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CHAPTEß 7

POROSITY VARIATIONS IN SALINE MEDIA
CAUSED BY TEMPERATURE GRADIENTS

COUPLED TO MULTIPHASE PLOW
AND DISSOLUTION/PRECIPITATION

7.1 Introduction

We have already pointed out that salt rock has some interesting properties
for radioactive waste disposal. For instance, it has low permeability and adequate
mechanical and thermal properties. Among these suitable properties, salt rock
also offers the possibility of healing natural or induced defects such as pores or
fractures. Sealing in saline materials is produced by a combination of deformation
and dissolution/precipitation processes.

In this chapter, we concentrate on dissolution/precipitation related phenomena
at the macroscale level. The main objective is to study possible sealing phenomena
caused by precipitation of salt which is transported through the liquid phase. A
second interest is the design of laboratory tests. In order to avoid undesirable
interactions with porosity changes caused by deformation, the medium will be
assumed rigid in the analysis. Non isothermal mechanical coupling may be required
in field situations.

Solubility of salt in water is a function of several variables: temperature, fluid
pressure, stress in the solid phase and presence of other components. The most
relevant dependence is on temperature (see solubility function of temperature in
Appendix A). In fact, migration of brine inclusions in the solid phase may be
caused by temperature gradients. Another important dependence is on stress. In
fact, the deformation mechanism refered to as Fluid Assisted Difiusional Transfer
(FADT) is primarily caused by concentration of stresses in grain contacts (Spiers
et al, 1990; Olivella et al., 1993; Chapter 4).

We conjecture that temperature gradients may induce important healing
phenomena in wet saline media. First, temperature dependence of solubility
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Figure 7.1: Hydrothermal coupled phenomena in saline media. Except for salt
dissolution and precipitation, the processes are the same as those considered by
Bear et al (1991).
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Porosity variations by dissolution/precipitacion

originates salt concentration gradients. Second, temperature dependence of vapour
concentration originates gradients of vapour pressure and, consequently, migration
of water vapour. When water evaporates from a saturated brine, the concentration
of solute increases above the equilibrium solubility and salt precipitates. In the
same way water condensation induces dissolution of salt. The vapour transfer from
a hot region to a cold region generates a brine motion. Motion of salt in dissolution
may be advective (liquid tends to flow in order to compensate for vapor migration)
or diffusive/dispersive (induced by gradients of salt concentration). Figure 7.1 is
a schematic representation of these coupled phenomena.

The fact that temperature gradients induce water fluxes in unsaturated media
(vapour from hot to cold and liquid from cold to hot) has been anticipated by
others, notably Bear et al (1991). What we want to stress, however, is that when
this process takes place in a highly soluble medium, such as salt, condensation will
be coupled to salt dissolution and evaporation to salt precipitation. In turn, this
will lead to well defined patterns of porosity changes. For example, in the case
depicted in Figure 7.1, porosity will be reduced (i.e. salt sealed) near the hot side,
while it will tend to increase towards the cold side.

The objective is to apply the theoretical model of Olivella et al (1994a, Chapter
3) in order to establish those patterns of porosity variations and to quantify the
rates at which they take place.

7.2 Notation

6 body forces vector in equilibrium equation (FL )
DU dispersion tensor (t = A, w for a — I and i = to, a for a = g) (ML-1T-1)
•DJn molecular diffusion coefficient (i = h, w) (L2T-1)

Da mechanical dispersion tensor a = /, g (L T )

d¡>dt longitudinal and transversal dispersivities (L)

EOC internal energy of a-phase per unit mass of a-phase (EM-1)

E& internal energy of t-species in a-phase per unit mass of t-species (EM-1)

/* external mass supply per unit volume of medium (x = ht to, a) (ML~3T-1)

/ internal/external energy supply per unit volume of medium (EL T""1)

f™ internal sink of water in fluid inclusion equation (ML~^T-1)

9 gravity vector (LT~2)
1 species index, h salt (halite), w water and a air (superscript)

f identity matrix (-)
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tjj nonadvective mass flux of ¿-species in a-phase (ML T )

»c nonadvective heat flux (EL~2T~1)

jßa advective energy flux in a-phase w.r.t a fixed reference system (EL"2!""1)

j'Ea advective energy flux in a-phase w.r.t. the solid phase (EL~2T-1)

Ja total mass flux of i-species in a-phase w.r.t. a fixed reference system (ML~2T~!

j¿ total mass flux of t-species in a-phase w.r.t. the solid phase (ML~2T~*)

k intrinsic permeability tensor (L2)

kra a-phase relative permeability (a = /, g) (-)

Ma molecular mass of air (M) (0.02895 kg/mol)

MW molecular mass of water (M) (0.018 kg/mol)

Pa fluid pressure of a-phase (a = Z, g) (FL~2)

Pv partial pressure of vapour (FL~2)

Pa partial pressure of air (FL~2)

qa volumetric flux of a-phase w.r.t. the solid matrix (a = /, g) (LT~*)

R constant of gases (E0-1) (8.314 J/mol/K)

Sa volumetric fraction of pore volume occupied by a-phase (a = /, g) (-)
C C*

Se (= -~1—4e-) effective liquid saturation (-)
slt~alr ' ^ '

SIT residual liquid saturation (-)

S¡s maximum liquid saturation (-)

T temperature (0)

^jjT solid velocity vector (LT~*)

a phase index, s solid, / liquid and g gas (subscript)

6l
a (= ul

apa) mass of t-species per unit volume of a-phase (ML~3)

A« thermal conductivity (EQ~llTl1~1}

fia dynamic viscosity of a-phase (a = /, g) (FL~2T)

V gradient vector (L-1)

pa mass of a-phase per unit volume of a-phase (ML~3)

(j> porosity (-)

ff stress tensor (FL~2)

<T surface tension of liquid (FL )

r tortuosity (-)

u>a mass fraction of t-species in a-phase (-)

Remark: for the shake of clarity F(force), M(mass), L(length), T(time),

E(energy) and ©(temperature) are used as primary quantities.
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7.3 Theoretical basis. Background

Olivella et al (1994a, Chapter 3) have established the governing equations for
non-isothermal multiphase flow of brine and gas through saline media including
mechanical deformation. Figure 7.2 is a schematic representation of the porous
medium with the species and phases considered. The main peculiarities of saline
media are related to the presence of salt in the liquid phase due to the high
solubility of the solid phase. Balance equations for mass, momentum and energy
were established and they are outlined in Appendix B. Aspects of the constitutive
theory associated to those balance equations were also included. Appendix A
contains more details of the constitutive laws concerning the problem of porosity
variations caused by dissolution/ precipitation presented here.

As an example of balance equation, the mass balance of water in the porous
medium as a whole is:

qsgt) + v . UT + tf +#) = fw (T.I)

The storage term includes water in solid, liquid and gas phases, respectively.

