperture) [m
3
], kr,w 

and kr,g are the relative phase permeabilities [-], θ is the hydraulic porosity of the 

medium [-], Sw is the water saturation level [-], pc is the capillary pressure [Pa], cw is the 

dissolved gas concentration in the groundwater [kg m
-3

], qw is the Darcy velocity of the 

groundwater [m s
-1

] and Dw is the dispersivity tensor of the dissolved methane in 

groundwater. The derivation, numerical implementation and a more detailed discussion 

of the equations are presented in Paloneva (2009). The absolute permeability of the 

fracture is assumed to follow the cubic law (Pruess, 1990; Witherspoon, 1980; Murphy, 

1993), 

 

12

3a
kabs . (25) 

 

The cubic law is derived from Navier-Stokes equation using the following assumptions: 

1. the flow is constrained between two smooth, infinite parallel plates, 

2. the flow is laminar, isothermal, viscous, incompressible and in steady-state, 

3. the hydraulic gradient is constant and no external forces apply. 

The cubic law is often used under conditions where these assumptions are violated, and 

some actions have been taken to provide a more detailed description of the permeability 

under realistic conditions. A realistic description of the flow in a rough-walled fracture 

would demand solving the Navier-Stokes equations which is not feasible and hence the 

cubic law is commonly used as a reasonable approximation, as in this work (Murphy, 

1993). 

 

The system of equations (22)-(24) involves three unknown field variables: water phase 

pressure pw, gas phase pressure pg and dissolved gas concentration in water cw. The 

capillary pressure pc is defined here as the difference between the phase pressures, 

 

wnwc ppp . (26) 

 

Although commonly applied in transient simulations, this formulation is strictly valid 

only under steady-state conditions, cf. Section 7.2 . The wetting phase (groundwater) is 

assumed to be incompressible, 
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p
, (27) 

 

which is justified by the higher compressibility of the gas phase.  

 

The source term Qw expresses a fixed source of groundwater into the system. In the 

applications of the current work this term is neglected. The source terms Qg and Qc 

represent a sources of gas to the gas phase and a source of dissolved methane in the 

water phase. These two source terms are paired to model the exsolution of dissolved gas 

from the water phase into the gas phase. The formulation of these terms is discussed in 

more detail in Section 6.3 . 

 

5.2  Constitutive relationships 

The coupling between the porous medium mass balance equations is provided by 

constitutive relationships. These relationships express the phase saturation and relative 

permeability as a function of the capillary pressure. In this work the constitutive 

relations proposed by van Genuchten are employed (van Genuchten, 1980): 

 

 
(28) 

wg SS 1  (29) 

 

and for the relative permeability 

 

 
(30) 

 

Here α is the inverse of the non-wetting phase entry pressure [Pa
-1

] and m is a fitting 

parameter. The relative permeability decreases exponentially with decreasing saturation, 

see Figure 10. 

 

For a discrete fracture the phase entry pressure can be estimated from the capillary 

theory using Young-Laplace equation (assuming a perfectly water-wet matrix) as (Liu, 

2001; Fairley, 2004; Bermúdez, 2007), 

 

cos2

a
, (31) 

 

where σ is the surface tension and θ the contact angle of the phase interface. This is an 

approximate formula which is valid unless the width of a given phase in a fracture is 

within an order of magnitude of the fracture aperture (Murphy, 1993). 

 

No generally accepted method exists for making a priori estimations of the parameter m 

for a fracture. Fairley (2004) reported an experimentally derived value m=0.8, but they 
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ended up conducting a sensitivity estimation for all values between 0.2 and 0.9. Liu 

(2001) used the value m=0.633 for numerical simulation of flow in a single fracture. 

Figure 9 shows the influence of the model parameters α and m on the characteristic pc-

Sw curve for vG-model. The parameter α translates the phase separation threshold with 

respect to capillary pressure and can be defined as the inverse value of the inflection 

point of the characteristic curve. The parameter m controls the shape of the curve. With 

values of m approaching the asymptotic limit m=1 the phase separation zone becomes 

extremely narrow, indicating instantaneous separation of the phases. 

 

Alternative models for the dependence of the phase saturation on the capillary pressure, 

and for the relative permeability on saturation, are presented in the literature. The most 

commonly used models include the van Genuchten model and Brooks-Corey -model 

(Bastian, 2000), the latter reading as 
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which behaves effectively in a similar fashion as the van Genuchten model. 

 

Nicholl (2000) deduced from experimental data on saturated flows that the in-place 

tortuosity induced by immobile phase fraction is the dominant factor controlling the 

flowing phase relative permeability. Based on this observation they modified the 

relative permeability expression by introducing a dependence on the in-place tortuosity: 
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where τip is the in-place tortuosity ranging from 0 to 1 [-], b  and 2

b  are the mean and 

variance of the aperture field and the subscript f refers to the flowing phase. Their 

approach hence divides the hydraulic volume into mobile and immobile volumes by 

explicitly incorporating the tortuosity of the preferential flow paths into the constitutive 

relationships. However, they were unable to derive the in-place tortuosity value 

experimentally but used a simplified numerical flow models to estimate the tortuosity 

value. 

 

Another alternative formulation of the constitutive equations is presented by Bermúdez 

(2007) for a model which includes a connected network of parallel plate capillary tubes. 

For an open fracture, he related the capillary pressure to saturation by 

 

11
1 cw pS , (34) 

 

where β is a factor related to the fracture aperture distribution by 
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maxmin

11
2

aa
. (35) 

 

Here amin and amax are the minimum and maximum values of the fracture aperture field. 

 

 

Figure 9. Influence of van Genuchten parameters α and m for the capillary 

pressure/saturation relationship. In the topmost graph m is kept fixed and α is varied 

over several order of magnitudes. On the bottom graph the α is held fixed and m is 

varied over relevant scale from m=0.1 upto m=0.9. The red line is calculated with 

values α=1e-4 Pa
-1

 and m=0.663 in both of the graphs. 
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Figure 10. Relative permeability kr, equation (30), as a function of phase saturation S, 

equation (28). 

 

5.3  Justification of porous media constitutional relationships on 
fractures 

The vG-model is commonly used to describe unsaturated flow in porous media, but it is 

not straightforward to justify its usage for two-phase flow in fractures. However, 

experimental evidence (Reitsma, 1994) and theoretical support (Liu, 2001; Wanfang, 

1997) can both be found for using the vG-relations in the models of discrete fractures. 

Experiments have shown that the regions of the fracture with high gas phase saturation 

also have water phase present between the gas bubbles (Bertels, 2001; Jarsjö, 2001), 

which provides strong experimental support for using the porous media approach at 

scales larger than the fracture aperture. Many modelling approaches have assumed that 

the local saturation distribution of the fracture is binarial and controlled by minimum 

entry aperture for the non-wetting phase (Bertels, 2001). 

