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Cuwinit = 0.235 kg m*® Cwinit = 0.8 kg m* Cwinit = 1.5 kg m*

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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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) Max:ll-OO

10.94

103

log(a) ~ N(-4,0.5) log(a) ~ N(-4,1.0)

0.86

0.82
Min: 0,820

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 Sy wnneiwall = 0.05 and Sy tunneiwan =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 Saturation at tunnel wall
concentration
kg m* Swgumel = 0.05 Swgumnel = 0.99
Sw Krw 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™ m.



Tunnel wall S,, = 0.99

Tunnel wall S,, = 0.05
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Cuinit = 0.24 kg m™ Cuinit = 0.80 kg m™ Cwinit = 1.50 kg m™

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 p. to the phase saturations
and thus form the basis for multiphase flow modelling in porous media. The capillary
pressure p. is practically always postulated as the difference between the phase
pressures,

Pe = Pow — P> (60)

and the water (or gas) saturation is expressed by postulating a decreasing single-valued
function f (e.g. vG-model or BC-model)

S, =S(pm—1.). (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

Pnet = pc - pnw + pw (62)

is a generalized force causing saturation changes (Beliaev, 2001). This observation
together with the second law of thermodynamics allows to prove that if paw-pw>pc then
the non-wetting phase saturation must decrease, and if phw-pw<pc then the non-wetting
phase saturation must increase. Only at equilibrium the capillary pressure is equal to
phase pressure differences:

p. =P, — P, ifandonlyif S=0. (63)
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Under non-equilibrium conditions, for example during gas exsolution, an additional
term must be included:

p. = P,,— P, + F(%j when S #0. (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:

A

k K A

G =——22 Vp —p gVz+(Q —-Q )
qw /J 93 SW P w P wg z +( w nw) S

(65)

w

where Q,, and Q,, 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:

plﬂt" - pu,‘ ~ p“r‘gz + (Q w - Qnu,‘ ) ' ln SH" : (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.
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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 CH,4 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 OlKkiluoto site at depth
-500 m, the exsolution of dissolved CH, 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 S,=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 S,,=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:

o arelatively long spatial correlation scale for the fracture aperture had to be used
for the numerical model to converge in reasonable time

e the constant parameters for constitutional relationships had to be used for the
whole fracture

e behaviour of the system in the large-time limit can not be assessed due to long
simulation times

e the boundary condition at the tunnel wall is not justified and needs a revision

e 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®...10” 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.
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