The definition of all fluxes is not included here. It can be found in Olivella et
al (1994a, Chapter 3). For instance, the total flux of vapour is obtained as:

•10 ¿W i /]IW_ i nW c JLÍ_ .¡'tí» i AU> C -A_ü ft r>\
^ 9 = la + Bg Vg + 0g i}9(t>~9t = 39 + e9 ó^ #7 ' '

that is, a nonadvective flux (molecular diffusion plus mechanical dispersion) and
two advective flux components (fluid motion and solid motion). Terms related to
solid motion (ti) are not relevant here because, as mentioned above, deformation
has not been considered in this study in order to avoid interactions with the
processes under analysis. However, the theoretical and numerical approaches
include mechanical behaviour.

This set of balance equations requires a corresponding set of constitutive
equations, equilibrium restrictions and definition constrains. In the group of
constitutive equations, we find Darcy's and Fick's law, retention curve and the
stress-strain relationship, among others. Equilibrium restrictions are used to
obtain the distribution of species in each fluid phase. These include: the solubility
equation for salt, Henry's law for dissolved air and psychrometric law for water
vapour. Finally, by definition constraints we refer to relationships that come
directly from the definitions of the variables, e.g. S¡ -i- Ss = 1, where 5/ is liquid
saturation and Sg is gas saturation.
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Figure 7.2: Schematic representation of the idealized microstructure of the
porous saline media.

Table 7.1 is a summary of the formulation for non-isothermal multiphase flow
of brine and gas in saline media. Details can be found in Olivella et al. (1994a).

7.4 Dimensionless forin of balance equations

In order to be able to generalize results and anticipate conclusions, this section
is devoted to writing a basic dimensionless form of the system of coupled partial
differential equations and to analyzing the dimensionless numbers for the main
transport processes.
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Table 7.1: Equation and Variable Summary

EQUATION NAME VARIABLE EQUATION NUMBER (1)

Balance equations

Salt mass balance

Water mass balance
Air mass balance
Water in inclusions mass balance

Stress equilibrium

Internal Energy Balance

Equilibrium restrictions

Solubility

Psychrometric law

Henry's law

Constitutive equations

Pick's law (vapour and salt)

Darcy's law (liquid and gas)

Inclusion migration law
Fourier's law

Retention curve
Mechanical constitutive model
Phase density (brine)
Gases law (gas)

Internal energy of phases

Definition constraints

¿ = I(v« + V«*)

Pi
Q
\Í)

Cv m

Ù

T

..hu>,

•w -n

?/,9ff
•w

a

PI

Pg

(Bl)

(7.1.B2)
(B3)
(B4)

(B5)

(B6)

(Al)
(A2-A6)

(A7)

(A19-A22)

(A23-A30)

(7.2)
(A31-A33)

(A11-A15)
(7.3)
(A8)

(A3.A9-A10)
(A16-A17)

J9

4
:w

(1) Equations can be found in Appendices A and B.

(2) Not included here (see Ratigan, 1984)
(3) Not included here (see Chapter 4)
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The basic dimensionless form of the water mass balance equation can be
written in terms of mass fractions by using the concept of partial density,
6 a = "aPa- This leads to:

f\

(VID

+ »ÌPgDbgD + ̂ ) ) = f D (7-3)

Dimensionless space (XD) and time (ip) definitions require reference values,
XQ and <o- The first one, XQ, can be taken as a characteristic length of the
medium. The second one, ÍQ, is a characteristic time whose value is problem
dependent. Thus, Vj) is the space derivative with respect to the dimensionless
coordinates, while d /dtp is the dimensionless time derivative. Finally /jj = ^-^
is a dimensionless external supply of water.

Up to this point, Eq (7.3) has been obtained from Eq (7.1) multiplied by the
factor ÍQ/PQ and the characteristic length introduced in the space derivative terms.
A single pQ reference value is used to define dimesionless densities (for instance,
/?0=1000 kg/m ). Usually, a reference density is not necessary but it has been
used here in order to eliminate mass units in (7.3).

Further steps in this dimensionless process require to focuss on specific
problems because a general dimensionless form of the coupled partial differential
nonlinear equations would be very complex if all processes were maintained in the
formulation. Instead of that, the dimensionless numbers associated to particular
processes will be investigated.

For two different non linear problems, the solution will be the same in terms of
the dimensionless variables if and only if the dimensionless geometry is the same
(geometrically similar) and, the initial values of all the variables and terms that
appear in the dimensionless equations of the problem have the same dimensionless
values. Of course, if the problem is linear this affirmation is too strict because the
dimensionless solution does not depend upon the initial values.
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The most important parameter in the dimensionless equation is ÍQ. This
characteristic time should be closely related to the main processes that take place
in a given problem. For simple (linear and not coupled) problems, it is usually
obvious which characteristic time one should use. Table 7.II displays examples
of characteristic times for some linear problems. For problems that lead to the
diffusion equation, f Q is defined as the ratio between the square of the characteristic
length (XQ) and the diffusivity. For advection/ convection dominated situations,
ÍQ is proportional to XQ. The use of dimensionless times allows one to reduce
solutions of geometrically similar problems to a single solution.

Since any physical problem may be linearized in one way or in another, we
have some clues for choosing the characteristics times. For complex (nonlinear
and/or coupled) problems, the selection of a characteristic time may help us to
see the relative importance of the different processes that take place. In general,
there are different fluxes, some of them nonadvective (diffusion, dispersion) other
advective (advection caused by the fluids or by the solid). If, for instance, diffusion
is dominant, we will have to define a ÍQ proportional to XQ. If the characteristic
time ÍQ is not defined linearly (for instance the coefficient of molecular diffusion is
not constant in our formulation, see Appendix A), a representative value for the
entire problem will have to be chosen.

It should be pointed out that non constant parameters, in general, may undergo
strong variations. For instance, relative permeability of an unsaturated porous
material has a strong non-linear dependence on degree of saturation. Hence if a
porous material goes from very dry conditions to conditions near saturation, the
characteristic time will have to do with an hydraulic conductivity which is not
known "a priori".