 

On the scale of the fracture aperture or the correlation scale of the fracture aperture 

field, the two-phase system will consist of two immiscible phases due to capillary forces 

and the saturation level will be a binary function of the spatial coordinates. A proper 

description of the flow system and dynamics would need a full Navier-Stokes 

formulation of the problem. This is circumvented by formulating the fracture flow as 

porous medium compromised of so called representative elementary volumes, or REVs. 

 

On the scales larger than the aperture scale, one could assume that a representative 

elementary volume (REV) is defined for each point on the physical domain Ω (see 

Figure 11). Then one can calculate e.g. the effective water saturation over the REV. The 

concept can be formalized by assuming that for each x  there is a volume VREV(x) 

for which )(xVx REV , and for which the integral of an extensive quantity E over 

the REV, 
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is insensitive
2
 on perturbations of VREV(x). See Hassanizadeh (1979) for a thorough 

discussion on the averaging procedure. The water saturation is an extensive quantity and 

the effective saturation e

wS  at each point can be defined as 
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xS . (37) 

 

This definition associates a distinct REV to each point in the physical domain, and each 

REV of the can be modelled as an individual pore of a porous medium. Hence, when 

the fracture is considered as the upscaled model domain composed of overlapping 

REVs, 

 


x

REVMODEL xV )( . (38) 

 

This upscaled model domain ΩMODEL is a porous medium with material properties 

defined by upscaling the point-wise properties from each point onto the associated 

REV-volume. This provides a basis by which the usage of constitutional relationships is 

supported. However, now the numerical model does not act on the physical model 

domain, but on the model domain compromised of all the REVs, see Figure 12. 

 

 

 

Figure 11. Schematic illustration of the concept of representative elementary volume. 

Each point x in the physical domain Ω is associated with a bounding volume VREV over 

which the averaging integrals are calculated. 

 

 

                                                 
2
 Mathematically the “insensitivity” is formulated on the basis of measure theory, which restricts the 

averaging procedure to be valid only for an extensive quantity that can be defined as a mathematical 

measure. Extensive quantities are for example volume and heat content. Pressure or temperature are 

intensive quantities which can not be averaged over a REV using this procedure. 

VREV(x) 
x 

Ω  
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Figure 12. Illustration of the modelling process when the representative elementary 

volume (REV) approach is used. The material properties are upscaled from the physical 

domain into the corresponding REV. The numerical model acts on the scale of REVs 

and produces the simulation output for each REV, which is transformed in the model 

domain by attaching each spatial point x the simulated quantity associated with VREV(x). 

 

One should be aware of that this averaging procedure is theoretically justified only for 

extensive quantities (e.g. volume or heat content), but not for intensive quantities (e.g. 

pressure or temperature). 

 

In this work the vG-relations are applied locally at every computational cell (finite 

element) of the model domain. When the model predicts a channelled and separated 

flow for the two phases, the results should be interpreted on the context of the REV 

approach and averaged over larger volumes. 

 

For fracture networks, however, one can not find a REV and the vG-model fails to 

produce reasonable results due to lower connectivity of a fracture network (Liu, 2001). 

Although a single fracture might exhibit a very heterogeneous aperture distribution, 

spanning multiple spatial scales and orders of magnitudes, the fracture is actually very 

homogeneous in terms of mathematical description of the fracture volume. Every point 

on the mean surface of a single fracture can be connected to every other point on the 

mean surface by a straight line with respect to the metrics of that mean surface. 

Therefore a fracture generally has an affine volume; hence the shortest distance between 

two points along a fracture is the straight line connecting the points and the tortuosity of 

the fracture is τfracture=1. 

 

This is not true for fracture networks, however. For fracture networks, the shortest 

distance from a given fracture to any other fracture depends on the connectivity of the 

network, and generally τnetwork<1. The tortuosity for a fracture network is a function of 

the spatial location and distance between two points of the network, being thus 

dependent on both position and scale. This affects the accessibility of the phases and a 

leads to a modified version of the constitutional relationships (Liu, 2001). However, the 

concept of a fracture network is outside the scope of this work. 

 

5.4  Quantification of the gas exsolution rate 

Gas exsolution evolves by molecular diffusion through the phase interface as discussed 

in Section 2.2 . The mathematical description of gas exsolution quantifies the gas 

VREV(x) 
x 

ΩPHYSICAL  
x 

ΩMODEL  
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of material properties 

AVERAGING 
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nucleation rate by relating the molecular diffusion rate to the deviation of the system 

from gas-liquid equilibrium. The volumetric gas production rate can hence be 

formulated by the following two terms connecting the gas phase concentration and the 

dissolved gas concentration by diffusion (Armstrong, 1994; Paloneva, 2009): 

 

 

(39) 

 

Here k is the gas release rate [1/s], cw is the concentration of gas molecules in water 

[kg/m
3
], Hc,g is the Henry’s constant [-] and ρg is the concentration/mass density of the 

gas phase [kg/m
3
]. In the equilibrium limit these terms approach zero. 

 

The gas release initializes by nucleation in the liquid phase and evolves towards a gas 

phase by molecular diffusion of gas molecules through the liquid-gas interface. Hence 

the gas release rate k depends on 

 

1. nucleation probability, 

2. molecular diffusivity of the gas in water, and 

3. volume fraction of water in which the gas is originally dissolved to. 

 

Hence the gas release rate is formulated as 

 

wsSk , (40) 

 

where θs is the porosity of the bulk media (for a fracture θs=1) [-], Sw is the water 

saturation level [-], and λ is the mass transfer rate between dissolved gas and gas phase 

[1/s]. The mass transfer rate is a lumped parameter depending on the nucleation 

probability and the molecular diffusivity (see below for further discussion). 

 

The gas exsolution is thus modelled using the following pair of source and sink -terms: 

 

 

(41) 

 

Gas nucleation will initialize when the water phase pressure has decreased below the 

bubble pressure, 
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. (42) 

 

This condition is used to determine when the source and sink terms are active. 

 

Although this first-order kinetic release model formulation is widely used, one should 

pay attention to the rather heuristic basis that this model is formulated on. The model is 

not based on physical description of the gas exsolution process, and it has been argued 

that this model is not justified theoretically and lacks experimental support (Ng, 1994). 
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However, since no practically applicable alternatives exist, this first-order 

approximation is employed. 

 

The parameter λ is related to the diffusivity of gas molecules in water and to the 

interfacial area of the water-gas phase, whence the value of λ is controlled by 

completely unknown geometrical microstructure of the fracture, by immeasurable 

thickness of the phase interface and by the highly complex molecular and interfacial 

dynamics of the water-gas system (Armstrong, 1994). Therefore λ only makes sense as a 

lumped parameter representing the integral of multitude of pore-scale processes.  

 

Some relevant λ-values are found in the literature for various contexts. Armstrong 

(1994) conducted numerical simulation of trichloroethylene vapour extraction from fine 

sand column using a similar gas exsolution model as presented here. Their estimate for 

mass transfer rate was λ = 10
-4

 s
-1

. 