A further step in this analysis is the introduction of the characteristic
dimensionless numbers. These are defined as ratios between the characteristic
times. Table 7.III summarizes the characteristic times related to transport of
vapour, salt and heat. The Peclet number and the Rayleigh number are defined
as:

_ in (diffusion/dispersion) ,„ .pe - v / * L (7.4a)
¿0 (advection)

ÍQ (diffusion/dispersion) . .
-ria = — —r (7-40)

IQ (convection)

to this work we are more interested in the Rayleigh number because we
study the effects of temperature gradients and do not impose fluid pressure
;xternal gradients. Since the approach assumes equilibrium of salt and vapour
:°ncentration, the characteristic times for natural convection should be written
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Table 7.II: Examples of characteristic times for linear problems

Problem

Linear diffusion

Linear advection

Viscous linear deformation
under constant stress
(Maxwell model)

Equation

Ou _ T £ 8i*w _ Q

du i SQÔW n
flA "| J Q^ ^~ U
vv V vX

de , er _ Q

Characteristic time

a2

-*

-*

Table 7.Ill: Characteristic times (¿Q) for transport processes

Species
or quantity

salt

Watf»r

vapour

Thermal
energy

Notation:

Diffusion/
/dispersion

*2¿
täTDk+dm

*&
<f>SttTD%+d¡qa

i
D: thermal
diffusivity

Advection
(forced)

X0<f>

9l

*o¿
9«

XQ(f>

5

q¡,g: phase
flux

Convection
(natural)

Xo<í> XQlji

jfj/3/Awf /CIÄAT

xo^ *o$
KgftAuy - K„ßgAT

XQ<f>
KßAT

K: hydraulic conductivity
ß: vol. expansion coeff. __
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in terms of temperature difference rather than concentration difference. In this
situation, a total thermal expansion coefficient for a fluid phase should incorporate
the total variations of density caused by temperature changes. In other words,
density is a function of temperature because the thermal expansion of the fluid
and also because species concentration changes with temperature. For instance,
the total volumetric thermal expansion coefficient for brine would be written as:

PldT

This volumetric expansion coefficient is then calculated using the function of liquid
phase density (A8) and the function of solubility (Al).

In an unsaturated saline medium, diffusion of vapour and salt take place. At
52°C (average temperature for the numerical simulations in section 7), a value
of the order of rD^ = 1 x 10~8m2/s (r = 1.0) can be considered for molecular
diffusion of salt in brine in a porous material. However, smaller values are often
encountered in salt rock due to tortuosity effects (r < 1.0, « 0.01) and unsaturated
conditions. The latter may lead to a strong reduction in medium with low moisture
content. For salt we can write the Rayleigh number as:

(7<6)

Using <j> = 0.4, ßi = 1 x 10~4, AT = 60 °C , x0 = 1 m, 5j = 1, rD^ = 1 x 10~8m2/s
(T = 1.0), and neglecting mechanical dispersion (velocities caused by natural

1 convection are very small), a hydraulic conductivity for brine of the order of
5 X 10 m/s (intrinsic permeability of the order of 5 x 10~~14 m2) is required
to obtain .Rasa" = 1. Brine hydraulic conductivity for saturated porous salt
aggregates ranges from 10™* to 10~8 m/s (intrinsic permeability from IO"11 to
10~15 m ). This indicates that in saturated porous salt aggregates subject to
temperature gradients, convection plays a similar role as diffusion. Hence, under
saturated conditions, the two processes may control porosity variations.

When the medium is not saturated, vapour motion is relevant. At the same
temperature, the value of molecular diffusion coefficient for vapour in air is of the
order of rD^ = 5 X 10~5 m2/s (T = 1.0). This is more than three orders of
Magnitude larger than molecular diffusivity of dissolved salt. It is also recognized
that at low temperatures vapour diffusion is enhanced rather than retarded as
happens with a solute in water (Pollock, 1986). On the other hand, a given
temperature gradient produces much higher vapour concentration gradients than
salt concentration gradients. Therefore, under unsaturated conditions and with
temperature gradients, vapour diffusion and its coupled phenomena should be
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expected to be more important than salt molecular diffusion and salt natural
convection caused by density variations.

However, as already explained, vapour motion induces brine flux, so that
advection of salt becomes important. In this case, vapour and brine fluxes are
clearly linked because the first induces the second. Therefore, it seems that
although advection takes place, the characteristic time should be related to a
diffusive process, and consequently, proportional to ZQ. Prom the point of view of
heat transport, heat conduction is also a diffusive process, hence its characteristic
time will be also proportional to XQ. The assumption that times can be make
dimensionless using a characteristic time with the form ÍQ = x$/D has been
confirmed by numerical simulations with varying sizes of the medium length.

For the unsaturated problem presented here, it is assumed that molecular
diffusion of water vapour dominates advection and convection of vapour. Under
this assumption, a one-dimensional approximation suffices. That advection is not
important, is a direct consequence of considering only temperature gradients. Gas
pressure gradients are considered negligible because the medium has relatively
high permeability. Natural convection of vapour could be produced by variations
of gas phase density. The Rayleigh number for vapour is written as:

P vapour
Ra =

Using <f> = 0.4, ßg = lx IO"3, AT = 60 °C, xQ = lmiSg = 1, rD% = 5 x IO"5

m / s (r = 1), and neglecting mechanical dispersion, a gas hydraulic conductivity
of the order of 5 x 10~4m/s (intrinsic permeability of the order of 5 x IO"11 m2)
is required in order to obtain JRavaP°ur = 1. This is a high permeability which
would require a very coarse material. In general, for fine grained materials (lower
permeability than with large grain size) convection of vapour induced by gas phase
density variations will be negligible.

7.5 Numerical approach used to develop CODE-BRIGHT

The set of coupled nonlinear equations requires numerical solution. For this
purpose we have developed CODE-BRIGHT (Olivella et al, 1994b, Chapter 5)
which is a finite element simulator to analyze coupled deformation, brine, gas and
heat transport problems. The main points of the numerical approach on which is
based CODE-BRIGHT regarding hydrothermal problems can be summarized as:

- Linear finite element for space discretization. This simple approximation
allows the use of simplifying computational techniques which are very
recommendable for coupled problems.
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Linear finite diferentes for discretization along time and implicit integration.
Time derivatives are computed as the ratio between the variable increment
and the time increment.

Mass conservative approach to treat storage (accumulation) terms. For
instance, dm/dt is approximated as Am/ At instead of using the chain rule
to splitting it in terms of time derivatives of state variables.

Element-wise discretization for transport parameters (e.g. relative
permeability). This means that a single value is used along the entire
element, which simplifies integrals over elements.

Modified cell-wise discretization for degree of saturation. A cell is the region
associated to each nodal point. If the medium was homogeneous, only one
value would suffice per cell. When each element has different properties,
in genereal, the function for degree of saturation will be different at each
element.

Node-wise discretization for physical quantitites (e.g. vapour mass fraction)
and state variables (e.g. temperature). Nodal values are interpolated
linearly along elements.

Chain rule in not used to transform the contiuum medium equations
in terms of the state variables, a direct approximation is used. Mass
conservative scheme is the name that receives this approach regarding
storage terms. Nonadvective fluxes are also treated in a similar way,
therefore, mass fraction of a species is directly discretized and treated as
node-wise.

The Newton-Raphson method is used to find an iterative scheme to solve
for the nonlinearities. The numerical approach described here necessarily
requires this method because in the equations it is not possible to solve for
or eliminate the unknowns.

Porosity is computed through the salt balance equation. The variations
of porosity can be considered as an addition of two terms: volumetric
deformation of the skeleton and dissolution/ precipitation of salt.

A comment concerning the last point of this brief summary is required. The
computation of porosity variations is made with a specific algorithm. As shown in
Olivella et al. (1994a, Chapter 3), the balance of salt (see Appendix B, Eq. Bl)
can be rewritten in the following way (for undeformàble medium):

d<t>
j£ = b(<j>, state variables) (7.8)
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where 6 represents a nonlinear function of porosity and the state variables (see
Eq. Bl). The material derivative with respect to solid displacements which was
used in the general formulation has been reduced to a time derivative because
deformation is not considered here.

Equation (7.8) is used to compute porosity in two ways. First, any porosity
variation term that appear in Equations (B2) to (B6) is substituted by (7.8), and
after doing so, only <f> will appear in these equations but not its time derivative.
This means that the solution of the problem takes into account porosity variations.
Second, a finite difference in time allows to computing explicitly the variations of
porosity:

i.. ~ t = &(<&*, state variables**1, state variables*) (7.9)t*"i"i — t*

where b is known once the problem has been solved for the new time step t "*" .
Since porosity variations are expected slow compared to the hydrotermal and
mechanical processes that take place, explicit integration (only for porosity) is
considered to be a sufficiently accurate approximation.

A special algorithm is required for deriving the space variation of porosity if
dissolution/ precipitation processes take place. If only deformation is the cause for
porosity changes, volumetric deformation is computed at every point as a function
of nodal displacements, and consequently, a space function of porosity may be
easily obtained. An element-wise distribution is considered usually sufficient;
interpolation from values at integration points may also be used in some cases.
However, if dissolution/ precipitation processes occur, it is not easy to establish
a point by point expression for porosity because a mass balance equation which
includes lateral fluxes is used. Such balance can be computed in each cell, but
ut is not trivial to derive how to distribute dissolved or precipitated salt among
adjacent elements. The mass of salt that is dissolving or precipitating in any node
is distributed on the neighbouring elements as a function of element volume and
porosity, i.e. of the volume of voids available. In any case, results are not very
sensitive to the approach adopted for this distribution.

7.6 Porosity variation due to dissolution/precipitation

It has already been explained that salt can be transported from one point to
another in a saline porous medium by nonadvective flux (molecular diffusion plus
mechanical dispersion) and by advective flux. In saline media, salt migration is a
cause of porosity variation. In this section the approach is applied to compute
variations of porosity caused by thermal differences in an unsaturated saline
medium.
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Porous
saline

medium

/
\

0o=0.3 (all cases)

1.0 (saturated)

0.35 (unsaturated)

Figure 7.3: Porous salt sample subject to a temperature gradient. Mass transfer
is not permitted accross the boundary, only heat in or out is possible according
to the condition of prescribed temperature. The temperatures that have been
imposed in the hot and cold walls are: T\ = 82°C and T2 = 22°C.

The values of material parameters that have been used for the computations
are summarized in table 7.IV. The parameters not appearing in this table and
necessary are not material-dependent and have been included together with the
kws in Appendix A. Boundary temperatures are: 82°C and 22°C. Initial liquid
saturation is 0.33 and initial porosity is 0.30 (Figure 7.3).

Liquid(brine) advection is induced by water vapour migration. This is obvious
ln a closed system because water mass balance forces an opposite brine flux to
compensate vapour flux. Figure 7.1 illustrates the processes involved. Vapour
^gration from the hot to the cold boundary induces à water mass transfer which
must be counterbalanced by an opposite liquid flux. In Section 5 it has been
explained that in salt aggregates under unsaturated conditions, the movement of
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Table 7.IV: Material parameters used in the computations

Parameter Symbol Value

Intrinsic permeability
(initial value)

Porosity (initial)

Retention curve
and relat, permeab.
parameters

Dispersivity
(long, and transv.)

Tortuosity (vapour)
Tortuosity (salt)

Thermal conductivity
(solid, liquid and
gas)

*0

PQ

dt

T

T

A,
xa

1 x IO"12 m2 (Case 0 and 2)
1 x KP13 m2 (Case 1)

0.30

0.001 MPa (Case O and 1)
0.01 MPa (Case 2)

0.072 N/m
0.33

0.05 m
0.005 m

1
1

5.0 J/m/s/°C
1.0 J/m/s/°C

0.01 J/m/s/°C

salt will be predominantly advective. The reasons are: unsaturated hydraulic
conductivity will be low leading to negligible natural convection; and, diffusion
of vapour is much larger than diffusion of salt leading to liquid phase flow large
compared to salt molecular diffusion.

According to the considered fluxes of salt and water, it is clear that in this
one-dimensional situation there must be, at least, one zone where salt precipitates
and another zone where salt dissolves. A one-dimensional regular 50-element has
been used in all computations.

Results are summarized in Figure 7.4 which displays the pattern of porosity
variation, degree of saturation and brine flux profiles obtained in the numerical
exercise at several selected times. Figure 7.5 compares Case 0 and 1 (one order of
magnitude reduction of permeability) in terms of the values for the time in which
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the simulation was stopped (tj) = 594.05 ), while Figure 7.6 compares Case 0 and
2 (one order of magnitude increase in capillary rise).

Theoretical considerations permit to conclude that characteristic time can be
defined as <Q = X%/D because processes are all of diffusive type. The numerical
analysis has been carried out for sample lengths XQ =0.5 and 5.0 m, respectively,
giving identical results in terms of dimensionless times. This confirms that the
characteristic time is proportional to ZQ. This allows space and time scaling.
However, the nonlinear character of this problem does not allow any further
extension of this computation than the geometrical one, i.e. it is not possible to
extend the result for another set of parameters. In order to obtain dimensionless
times the characteristic time has been computed as:

(7'10)0.30 0.33 5 x IO"5

where the initial conditions of the analysis are considered, i.e. the initial porosity
and degree of saturation. Molecular diffusion coefficient has been calculated at
52°C.

The pattern of porosity shows clearly a sealed zone and a porosity increasing
zone at a certain advancing distance. The profiles of liquid saturation indicate
that there is a displacing saturation sharp front which creates two different zones:
a dry region near the hot side and and increasing saturation zone near the cold
side.

Because of the sealing, porosity and also hydraulic conductivity have decreased.
Hence, the liquid cannot flow back to the region where water evaporated. Both,
intrinsic permeability and relative permeability suffer strong reductions in the
sealed zone. Liquid phase fluxes are always from the cold to the hot side and its
magnitude increases in this same direction. This can be explained because the
accumulated amount of condensed water increases from the cold to the hot sides.

An increase of porosity takes place near the cold wall. This is explained by the
fact that vapour flux does not vanish near the wall, and a liquid flux must balance
Jn the opposite direction. The resulting effect is a strong extraction of salt near
the wall. In the scheme of a backfilled gallery, the cold boundary is assoctiated
with the host rock, hence a dissolution of it is expected.