 

Chao (1997) conducted air sparging experiments and derived experimentally the value 

of λ for air-water system contaminated with volatile organic compounds (VOCs) in 

different sand types. They suggested that (Table 4 in Chao, 1997) the value of λ 

decreases as the grain size of sand (and thus porosity) decreases. The values of λ they 

inferred were between λ=10
-4

 s
-1

 and λ=10
-3

 s
-1

 depending on the VOC. 

 

Harper (2003) presented the mass transfer rates from a literature survey. They stated 

that λ has a strong dependence on the water saturation. The values of λ they inferred 

were between λ=10
-6

 s
-1

 and λ=10
-4

 s
-1

. 

 

The parameter λ should be considered as an effective and heuristic description of the 

release process and its value should be a subject of extensive sensitivity analysis. 

However, using values between λ=10
-5

 s
-1

 … 10
-3

 s
-1

 should given an estimate for the 

realistic mass transfer rate, and values above 10
-3

 s
-1

 should give a conservative 

approximation. 
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6  ILLUSTRATIVE NUMERICAL MODELLING 

The presented conceptual model is tested by solving the equation system numerically 

for a single fracture with heterogeneous aperture distribution. 

 

6.1  Geometrical model 

The modelled fracture is assumed to be half of a circular disk with the tunnel wall at the 

centre and an undisturbed outer boundary at the distance of 10 m from the centre. The 

radius of the tunnel wall is set to r = 2.0 m for convenience. See Figure 13 for 

illustration of the geometrical model. 

 

 

 

Figure 13. Description of the modelled domain composition and boundary conditions 

(left). The computational mesh is presented on the right-hand side. 

 

6.2  Aperture distribution 

The aperture distribution is assumed to be log-normal and spatially correlated. A 

random field with the normal distribution N(0,1.0) and spatial correlation scale of 0.02 

was generated using the statistical software package R (R, 2008). The generated field 

was then translated and scaled to form an aperture distribution with log-normal statistics 

)00.1,4(log Na . 

 

The spatial correlation scale was scaled visually so that the fracture would span the 

extreme fluctuations several times. The correlation scale had to be scaled on to 
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relatively large range, since the numerical solver of COMSOL Multiphysics -software 

did not converge for aperture fields with small correlation ranges. Figure 14 shows the 

aperture field realization together with the initial random field. 

 

The absolute permeability of the fracture is assumed to follow the cubic law (Pruess, 

1990; Witherspoon, 1980), 

 

12

3a
kabs . (43) 

 

The permeability is a function of the aperture and hence varies spatially over the 

fracture. 

 

The effective transmissivity of the sample aperture distribution was determined by 

simulating fresh water flow conditions and calculating the flow rate out of the fracture 

under known boundary conditions. When the outer boundary of the fracture was 

assumed to remain at hydrostatic conditions and the tunnel wall boundary at 

atmospheric pressure, the resulting steady-state flow rate out of the fracture was 2.74 

l/min. This translates to an effective fracture transmissivity of 
127

, 107 smT simeff . 

 

The simulated transmissivity is somewhat lower than the transmissivity calculated from 

the average fracture aperture (Taperture=10
-8

 m
2 

s
-1

). The reason for this deviation stems 

from the heterogeneity and flow channelling, see Figure 15. It is characteristic of the 

flow in heterogeneous fracture that main flow only occur through distinct flow paths, 

which dominate the fracture transmissivities. 
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Figure 14. The generated aperture field. The left-hand side figures present the original 

generated random field following N(0,1) together with the corresponding probability 

distribution of the field values. On the right-hand side is presented the scaled, 

translated and truncated field used in numerical simulations. The half-circle represents 

the fracture with units in meters. The inner circular boundary at r = 2 m represents the 

tunnel wall. 
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Figure 15. Fresh water streamlines for the reference fracture. The effective 

transmissivity is T = 7 · 10
-7

 m
2
 s

-1 
with mean aperture 10

-4
 m. 

 

 

6.3  Gas exsolution quantification 

The gas exsolution is modelled using the following pair of source and sink -terms: 

 

 

(44) 

 

Gas nucleation will initialize when the water phase pressure has decreased below the 

bubble pressure, 

 

wp

w

w
H

c
p

,

. (45) 

 

This condition is used to determine when the source and sink terms are active. 

 

The parameter λ determines the rate at which the gas phase is formed. In the preliminary 

simulations a relatively high value λ=0.1 s
-1

 is used to ensure rapid development of the 

gas phase. 

 

The solubility of CH4 under site-specific conditions was investigated by Paloneva 

(2009). Figure 16 shows the solubility of CH4 in pure water as presented by Paloneva 

(2009) together with the regression line. An approximation for the Henry’s constant can 

be inferred, Hn = 1.207e-8 mol/(kg·Pa), or 

wwpwwCHnwaterCH pHpMHc ,4,4 )( , 

where MCH4 is the molar mass of CH4 [kg/mol] and 
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-1-17

, Pa m kg 1094.1wpH  
 

is the Henry’s constant in aqueous-concentration/pressure -formulation. 

 

For the gas exsolution source term, the solubility must be expressed in terms of the gas 

phase concentration with the dimensionless Henry’s constant derived from Hp,w: 

038.0,gcH . 

This value relates the equilibrium gas concentration eqg ,  to the dissolved gas 

concentration by  

 

eqggcw Hc ,, . (46) 
 

This relation will be used in the gas exsolution term. 

 

Solubility of CH4 in pure water
Regression line x=1.207e-8*p+0.0124
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Figure 16. Solubility of CH4 in pure water x [mol/kg] as a function of water pressure, 

as presented in Paloneva (2009). The red points are calculated using the Duan-Mao 

solubility model. The dashed line is the regression line fitted to the computation points. 

 

6.4  Constitutive relations 

In this work the constitutive relations proposed by van Genuchten are employed (van 

Genuchten, 1980). For water saturation 

 

 
(47) 

and for the relative permeability 
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(48) 

 

Here α is the inverse of the non-wetting phase entry pressure [Pa
-1

] and m is a fitting 

parameter. 

 

For a single fracture the gas entry pressure is determined from the capillary condition 

for gas occupancy expressed in terms of the fracture aperture (Liu, 2001), 

 




cos2

a
 , (49) 

 

where σ is the surface tension and θ the contact angle of the phase interface. Practical 

values for a fracture with mean aperture a=1e-4 m the parameter is of the 

order 13 Pa10  . The value of m is an experimental fitting parameter with no explicit 

dependence on the measurable quantities. In this work the value similar to that used by 

Liu (2001) is used, that is 633.0m . 

 

The value of   significantly affects the numerical stability of the model. When   is 

increased, the gas phase will form under lower capillary pressures and the numerical 

solution must be more accurate. Due to the limitations in the used software (COMSOL 

Multiphysics), there is a practical limit for the parameter value in terms of 

computational feasibility. It was found that (when m=0.6) using values larger than 
15 Pa10   (corresponding to fracture aperture a=10

-6
 m) posed serious convergence 

problems. However, since the initial saturation of the numerical model is prescribed to 

an arbitrary small value, the value of   only determines the lower bound of the 

capillary pressure scale of the model. 

 

The value of m has an influence on the numerical stability as well, since decreasing the 

value smoothes out the capillary pressure interval at which the phase separation occurs. 

The steeper the characteristic curve is, the more accurate the numerical solution must be 

to remain consistent. Decreasing both m and   helps the convergence of the numerical 

solution. 

 

The value of both   and m is assumed to be constant over the whole fracture, because 

the variability of   brings about high numerical values, which result in divergence of 

the numerical solution method utilized in COMSOL Multiphysics -software. Thus the 

results should not be assessed on the element scale but rather on the scales at which the 

spatially averaged or integrated result quantities can be used. 

 

6.5  Boundary conditions 

The water phase initially occupies the modelled system and connects the system to its 

surroundings, i.e. the rock matrix water at the outer edge of the fracture. Therefore the 

changes in the environmental conditions (pressure drop during excavation) affect the 

modelled system through interaction with the water phase pressure. The water pressure 

is therefore selected as the dominating variable of the numerical model. The boundary 



41 

 

 

conditions for water phase may be deduced in a straightforward manner from the 

environmental conditions. 

 

On the outer boundary the hydrostatic pressure is assumed to prevail, 

 

gzp wouterw, . (50) 

 

On the boundary adjacent to the tunnel wall a transient pressure is prescribed. For 

reasons of numerical stability, the excavation is assumed to be completed during a 

course of Δtexcavation=10 s, during which the pressure at the tunnel wall decrease from 

hydrostatic conditions to atmospheric conditions. Therefore the pressure at the inner 

boundary is 

 

 

(51) 

 

Physically correct boundary conditions for the gas phase would be determined by the 

conditions of full saturation Sw=1 everywhere before the excavation and pg,inner=patm, or 

pc,inner=0, after the excavation. However, the implementation of the model does not 

permit these boundary conditions for the following reasons. The mathematical model 

consists of equations for water and gas pressure and for solute transport, which all must 

be well defined during the modelled period of time. This presupposes that Sw is strictly 

bounded between 0 and 1. On the other hand, the saturation is linked to the phase 

pressure differences by capillary pressure. For zero capillary pressure the constitutive 

relations are defined to result in fully water saturated conditions. Under the physically 

consistent boundary conditions at the tunnel wall, pc=0, the gas phase would not exists 

at the tunnel wall, rendering the tunnel wall impermeable for the gas phase. 

 

Albeit the difficulties in formulating consistent boundary conditions, the capillary 

pressure and hence the gas saturation is commonly assumed to remain constant at an 

open tunnel boundary (Birkholzer, 1997; Basu, 1988; Painter, 2005; Thunvik, 1987): 

 

tunnelctunnelwtunnelg ppp ,,, . (52) 

 

Several other approaches are also possible: 

1. modifying the constitutive relations at the boundary 

2. prescribing the gas production rate at the tunnel wall 

3. modelling the tunnel interior as extremely highly conducting media after the 

excavation and prescribing the atmospheric pressure at some distance over the 

tunnel interior 

 

The first option would need theoretical development and justification based on 

experimental data, and is hence out of the scope of this work. 
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The second option is used by Thunvik (1987) and would lead to a physically consistent 

representation of the tunnel wall boundary condition, because the capillary pressure at 

the tunnel would be adjusted by the flow conditions. Since there is no available data on 

the gas production rate from a fracture into the ONKALO, the approach can not be used 

in this work. 

 

The third option could be implemented using the mixed boundary condition of the type
3
 

 

 
(53) 

 

where  is the effective conductance of the open tunnel. For 

circular tunnel of radius rtunnel the conductance is given by 

 

tunnelair

tunnel

L

r
C

8

4

. (54) 

 

For ONKALO at level z = -500 m the tunnel length is approximately 5 km and radius 4 

m, giving a value of approximately C = 2000 m
3
/s. Here the air viscosity is assumed to 

be 1·10
-5

 kg/(ms). In practice, C must be set as large as computationally feasible. 

However, when implemented in numerical model using COMSOL Multiphysics, this 

approach produced gas pressure so close to the water pressure that the boundary 

condition effectively forced the tunnel wall to be fully saturated with water and thus 

impermeable for the gas phase. 

 

For the above mentioned reasons, this work adopts the constant capillary pressure 

boundary condition at the tunnel wall. 

 

6.6  Initial conditions 

The formulation of the mathematical model is based on phase pressures and constitutive 

relations, by which the saturation level is linked to the capillary pressure. The 

formulation assumes that both phases are present at every point of the model domain all 

the time. Therefore a small initial gas saturation Sg,init=0.01 is introduced into the model 

even though the initial concentration of dissolved CH4 is below the saturation point. In a 

physically realistic treatment this initial gas phase would be immediately dissolved, but 

in the model it remains as a separate phase since the gas exsolution/dissolution terms 

are activated only when the water pressure decreases below the bubble pressure. 

 

The initial pressure field is hydrostatic with initial water pressure 

 

gzp winitw,  (55) 

 

and initial gas phase pressure 

 

                                                 
3
 COMSOL Earth Science Module User’s Guide, p. 17, equation (3-3) 
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initcinitwinitg ppp ,,, . (56) 

 

Here pc,init is the initial capillary pressure calculated from the initial saturation: 

 

 
(57) 

 

The initial concentration of dissolved CH4 is varied over the range 
33

, m kg 5.1...m kg 24.0initwc . The lower bound of initially dissolved concentration is 

assumed to be approximately the concentration measured at the depth of -500 m of the 

bedrock of Olkiluoto. The maximum bound represents over-saturated conditions and 

hence gives an over exaggerating upper limit for the effects of gas exsolution. 

 

There is a conceptually problematic numerical artefact caused by the initial gas 

saturation. The low saturation of the gas phase pressure renders the relative gas phase 

permeability close to zero due to the van Genuchten relations. For example, for initial 

gas saturation Sg,init=0.1 the relative gas phase permeability is kr,g=10
-4

, and for 

Sg,init=0.001 the relative permeability is a diminishing kr,g=10
-11

. The difference between 

the water and gas phase permeabilities forces the capillary pressure to increase during 

decreasing pressure transients, since a pressure disturbance advances slower in the gas 

phase than in the water phase. This artificial rise in the capillary pressure cause the gas 

saturation to artificially increase due to the van Genuchten relationships, even if the 

model had no external gas sources. For this reason, the model results should only be 

assessed in steady-state conditions. 

 

6.7  Numerical solution method 

The three coupled partial differential equations are solved using COMSOL Multiphysics 

3.5a modelling software with Newton-Rhapson iterative method to resolve the 

nonlinearities arising from equation coupling. The partial differential equations are 

discretized for finite element method with quadratic shape functions for triangular 

elements. The element size varies from 0.05 m to 0.3 m. Adaptive time stepping is 

applied using the variable-order backward differentiation formulas (BDF). The actual 

time step sizes range between 10
-4

 s and 1 s and time stepping spanned the time period t 

= 0 s … 1000 s. 