The porosity increae produced in the zone of dissolution is important and the
Maximum value is increasing progressively. This unstable increase in porosity
could be compensated by deformation if the medium was under a certain
compressive stress. As porosity increases the material becomes more deformable
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(see Table 7.IV). Curves are for several dimensionless times (tp = t/tç, ÍQ =
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and porosity would tend to reduce with a faster strain rate where porosity is
higher (Olivella et al. 1993, Chapter 4). In fact, salt fills are usually under
compressive stresses caused by cavern convergences. Coupling with deformation
is not convenient at this stage of study, but further investigations will go in this
direction.

As part of the parametric analysis, the same problem has been solved varying
some hydraulic properties of the material. In this problem intrinsic permeability
and retention curve have been varied. These can change from one material to
another, for instance, because different grain sizes. The parametric analysis is
not comprehensive and has been limitted to varying the initial value of intrinsic
permeability (the same dependence with porosity is maintained) and one of the
parameters (Po) that characterizes the retention curve model (see Appendix A).

Case 0 and Case 1 only differ in the value of initial intrinsic permeability, which
has been taken one order of magnitude smaller in Case 1 than in Case 0. All other
parameters and initial conditions are kept unchanged (see table 7.IV). Figure 7.5
compares the profiles for the last time computed. At a lower permeability (Case 1),
the sealed zone is more advanced towards the cold boundary but porosity variations
are smaller. This is because the less permeable is the medium the more difficult
for liquid phase to reach the zone were evaporation occurs, but vapour motion
does not depend on permeability. Sealing is less important for lower hydraulic
conductivity because the liquid phase flux, which is responsible for salt transport,
is much less important.

Case 0 and Case 2 only differ in the retention curve. Specifically the parameter
PQ has been increased in one order of magnitude. This indicates a material with
higher capillary fringe, or in other words, with higher saturation for a given
capillary pressure. The comparison of Case 0 and Case 2 (Figure 7.6) reveals
that brine flux towards the hot boundary is favoured in Case 2 with respect to
Case 0. In Case 2 similar capillary pressures near the hot side cause degrees of
saturation larger than in Case 0, consequently, relative permeability is higher than
in Case 0 and brine is allowed to flow easier towards the sealing zone. The resulting
effect is that sealing increases notably near the hot wall.

'•7 Conclusions

This chapter is based on numerical simulations performed with the program
CODE_BRIGHT which is based on earlier developments. The numerical model
allows to carry out simulations of coupled deformation, brine, gas and heat
transport in saline media. In this chapter, the model is used to investigate coupled
Phenomena related to porosity variations caused by dissolution/ precipitation
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of salt induced by temperature gradients. A further objective is the design of
laboratory experiments.

The coupled phenomena studied here are based on uncoupled processes, e.g.
gradients of pressure only cause liquid fluxes. The main conclusion is that porosity
variations may be produced by dissolution/ precipitation of salt which are induced
by temperature gradients. These cause vapour concentration gradients which are
driving force for vapour migration. In a mass closed system the flux of water
through the gas phase is balanced by brine flux which transports dissolved salt.
The porosity patterns are well defined and will be experimentally investigated in
the future.

Prom the analysis performed some conclusions regarding the behaviour
of unsaturated porous saline materials under temperature gradients can be
established. Sealing by porosity reduction takes place in the hot side while damage
by porosity increase occurs in the cold side. A moving front of saturation leaves
a dry zone in the hot side while brine is pushed towards the cold side. With
lower initial values of hydraulic conductivity the possibility of sealing by porosity
reduction decreses. A porous material with higher capillary fringe causes more
sealing than with a material with a lower one. These parameters can change from
one material to another mainly due to different grain sizes.

It is clear that much work remains to be done. For one thing, further
parametric analyses should be done in order to identify the critical parameters.
Moreover, changes in the types of characteristic retention and relative permeability
curves, which we have taken constant, should be expected. Finally, these results
should be validated experimentally.

7.8 Appendix A. Equilibrium restrictions and constitutive equations

DISSOLVED SALT

- Function for solubility of NaCL in water (Langer and Offermann, 1982) (-):

h / / ,™ % 35.335 - 0.22947 Tc c -

WATER VAPOUR
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- Psychrometric law (Edlefson and Anderson,'1943; Sprackling, 1985):

w
(273.15

(0™)° is the vapour density in the gaseous phase in contact with planar surface
(i.e. Pg — PI = 0), it depends on temperature and solute concentration (see
A3 to A6).

- Vapour density, law of ideal gases:

^ 9/ R (273.15 + T)

Pv(T,wf) = PV(T,Q] F(T,u>f) (A4)

F(T, u>f) = [1.0 - ((m - 3.0)(1.977 x IO"3 -1.193 x 10~5r) + 0.035) m] (A5)

Pt)(T,o>j ) is } nial pressure of vapour, F is an empirical function (Horvath,
1985) and m i. -. lolality. Partial pressure for pure water (A6) is approximated
using data from G arrels (1975).

DISSOLVED AIR

- Function for solubility of air in water (Henry's law) (-):

/ TT X Jf \ /H Mw

Pa is air pressure and H = 1000 MPa is the Henry's constant.

BRINE DENSITY

~ Function for density of liquid phase (kg/m3):

PI = 1002.6 exp(4.5 x 10~4(P/ - 0.1) - 3.4 x 10~4r + 0.6923a;/1) (A8)

GAS DENSITY
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- Density of air, law of ideal gases:

0« _ Ma Pq U9Ì
* ~ R (273.15 + T) { }

PO, = Pg — Pv is the partial pressure of air as a component of the gas phase.

— Density of the gas phase, addition of partial densities of species:

Pg = Ç + Ç

DEGREE OF SATURATION

- Retention curve (van Genuchten, 1980):

A and P are material parameters. The parameter P and surface tension a are
related according to:

- = & (A12)
-

Function for surface tension of brine (Horvath, 1985) (N/m):

(7 = a0(T)

= 0.03059

Atr(wf) = 0.04055wf

<TO(T) is the surface tension of pure water which has been obtained by fitting
values of surface tension given in Custodio and Llamas (1983). Acr(u>j ) is the
increment of surface tension due to salt concentration. The linear dependence
has been chosen to fit data given by Celeda and Skramovsky (1984).

INTERNAL ENERGY IN PHASES
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- Internal energy of the gas phase (J/kg):

Eg = Efu» + Ea
gu

a
g (A16)

with J3J? = 2.5 x 106 + IQOO.Or and E$ = lOOO.Or used by Pollock (1986).

- Internal energy of the liquid phase (J/kg):

EI = -E/V + Efuf + E^ (An)

with Ef = 3144.0T (Wood, 1976), Ef = 1000.0T and Ef = 1.42 x IO5 +
2222.0T (Wood, 1976).

- Internal energy of the solid phase (J/kg):

with E? = 3144.0 (Wood, 1976) and E¡ = 800.0.