 

Tunnel excavation is modelled between t = 5 s … 10 s, after which the tunnel is 

assumed to be completely open. Due to problems with the initial saturation 

accumulation, the gas exsolution model is activated after the excavation, at time 

tgasExOnset = 50 s. This has no influence on the conclusions about the effects of gas 

exsolution. 

 

Table 1 summarizes the parameter values used for the numerical simulation. 
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Table 1. Parameters for numerical simulation. * = value deviated from physically 

correct value due to numerical reasons, ** = over-approximating (conservative) value 

selected. 

 

Parameter Value Dimension Description 

alog  N(-4;1.0) - Fracture aperture distribution 

 10
-5

 Pa
-1

 
Inverse of gas entry pressure (vG-model) 

* 

m 0.663 - Characteristic curve index (vG-model) 

Hc,g 0.038 - Henry’s constant for gas concentration 

Hp,w 1.94·10
-7

 kg m
-1

 Pa
-1

 
Henry’s constant for water pressure (used 

in bubble pressure calculation) 

 10
-1

  s
-1

 Mass transfer rate for gas release ** 

cw,init 

0.235 

0.800 

1.500  

kg m
-3

 Initial concentration of dissolved CH4 

Sw,init 0.99 - Initial water saturation 

Sw,tunnelwall 
0.05 

0.99 
- Water saturation at the tunnel wall 

θs 0.1 - Hydraulic porosity of the fracture * 

cos  75·10
-3

 N m
-1

 Capillary coefficient 

exct  5 s Starting time for excavation modelling 

exct  5 s Duration of the excavation modelling 

tgasExOnset 50 s 
Time for the on-set of the gas exsolution 

model. 

 

 

6.8  Results 

6.8.1  Water saturation level and dissolved gas concentration 

The resulting saturation field for different initial concentrations of the dissolved 

methane are presented in Figure 19, Figure 20 and Figure 21. The time period spans a 

total of 20 s starting from the onset of the gas exsolution model. 

 

The initial concentration cw,init = 0.24 kg m
-3

 represents the conditions currently 

prevailing at the depth -500 m of the Olkiluoto bedrock. Figure 19 indicates, that the 

effect of gas exsolution is practically negligible with this low concentration, and the 

lowest water saturation in the whole fracture remains at about 0.9 at all times. Figure 22 

shows the dissolved gas concentration and water saturation for the large time limit t = 

500 s. The figure presents results with gas exsolution model active and inactive. The 

saturation field is practically unchanged by the exsolution of dissolved gases for the 

initial CH4 concentration of 0.24 kg m
-3

. The patterning of the water saturation is caused 
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by the small initial gas present in the model, which accumulates in high aperture 

channels. 

 

The effect of gas exsolution becomes more pronounced as the amount of dissolved gas 

increases, see Figure 20 and Figure 21. However, even for supersaturated conditions, 

cw,init = 1.5 kg m
-3

, the minimum water saturation level still remains above 0.8. 

 

The initial gas phase saturation affects the absolute saturation values. Figure 24 

illustrates the change in the saturation field caused by the gas exsolution. The reduction 

in local saturation values is diminishing for CH4 concentration of 0.24 kg m
-3

, and even 

for super-saturated conditions the reduction is locally of the order of 10 %. 

 

The influence of aperture field on the saturation field is investigated in Figure 25. The 

saturation field was calculated with average log-apertures of -4.3 and -4.0 and with 

standard deviations of the log-aperture fields of 0.5 and 1.0. 

 

The size of the gas exsolution area is not very sensitive on the variations of the aperture 

field, when the aperture distribution is very heterogeneous (sd = 1.0). This is a result of 

channelling. The gas phase formation locates on the channels of widest apertures, and in 

highly heterogeneous fractures also the channels of large apertures are always present 

independently of the average fracture aperture. The contrary is true for fractures with 

low variation in the aperture field, since the channelling is not as pronounced. 

6.8.2  Gas production 

The total gas production rate (rate at which the dissolved gas is exsoluting) in the whole 

fracture is presented in Figure 17 for initial CH4 saturation of 0.24 kg m
-3

. The 

production rate shows a sharp peak immediately after the activation of gas exsolution 

model and gradually decrease to zero as the equilibrium between the dissolved gas 

concentration and gas phase pressure is reached. The gas production is significant for a 

time period of approximately 150-200 seconds. 

 

The total mass of dissolved CH4 in the fracture water is presented in Figure 18. The 

effect of gas exsolution in the CH4 mass is not very drastic, since the gas exsolution area 

is rather limited and outside that area the CH4 content is constant. 
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Figure 17. Total gas production rate for cw=0.24 kg m
-3

. Saturation at tunnel wall 

Sw,tunnelwall=0.99. The mean fracture aperture is 1e-4 m and gas exsolution model is 

activated at t = 50 s. 

 
Figure 18. Total dissolved CH4 content in the fracture for cw=0.24 kg m-3. Saturation 

at tunnel wall Sw,tunnelwall=0.99. The mean fracture aperture is 1e-4 m and gas 

exsolution model is activated at t = 50 s. 
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6.8.3  Effective saturation and water permeability 

The effective water permeability describes the ability of the fracture to transmit water 

and hence directly affects the leakage water rates into the tunnel. The effective 

saturation is defined as the water volume divided by the fracture volume: 

 

adA

adAS
S

we

w , (58) 

 

where Sw is the element saturation and a is the fracture aperture at the element. This 

integral is meaningful when the results are interpreted as representative in the REV-

scale, cf. Section 5.3 . The areal integrals are calculated over the modelled fracture 

domain. The effective saturation is used to calculate the effective relative permeability 

of the fracture using the van Genuchten relationships, 

 

 
(59) 

 

The results presented in Table 2  indicate that the effective relative permeability for a 

fracture with aperture a = 1·10
-4

 m will be of the order kr,w=0.8 depending on the initial 

CH4 saturation. This reduction reflects in linear proportion to the water outflow rates 

from the fracture into the tunnel. However, the simulation results are considerably 

affected by the boundary condition imposed on the tunnel wall, cf. Section 7.1 . 

Therefore the results might not be physically representative. 

 

Dissolved gas concentration 

kg m
-3 

Sw,eff kr,w,eff 

0.24 0.980 0.806 

0.80 0.978 0.795 

1.50 0.975 0.775 

 

Table 2. Effective saturation and relative water permeability for different CH4 

concentrations. The tunnel wall boundary is kept at initial saturation Sw,tunnelwall=0.99. 

The mean fracture aperture is a = 1·10
-4

 m. 

6.8.4  Gas phase trapping 

Gas phase trapping locations are presented in Figure 23 When the initial dissolved CH4 

concentration remains below the solubility limit, all of the trapped gas resides outside 

the gas exsolution area. This is understandable, since the pressure disturbance of the 

tunnel wall advances during the early times via the high aperture channels at which the 

capillary pressure remains above the trapping condition. 