SPECIES FLUXES

- Species fluxes (molecular diffusion), Pick's law:

l + paD'a) V^ (¿19)

- Molecular diffusion for salt in brine (m2/s):

^ - 1 . 1 x 1 0 - ) U20)

- Molecular diffusion for vapour in air (used by Pollock, 1986) (m2/s):

Dm — 5.9 X 10 ir Í.A¿1)i** p \ /

Pg is in MPa.

~ Mechanical dispersion tensor:
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PHASE FLUXES

- Liquid or gas volumetric flux, Darcy's law (Bear, 1972):

qa = - ( V P a - pai) (¿23)
Ma

— Viscosity of brine (used by Hassanizadeh and Leijnse, 1988) (MPa • s):

) (¿24)

1.85u>f-4.10u;f 2 + 44.5wf 3 (¿25)

is the viscosity of pure water. Temperature dependence obtained from
Rössel (1974).

- Viscosity of gas phase (Rössel, 1974) (MPa s):

= 1.48 x 10"
(-1 . 119 \\L + 273.15+ry

- Intrinsic permeability (Kozeny) (m^):

¿Q is the tensor of intrinsic permeability for the initial porosity <f>Q.

— Relative permeability of liquid and gaseous phases (van Genuchten, 1980) (-):

kri = S¡/2(1 - (1 - Slß)xf Se < 1 (¿29)

krg = 1 - krl (¿30)

This function uses the same parameters as the retention curve.

HEAT FLUX
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Conductive heat flux, Fourier's law:

»c = -AVr (A31)

- Thermal conductivity (dependence on brine content):

A = Adry(1.0 -Jsi) + Asatv/5¿. (A32)

- Dry and saturated thermal conductivities (dependence on porosity):

\ \ ( l~^)\^ \ \ ( I~~^)A^ ( AII\Adry ~ * A9 Asat — Aa Ai (AÓOJ

thermal conductivities of phases (As, A/, Xg) are used.

7.9 Appendix B. Balance equations

Balance of mass of salt for the porous medium as a whole:

jt(e
h

s(i -fl + efsrf) + v • (jì +JÍ) = fh (-si)

The storage terms (time derivative) include salt in solid phase and salt dissolved
in the liquid phase. Flux of salt in liquid (j¿ ) is the sum of a non-advective
counterpart (diffusion/dispersion) and two advective terms: one caused by liquid
motion, the other by solid motion. Flux of salt in solid is a term originated by the
motion of inclusions.

Balance of mass of water for the porous medium as a whole:

ft
a*u a ¿\ i T7 ( ¿v> i ¿i-6L bg<t>) + V -(J3 +J,

The storage term includes water in the solid (brine inclusions), water in the liquid
and water in the gas phase. Motion of water takes place in the three phases. Each
of these three fluxes is a sum of advective and non-advective terms.

Balance of mass of air for the porous medium as a whole:

¿¿(VfSrf + 6<gSg<!>) + V • (jf + jj) = /° (S3)

Similar ideas as in the previous equations except that air is not considered as
Present in the solid phase.
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Balance of mass of water in inclusions that are contained in the solid phase:

/)
\J 8 / ~* J 3 \ /

This equation is necessary to study the influence of brine inclusions because water
in solid can not be considered in equilibrium with the water in pores.

Equilibrium of stresses for the porous medium as a whole:

V-ÍT + 6 = 0 (55)

This equation corresponds to the balance of momentum for the porous medium.

Balance of energy for the porous medium as a whole:

Q

+ V - (ic + j Es + 3 El + 3 Eg} = f*

The internal energy for each phase appears in the storage term. Conductive flux
of heat is the non-ad vective term which is added to advective heat fluxes.

Details regarding this formulation can be found in Olivella et al. (1994a) and
in Chapter 3.
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CHAPTER 8

APPLICATION TO ANALYZE THE
BEHAVIOUR OF A SEALING-DAM

8.1 Introduction

As an example of application of the model, the simulation of a sealing dam is
presented. Here we refer to the core of the sealing system which contains other
elements such as concrete abutments to ensure confinement. It is foreseen that
the core of the sealing system will be built using compacted bricks made of fine
grained crushed salt. A description of the sealing system can be found in Chapter
2.

These long term dams, as will be referred, have the objective of isolating
wastes for long term periods. For this reason, it is expected that the hydraulic
conductivity reaches low values. After construction, the dams are subject to
actions from the host rock. Depending on the initial conditions, material properties
and boundary conditions, the dams will reach different final properties after an
operation period of time.

At present, no experimental evidence is available for this specific scheme, but
some results exist for backfilled galleries with uncompacted crushed salt. It is
expected that the model will be applyied in the future to reproduce results from
field tests that are currently in progress in the Asse mine (Germany). The objective
of the analysis that is presented here is the identification of possible phenomena
during gallery convergence.

8.2 Conditions of the analysis

The parameters and conditions used in the analysis are summarized in Table
8.1. A gallery excavated in a rock salt medium is considered. The gallery is then
backfilled with a compacted porous salt aggregate with an initial porosity of 0.20,
degree of saturation of 0.1 and grain size 200 /im. Volumetric brine content defined
as BI = <j)Si results in 0.02, which is relatively low. These values are in accordance

the values proposed to manufactúrate salt bricks that will be used to build
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Figure 8.1: Schematic representation of the problem to be modelled
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sealing dams. The rock has an initial porosity of 0.001 which is a typical value for
the rock. The rock is assumed initially saturated, i.e. only containing brine.

Figure 8.1 is an schematic representation of the phenomena that will be
modelled. Two different phases during the operation of a barrier made of porous
salt are expected. At the begining, unsaturated behaviour takes place and brine
degree of saturation increases by porosity reduction and also by inflow from the
host rock. When saturation occur, i.e. the voids become fully occupied by brine,
pore pressure builds up and the brine tends to be squeezed out from the seal.
Pore pressure in the seal overcomes the values in the surrounding rock because the
backfill is very confined and brine outflow is not allowed, except through the rock.

The initial and constant throughout the analysis temperature of the medium
is 40 °C which may correspond to a depth of approximately 700 m. It is assumed
that the wastes (heat sources) are far from the sealing structure. Although no
variation of temperature is expected, this variable has been included in the set
of unknowns in order to correctly treat the possible vapour movement. It was
observed that the influence of heat transfer was small for this problem because
the computed temperature remained constant during the analysis. In fact, for
this kind of analysis, the energy balance equation could be dropped. For this
reason, thermal parameters and constitutive laws for energy equation have not
been included. The typical values given in other chapters are used.

The initial stress state before excavation of the gallery is isotropie with 15.0
MPa of mean stress, which corresponds to a depth approximately of 700 m (rock
density is 2165 kg/m ). The host rock is assumed saturated with brine with a
constant pressure of 0.5 MPa at the top and bottom of the domain. This value is
much lower than brine hydrostatic pressure corresponding to 700 m. However, this
value seems more realistic due to the existence of other galleries. An analysis of a
real problem requires a very precise measurement of boundary conditions. Plane
strain analysis assumption is made because these structures should be relatively
long (about 10 m) and concrete abutments are constructed at both ends, which
provide a high degree of confinement.