 



 

 

 

 
dt = 0 s 

 
dt = 5 s 

 
dt = 10 s 

 
dt = 15 s 

 
dt = 20 s 

 

 
Figure 19. Development of the saturation field after the gas release initialization. The initial CH4 concentration of the groundwater was 

cw,init = 0.24 kg/m
3
 and the initial water saturation 0.99. 
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dt = 0 s 

 
dt = 5 s 

 

dt = 10 s 
 

dt = 15 s 
 

dt = 20 s 

 

 
Figure 20. Development of the saturation field after the gas release initialization. The initial CH4 concentration of the groundwater was 

cw,init = 0.8 kg/m
3
 and the initial water saturation 0.99. 
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dt = 0 s 

 
dt = 5 s 

 

dt = 10 s 

 
dt = 15 s 

 
dt = 20 s 

 

Figure 21. Development of the saturation field after the gas release initialization. The initial CH4 concentration of the groundwater was 

cw,init = 1.5 kg/m
3
 (over the saturation limit) and the initial water saturation 0.99. 
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 No gas release With gas release 

 

 

 
Figure 22. Top: Dissolved gas concentration at t = 500 s. Bottom: Water saturation at t 

= 500 s. The initial concentration of dissolver CH4 was 0.24 kg/m3. 
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cw,init = 0.235 kg m

-3 
 

cw,init = 0.8 kg m
-3 

 
cw,init = 1.5 kg m

-3 

 

Figure 23. Locations of the trapped gas (in red) for different initial concentrations of 

dissolved CH4. The trapping locations are practically stagnant under the time interval 

relevant for gas exsolution. 
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cw,init = 0.24 kg m
-3 

 

cw,init = 0.8 kg m
-3 

 

cw,init = 1.5 kg m
-3 

 

 
Figure 24. The reduction in saturation field caused by gas exsolution. The presented 

field is the difference between the field before gas exsolution initialization and the field 

at dt =20 s. The initial saturation 0.99 is maintained on the tunnel wall. 
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log(a) ~ N(-4.3,0.5) 

 

 

 

log(a) ~ N(-4.3,1.0) 

 

 

 

 

log(a) ~ N(-4,0.5) 

 

 

log(a) ~ N(-4,1.0) 

 

 

Figure 25. Influence of the aperture variation to the gas exsolution area and water 

saturation level. The saturation field at dt=10 s. 
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7  MODEL SENSITIVITIES AND LIMITATIONS 

This section presents the known uncertainties and limitations of the theoretical model 

developed during this work. 

 

7.1  Influence of the tunnel wall boundary condition 

The numerical implementation assumes that the saturation at the tunnel wall is fixed in 

advance by prescribing the gas phase pressure at the tunnel wall in terms of the capillary 

pressure. This boundary condition will shape the simulated saturation field development 

and the absolute saturation values are linearly dependent on the tunnel wall capillary 

pressure condition. Therefore the simulation results are only of limited use when 

interpreted in absolute sense. 

 

The effective saturation depends heavily on the imposed boundary condition at the 

tunnel wall. The correct spatial saturation distribution at the tunnel wall is unknown in 

advance and it would need a prohibitively large amount of computational resources to 

iteratively calculate a consistent boundary condition. Relatively rough bounds for the 

effective water permeability can anyway be obtained by considering the extreme 

saturations Sw,tunnelwall = 0.05 and Sw,tunnelwall =0.99. 

 

Table 3 presents the effective saturation and water permeability for the whole fracture 

under two different tunnel wall boundary conditions. Figure 26 shows the saturation 

field for different tunnel boundary conditions. The dependence of the effective 

parameters on tunnel wall boundary condition is strong and it could be concluded that 

the tunnel wall boundary condition dominates the behaviour of the whole system. 

Further studies on the physically reasonable boundary conditions should be conducted. 

 

Dissolved gas 

concentration 

kg m
-3 

Saturation at tunnel wall 

Sw,tunnel = 0.05 Sw,tunnel = 0.99 

Sw kr,w Sw kr,w 

0.24 0.843 0.360 0.980 0.806 

0.80 0.843 0.360 0.978 0.795 

1.50 0.841 0.355 0.975 0.775 

 

Table 3. Effective saturation and relative water permeability for different tunnel wall 

boundary conditions for the simulated fracture of mean aperture a = 1·10
-4

 m. 
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Figure 26. Influence of the tunnel wall boundary condition on the absolute water 

saturation. The presented saturation field is the saturation field at t=20s. In the images 

at the upper row the tunnel wall was kept at initial saturation 0.99. The bottom row 

shows the results when the tunnel wall was assumed to be at low saturation 0.05. Color 

scales are equal. 
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7.2  Hysteresis and transient effects of two-phase flow 

All of the constitutive relations relate the capillary pressure pc to the phase saturations 

and thus form the basis for multiphase flow modelling in porous media. The capillary 

pressure pc is practically always postulated as the difference between the phase 

pressures, 

wnwc ppp , (60) 

 

and the water (or gas) saturation is expressed by postulating a decreasing single-valued 

function f (e.g. vG-model or BC-model) 

 

 (61) 

 

This postulation-based approach does not consider hysteresis effects which are 

commonly encountered in experiments. Furthermore, this postulation of capillary 

pressure is neither theoretically justifiable nor based on physical understanding. 

 

Hassanizadeh (1990) presented a thermodynamic framework for two-phase flow in 

porous media. They assigned full thermodynamic properties to the interface surfaces 

separating the phases at the microscale, and applied the macroscopic mass, momentum 

and energy balances and averaged entropy inequality (the second law of 

thermodynamics) for each phase and interface. The work resulted in a constitutive 

theory which includes the saturations and capillary pressure as emergent properties of 

the system, avoiding postulation of the constitutive relations. They derived an extended 

form of the Darcy’s law, which include an additional term accounting for non-uniform 

fluid saturation. Their description relates the capillary pressure to the Helmholtz free 

energy of the system and is also able to explain the spontaneity of the imbibition 

process. 

 

The most important consequence of the work of Hassanizadeh (1990) is that, in order to 

reach a consistent macroscopic theory, the capillary pressure must be defined as an 

intrinsic thermodynamic property of the two-phase system independent from the phase 

pressures. The capillary pressure is computable from the Helmholtz free energy of the 

interface between the two phases, from the environmental conditions and from the 

material properties. This leads to the result that the net pressure defined as 

 

wnwcnet pppP  (62) 

 

is a generalized force causing saturation changes (Beliaev, 2001). This observation 

together with the second law of thermodynamics allows to prove that if pnw-pw>pc then 

the non-wetting phase saturation must decrease, and if pnw-pw<pc then the non-wetting 

phase saturation must increase. Only at equilibrium the capillary pressure is equal to 

phase pressure differences: 

 

wnwc ppp  if and only if 0S . (63) 
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Under non-equilibrium conditions, for example during gas exsolution, an additional 

term must be included: 

 

t

S
Fppp wnwc  when 0S . (64) 

 

where F is a hysteresis function for which F(0)=0. 

 

Another and even more fundamental consequence of the previous is that the Darcy law 

as commonly presented is not valid for two-phase flow under transient boundary 

conditions. Gray (1991) used the results of Hassanizadeh (1990) to derive a corrected 

form of Darcy equation for two-phase flow. He resulted in the following description of 

the Darcy velocity: 

 

 
(65) 

 

where Ωw and Ωnw are so called wettability potentials of the wetting and non-wetting 

phases. The wettability potential is related to the Helmholtz free energy of the phase 

(Gray, 1991). The previous formulation of the Darcy velocity implies that, for constant 

water density and constant wettability potentials, the following holds true: 

 

 (66) 

 

These results imply that both the constitutive theory and the physical model presented in 

this work are strictly valid only under steady-state conditions. That is, the model is 

incapable of reproducing correct transient behaviour. The correct formulation of the 

Darcy flow velocity implies that the numerical model should include as an unknown 

field variable also either the wettability potential or the Helmholtz free energy, which 

would tremendously increase the complexity and instability of an already complex and 

instable numerical model. 



59 

 

 

8  CONCLUSIONS AND DISCUSSION 

A conceptual model development and a multitude of numerical simulations were 

performed to assess the effect of gas exsolution on the effective hydraulic properties of 

a fracture with heterogeneous aperture field. 

 

The concentration of the dissolved CH4 at the depth of -500 m in the bedrock of 

Olkiluoto is approximately 23 % from the saturation point. Experimental evidence of 

the reduction in the water permeability due to gas exsolution has been observed mainly 

when the dissolved gas concentration has been higher. 

 

The simulations indicate that, under the conditions specific to the Olkiluoto site at depth 

-500 m, the exsolution of dissolved CH4 does not affect the hydraulic properties of the 

fracture by any relevant amount during the first few minutes after the excavation. The 

gas phase trapping is not expected to influence the water permeability of the fracture, 

since the pressure disturbance of the excavation advance only through the most 

permeable parts of the fracture, which already contribute the most on the effective water 

permeability of the fracture. However, due to excessive computational burden, the effect 

of gas release in the large-time limit was not assessed. 

 

The relative permeability of the fracture is dominantly affected by the boundary 

condition assumed at the tunnel wall, which masks the effects of the gas exsolution. The 

boundary condition representing dry tunnel interior (saturation level Sw=0.05 at tunnel 

wall) decreases the water permeability to 35 % of the original permeability (Table 3), 

whereas when fully saturated conditions at the tunnel wall were assumed (saturation 

level Sw=0.99 at tunnel wall) the water permeability is approximately 80 % of the 

original permeability. The effect of gas exsolution is insignificant on the results in the 

current modelling concept. 

 

There are significant uncertainties and limitations in the taken modelling approach: 

 

 a relatively long spatial correlation scale for the fracture aperture had to be used 

for the numerical model to converge in reasonable time 

 the constant parameters for constitutional relationships had to be used for the 

whole fracture 

 behaviour of the system in the large-time limit can not be assessed due to long 

simulation times 

 the boundary condition at the tunnel wall is not justified and needs a revision 

 the theoretical framework is valid only under steady-state conditions, but is 

applied for transient system in this work 

 

These limitations must be accepted at this point, since the numerical solution of the 

mathematical problem proved to be prohibitively hard for any resolution of the above 

mentioned problems. The main computational problem relates to the extremely small 

time step size (10
-8

…10
-4

 s), which is needed to maintain stability under certain 

parameter combinations. The numerical solver is also divergent under realistic 

parameter combinations for the constitutional relationships. 
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Some further approximations might prove useful in resolving the computational issues. 

The equation system could be de-coupled by ignoring the transient coupling terms (time 

derivatives of the capillary pressure) in equations (22)-(24). This would lead to a steady-

state model with transient approximation properties arising from the compressibility 

terms. 

 

However, the more fundamental conceptual issues concerning the tunnel wall boundary 

condition demands theoretical model development, since the porous media model is 

incapable of representing the transient flow region between the diffusive flow in the 

fracture and the free flow on the tunnel wall. Physically consistent model of the tunnel 

wall could be formulated by coupling the two-phase flow in the fracture to a transitional 

region of Brinkman flow in the vicinity of the tunnel wall. This would lead to a very 

complex model. 

 



61 

 

 

REFERENCES 

[Armstrong, 1994] Armstrong J E, Frind E O, McClellan R D: Nonequilibrium mass 

transfer between the vapor, aqueous, and solid phases in unsaturated soils during vapor 

extraction, Water Resources Research 30(2): 355-368 (1994) 

 

[Basu, 1988] Basu A, Boyd MJ: Numerical modeling of two phase flow of gas and 

water during drainage of a coal seam, International Journal of Mine Water 7(4): 27-42 

(1988) 

 

[Bastian, 2000] Bastian P, Chen Z, Ewing R, Helmig R, Jakobs H, Reichenberger V: 

Numerical simulation of multiphase flow in fractured porous media, Lecture Notes in 

Physics 552:50-68 (2000) 

 

[Beliaev, 2001] Beliaev A YU, Hassanizadeh S M: A theoretical model of hysteresis 

and dynamic effects in the capillary relation for two-phase flow in porous media, 

Transport in Porous Medis 43: 487 (2001) 

 

[Bermúdez, 2007] Bermúdez JJ:  Multiphase gas transport in a shear zone, PhD Thesis, 

Technical Univesity of Catalonia (2007) 

 

[Bertels, 2001] Bertels SP, DiCarlo DA: Measurement of aperture distribution, 

capillary pressure, relative permeability, and in situ saturation in a rock fracture using 

computed tomography scanning, Water Resources Research 37(3): 649-662 (2001) 

 

[Birkholzer, 1997] Birkholzer JT, Tsang YW: Pretest Analysis of the Thermal-

Hydrological Conditions of the Drift Scale Test at Yucca Mountain, Ernest Orlando 

Lawrence Berkeley National Laboratory, LBNL-41044 (1997) 

 

[Birkholzer, 2003] Birholzer J, Mukhophadhyay S, Tsang Y: Modeling water seepage 

into heated waste emplacement drifts at Yucca Mountain, Proceedings of TOUGH 

Symposium 2003 (2003) 

 

[Brennen, 2005] Brennen C E: Fundamentals of Multiphase Flow, Cambridge 

University Press (2005) 

 

[Brodsky, 1998] Brodsky E E, Sturtevant B, Kanamori H: Earthquakes, volcanoes, and 

rectified diffusion, Journal of Geophysical Research 103(B10):23827-23838 (1998) 

 

[Chao, 1997] Chao K-P, Ong S K, Protopapas A: Water-to-air mass transfer of VOCs: 

Laboratory-scale air sparging system, Journal of Environmental Engineering 124(11): 

14895 (1997) 

 

[Chen, 2005] Chen C-Y, Horne R N: Multiphase flow properties of fractured 

geothermal rocks, Proceedings World Geotherlma Congress (2005) 

 



62 

 

 