Elastic Young and Poisson modulus are constant for the rock. For the backfill
Young modulus depends linearly on porosity, which is in accordance to laboratory
results of tests on bricks, and Poisson modulus is constant. For creep deformation,
the model and parameters presented in Chapter 4 are used. Creep viscous
coefficients are in accordance with the experimental results presented there.

For intrinsic permeability, a constant low value is considered for the rock.
For the dam, a higher value of intrinsic permeability is used as initial value
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Table 8.1: Material parameters and initial conditions used in the
analysis

Parameter

Initial porosity

Initial degree
of saturation

Initial liquid
pressure

Initial and constant
gas pressure

Initial and constant
temperature

Grain size

Initial mean stress
(compression)

Young's modulus

Poisson's ratio

DC mechanism

FADT mechanism

Intrinsic
permeability
(Kozeny's function)

Retention curve and
relative permeability
(van Genuchten function)

Symbol

<f>0

SIQ

PIO

PgQ

d0

<TO

E

V

n
A

B

*o

A
Po

Value

0.001 (r)
0.20 (b)

1.0 (r)
0.1 (b)

0.5 MPa (r)
-0.1 MPa (b)

0.1 MPa

40 °C

0.010 m (r)
0.0002 m (b)

15 MPa (r)
0. MPa (b)

25000 MPa (r)
12000 + 95000(0.30 - <f>) MPa (b)

0.30

5.375
5. x 10-6exp(=ffP) s-1 MPa~n

6.X10-13 /-2453CK -1MP -1 3
•nrp *-̂ H RT ' ivi i a m

1.0 X IÓ"19 m2 (r)
1.0 x 10~13 m2 for ¿o = 0.20 (b)

0.33
1.0 MPa (r)

0.001 MPa (b)

(r) rock, (b) backfill
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corresponding to the initial porosity. Values for other porosities are computed
with Kozeny's relationship (see Chapter 7) in the case of the seal.

Finally, retention curves axe scarcely known for saline materials. For the rock,
a high capillary fringe is considered (P0 = 1 MPa). This is a consequence of the
assumption that the pores have a small size, hence it will very difficult to push
water outside the rock by pressing with air. For the seal a lower value is used
taking into account the values encountered for granular aggregates. The model
used for retention curve and relative permeability is the van Genuchten model
(Chapter 7).

The finite element mesh designed (Figure 8.2) for this problem covers a domain
of 9.8 X 19.4 m . It consists of 481 nodes and 448 quadrilateral elements.
Symmetry considerations allow to model only half of the entire surronding medium
and gallery. A sequence of galleries separated 19.4 m approximately is consistent
with the vertical boundary at 9.8 m from the symmetry axis. The vertical
boundaries do not allow horizontal displacement and the bottom boundary does
not allow vertical displacement. A stress of 15 MPa is applied on the top boundary.
The vertical boundaries do not allow heat and fluid flow. Gas phase has not been
considered in this analysis based on the assumption that air can flow easily outside
the pores of the seal as full saturation of pores takes place.

After excavation, stresses and brine pressures change to reach a new steady
situation. This is achieved numerically simply by using some fictitious values
in the host rock and a boundary condition in the gallery wall. Values three
orders of magnitude larger have been considered for elastic, viscous modulus and
permeability of the rock. The gallery wall is assumed at constant atmospheric
pressure (0.1 MPa) during this fictitious period. This method is used instead of
doing a long term simulation. After a short time period (10 seconds) stresses
and brine pressures in the rock become equal to the values that would have been
obtained after a long term simulation. Practically no influence is observed on the
seal. After these 10 seconds, the fictitious material properties are set to the correct
values and the boundary condition in the gallery wall is supressed.

8.3 Results of the analysis

The initial distribution of stresses in the medium is shown in Figure 8.2. It
can be observed that the backfill is under a very low compressive stress due to its
low stiffness. The host rock is under a distribution of stress in accordance to the
power law type of creep relationship. .

Convergence of the gallery induces porosity reduction in the seal. In Figure

-143-



Chapter 8

S t r e s s s c a l e
(MPa)

n 4 8 1 2 1 6
« I f f

-v -v- x x \ f /X- f -

Figure 8.2: Finite element mesh used for the analysis and initial stress
distribution.
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8.3, the distribution of porosities in the backfill is shown for two times during
the analysis (3241 and 4051 days, or, 8.9 and 11 years). Time discretization
is automatically obtained according accuracy and convergence requirements.
However, if required, the results could have been obtained at any fixed time if
field results were available.

The two distributions of porosity show a nonhomogeneous pattern indicating
that volumetric strain has not taken place regularly in the seal. Here dissolution
and precipitation processes are not relevant because the absence of thermal
gradients. Heterogeneity is more important at 8.9 years than later (at 11 years),
which reveals that porosities tend back to a more homogeneous values.

Figure 8.4 shows the distribution of degree of saturation in the backfill. After
8.9 years, it appears a zone where degree of saturation is still around 0.2 not very
far from the initial value of 0.1. However, the lowest corner is near fully saturation,
indicating that brine is inflowing the seal from the rock. After 11 years the seal
shows two zones, half of it is fully saturated with brine and the remaining half
remains still unsaturated.

Instead of presenting a sequence of contour maps of the backfill for several
times, we include here time evolution of variables at four selected points. These
are situated within the seal in the following way: at the top (near the roof), at
the bottom (near the floor) and in the middle (one near the centre and another
near the wall).

Figure 8.5 shows the evolution of porosity and volumetric brine content.
Porosity evolution shows two clearly marked periods. A very small residual
porosity (4> « 0.001) remains in the backfill after 10000 days (27 years). The
seal has been transformed into a rock-like material. Volumetric brine content
increases up to a point and then decreases towards a very low value.

Figure 8.6 shows the variations of brine pressure and degree of saturation.
The strong variation of degree of saturation is mainly caused by volumetric
deformation, i.e. changes of porosity. It is obvious in Figure 8.6 that fully
saturation of the backfill takes place progressively from the floor to the roof. When
all points in the seal become saturated, brine pressure sharply builds up. The
regime changes from unsaturated to saturated.

The variation of brine pressure during the unsaturated phase is much more
modest than after saturation. It is also interesting to notice that pressure builds
up simultaneously in all points despite fully saturation takes place progressively.
When all the seal is saturated, brine increases its pressure in order to invert and
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increase the pressure gradient towards the rock. It is very interesting to notice that
the flow regime is towards the seal before saturation and reversed after saturation.
This fact can be observed in terms of volumetric brine content (Figure 8.5).

First, a period in which brine content increases in the dam because there
is flow from the rock. Then, another period in which brine is squeezed out by
porosity reduction because the voids are saturated with brine. The maximum
volumetric brine content reached is approximately two times (0.04) the initial one
(0.02). Since hydraulic conductivity is relatively low (also in the aggregate) brine
movement is not very important.