[Detwiler, 2009] Detwiler R L, Rajaram H, Glass R J: Interphase mass transfer in 

variable aperture fractures: Controlling parameters and proposed constitutive 

relationships, Water Resources Research 45: W08436 (2009) 

 

[Duan, 2006] Duan Z, Mao S: A thermodynamical model for calculating methane 

solubility, density and gas phase composition of methane-bearing aqueous fluids from 

274 to 523 K and from 1 to 2000 bar, Geochimica et Cosmochimica Acta 70: 3369-

3386 (2006) 

 

[Epstein, 1950] Epstein PS, Plesset MS: On the stability of gas bubbles in liquid-gas 

solutions, Journal of Chemical Physics 18:1505-1509 (1950) (in Brennen, 2005) 

 

[Fairley, 2004] Fairley J P, Podgorney R K, Wood T R: Unsaturated flow through s 

small fracture-matrix network: Part 2. Uncertainty in modeling flow processes, Vadose 

Zone Journal 3: 101-108 (2004) 

 

[Gale, 1999] Gale JE: Impact of flow geometry, flow regime, two-phase flow and 

degassing on the transmissivity of rough fractures, IPR-99-08, Äspö Hard Rock 

Laboratory (1999) 

 

[Geller, 1998] Geller JT: Laboratory studies of groundwater degassing in replicas of 

natural fractured rock for linear flow geometry, HRL-98-18, Äspö Hard rock 

Laboratory (1998) 

 

[van Genuchten, 1980] van Genuchten:  A closed-form equation for predicting the 

hydraulic conductivity of undaturated soils, Soil Science Society of America 44: 892 

(1980) 

 

[Gray, 1991] Gray W G, Hassanizadeh S M: Paradoxes and realities in unsaturated 

flow theory, Water Resources Research 27(8): 1847 (1991) 

 

[Harper, 2003] Harper B M, Stiver W H, Zytner R G: Nonequilibrium nonaqueous 

phase liquid mass transfer model for soil vapor extraction systems, Journal of 

Environmental Engineering 129(8): 745 (2003) 

 

[Hassanizadeh, 1979] Hassanizadeh M, Gray WG: General conservation equations for 

multi-phase systems: 1. Averaging procedure, Advances in Water Resources 2: 131-144 

(1979) 

 

[Hassanizadeh, 1990] Hassanizadeh S M, Gray W G: Mechanics and thermodynamics 

of multiphase flow in porous media including interphase boundaries, Advances in 

Water Resources 13(4): 169 (1990) 

 

[Hsieh, 1961] Hsieh D-Y, Plesset MS: Theory of Rectified Diffusion of Mass into Gas 

Bubbles, Journal of Acoustic Society of America 33(2): 206-215 (1961) 

 



63 

 

 

[Hua, 2001] Hua B, Thomas BG: Bubble formation during horizontal gas injection into 

downward-flowing liquid, Metallurgical and materials transactions B 32(6):1143-1159 

(2001) 

 

[Jarsjö, 2001] Jarsjö J, Gale J: Groundwater degassing and two-phase flow in fractured 

rock: Summary of results and conclusions achieved during the period 1994-2000, SKB 

Technical Report TR-01-13 (2001) 

 

[Liu, 2001] Liu, Bodvarsson: Constitutive relations for undaturated flow in a fracture 

network, Journal of Hydrogeology 252:116 (1002) 

 

[Murphy, 1993] Murphy JR, Thomson NR: Two-Phase Flow in a Variable Aperture 

Fracture, Water Resources Research 29(10): 3453-3476 (1993) 

 

[Nicholl, 2000] Nicholl MJ, Rajaram H, Glass RJ: Factors controlling satiated relative 

permeability in a partially saturated horizontal fracture, Geophysical Research Letters 

27(3): 393-396 (2000) 

 

[Ng, 1994] Ng C-O, Mei C-C: Homogenization theory applied to soil vapor extraction 

in aggregated soils, Phys. Fluids 8(9): 2298 (1996) 

 

[Painter, 2005] Painter S, Sun A: Representation of an open repository in groundwater 

flow models, SKB R-05-10 

 

[Paloneva, 2009] Paloneva M: The effects of gaseous methane on groundwater flow in 

crystalline bedrock, Master’s Thesis, Helsinki University of Technology (2009) 

 

[Perämäki, 2005] Perämäki M: A physical analysis of sap flow dynamics in trees, 

Academic dissertation, Dept. of Forest Exology, University of Helsinki, Finland (2005) 

 

[Pruess, 1990] Pruess K, Tsang YW: On Two-Phase Relative Permeability and 

Capillary Pressure of Rough-Walled Rock Fractures, Water Resources Research 26(9): 

1915-1926 (1990) 

 

[R, 2008] R Development Core Team: R: A language and environment for statistical 

computing. R Foudnation for Statistical Computing, Vienna, Austria. ISBN 3-900051-

07-0, http://www.R-project.org (2008) 

 

[Reitsma, 2994] Reitsma S, Kueper BH: Laboratory measurement of capillary 

pressure-saturation relationships in a rock fracture, Water Resources Research 30(4): 

865-878 (1994) 

 

[Ronen, 1989] Ronen D, Berkowitz B, Magaritz M: The Development and Influence of 

Gas Bubbles in Phreatic Aquifers under Natural Flow Conditions, Transport in Porous 

Media 4: 295-306 (1989) 

 

[Thunvik, 1987] Thunvik R, Braester C: Calculation of gas migration in fracture rock, 

SKB TR-87-18 (1987) 



64 

 

 

[Uzel, 2006] Uzel S, Chappell M A, Payne S J: Growth, detachment and transport of 

bubbles in blood vessels, submitted to Annals of Biomedical Engineering. 

 

[Wanfang, 1997] Wanfang Z, Wheater HS, Johnston PM: State of the art of modeling 

two-phase flow in fractured rock, Environmental Geology 31(3/4): 157-166 (1997) 

 

[Witherspoon, 1980] Witherspoon P A, Wang J S Y, Iwai K, Gale J E: Validity of cubic 

law for fracture flow in deformable rock fracture. Water Resources Research 25:2076-

2080 (1989) 

 

[Yager, 2001] Yager R M, Fountain J C: Effect of natural gas exsolution on specific 

storage in a confined aquifer undergoing water level decline, Ground water 39(4): 517 

(2001) 

 

[Yang, 1992] Yang S, Tyree M T: A theoretical model of hydraulic conductivity 

recovery from embolism with comparison to experimental data on Acer Saccharum, 

Plant, Cell and Environment 15: 633-643 (1992) 

 

[Zhou, 1995] Zhou, Wheater: Effect of aperture variation on two-phase flow in 

fractures, IAHS Publ. no. 225 (1995) 

 

[Zhou, 2004] Zhou QY, Matsui H, Shimada J: Characterization of the unsaturated zone 

around a cavity in fractured rocks using electrical resistivity tomography, Journal of 

Hydraulic Research 42: 25-31 (2004) 

 


	WR 2010-10.pdf