Figure 8.7 shows the time evolution of total and net mean stresses in the seal.
Mean net stress is defined as the difference between total mean stress and: gas
pressure (unsaturated state) or liquid pressure (saturated state). Total stress is
small until saturation of the seal is reached. At this point, the increase is sharp in
a similar way as for brine pressure. Net stress tends to increase before saturation
but brine pressure build up causes a sharp reduction. After 10000 days, total
stress tends towards the stress in the rock. At this final phase, net stress also
increases because pore pressure reduces. Brine pressure tends to the value given
by the boundary condition (0.5 MPa).

When saturation of the seal occurs, the increment in pore pressure strongly
changes the rate of compaction. Brine flow towards the rock is difficult due to the
low hydraulic conductivities. While the fill remains unsaturated, the influence of
brine on deformation is present in the creep law because the viscous coefficients
depend on brine content. As fully saturation is reached, the dependence on degree
of saturation disappears but net stress becomes defined in terms of brine pressure.
Therefore, the dependence of the mechanical problem on brine pressure is not the
same in the two periods.

It should be noticed that the stresses in the backfill are very low during the
unsaturated period, and consequently, the seal does not play any supporting role.
The contrary would happen if the backfill was stiffer, in which case porosity
reduction would take place much more slowly.

After saturation, convergence of the gallery strongly reduces its rate because
total stress increase. At this time, the seal begins to support the gallery and
consequently the convergence rate decreases.

The seal is soft because it has been assumed to have a fine grain size (200 //m)
and contains brine. A coarser grain size would produce much less contribution
of the the FADT mechanism. If DC was the predominant mechanism of creep
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strain in the seal, it would be much more rigid. Since the main objective of
the wall is isolation, porosity reduction is interesting because it causes hydraulic
conductivity reduction. The presence of brine also favours the possibility of crack
healing. The larger grain size of (1 cm) in the rock implies that DC is the relevant
creep mechanism. This is in agreement with experimental observations of rock
deformation.

8.4 Conclusions and future work

The simulation of a sealing dam is an example of how the model can be used to
study coupled phenomena in saline media. It is shown how a brick dam can reduce
its initial porosity by deformation if the bricks are made of fine grained crushed
salt with a small amount of brine. Volumetric deformation induces saturation of
the initially unsaturated pores. At this point brine pressure sharply increases and
brine is then squeezed towards the rock. Before saturation, brine was flowing in
the oposite direction induced by pressure gradients and gravity forces.

The analysis presented in this chapter has been carried out under certain
conditions and assumptions. Among other factors, the behaviour of the sealing
dam is conditioned to the adopted boundary conditions, the assumption of plane
strain, the assumption that air was at constant pressure and the assumption that
brine could only be squeezed towards the rock. Changes in assumptions or in
boundary conditions would change the resulting behaviour. For this reason the
analysis performed here should be considered with the objective of studying the
behaviour in a theoretical way. It is expected that the model will be used to
simulate in situ experiments of backfilled galleries which are in progress in the
Asse mine (Germany).
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Figure 8.3: Porosity distribution in the seal from analysis after 3241 and 4051
days.
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Figure 8.4: Degree of saturation from analysis after 3241 and 4051 days.
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Figure 8.5: Time evolution of porosity and volumetric brine content at four
points within the seal.
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Figure 8.6: Time evolution of brine pressure and degree of saturation at four
points within the seal.
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Figure 8.7: Time evolution of toted and net mean stress at four points within the
seal.
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CHAPTER 9

APPLICATION TO PROBLEMS RELATED
TO NONSALINE GEOENVIRONMENTS

The theoretical approach formulated in this thesis was aimed at studying the
hydro-thermo-mechanical behaviour of saline media. For this reason, there are
some aspects in this formulation that are very specific for salts. This implies that
the equations have an extra degree of complexity due to processes that are not
relevant in other geological media. If these specific processes are not considered,
then, the formulation falls in a general approach which is valid for other media.

In general, the hydrothermal problem in a porous medium is basically defined
by the mass balance equations (water and air) and the energy balance equation,
complemented by constitutive and equilibrium relationships. When the specific
processes for salt are not considered, there is no difference between the equations
obtained in Chapter 3 and the ones that would be derived directly for a soil,
for example. The dissolution of the solid phase is not permitted and the general
formulation is obtained.

The coupling of the hydrothermal problem with the mechanical problem is
identical as for other materials, except for the constitutive model. The mechanical
constitutive law has very different forms depending on the nature of the porous
medium. In the theoretical derivation contained in Chapter 3, the form of the
mechanical constitutive model remains open. The introduction of a particular
mechanical constitutive model conduces to a specific approach.

For salt, creep is the most important component of deformation which leads
to models that contain elastic plus viscous terms. These laws are nonlinear and
depend not only on stresses but also on temperature and brine content. From the
point of view of coupling, it is simple to generalize the formulation in order to
apply it to other media. However, development and implementation of mechanical
constitutive models is not straightforward.

In this Chapter, an example of thermal convection in a saturated medium is
presented first. The analysis basically consists of coupling the water mass balance
with the energy balance equation in a seabed soil where a pipeline is buried.
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Secondly a few aspects are commented regarding isothermal flow of two
incompressible and immiscible fluids in porous medium. Two phase flow is a
problem that requires specific investigation and application of special techniques.

Finally, the application to the preliminary design of a heating test is briefly
described. Results are not presented in this thesis for space reasons.

9.1 Analysis of heat flow from buried pipelines

An interesting case of study has been motivated by the need to compute
the heat losses from buried pipelines in seabed soils. Pipeline design engineers
require thermal conductivity values for soils in order to evaluate heat losses.
The insulating capacity of the soil increases as thermal conductivity decreases.
Convection induced by bouyancy forces also decreases the insulating capacity
because more heat is lost.

Figure 9.1 shows a schematic representation of the basic geometry of the
problem. These pipelines are used to transport fluids at elevated temperatures.
For relatively low and medium permeability soils, the amount of heat transported
by advection is negligible compared to the conductive heat flux. Heat advection
is caused by the flux of water which is naturally induced by density differences.
These are caused by temperature differences.

The hydro-thermal problem in a porous medium is formulated by the coupled
equations of water mass balance and internal energy balance which are written as
follows:

+ V . (-AVT + „e. ATU = O (9.1)

= O (9.2)

where qw is the water flux given by Darcy's law as:

(9.3)

The variables used here are defined as:

- ^ is porosity, i.e. the volume fraction of voids (-)
- psiPw' density of solid and water, respectively (kg/m )
- PU,: water pressure (N/m2)
- cSicw: specific heat of solid and water, respectively (J/kgK)
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Figure 9.1. Basic geometry of the problem.

- A: thermal conductivity (W/mK)
- AT: temperature difference across the layer (°C)
- k: intrinsic permeability (m2)
- g: gravity (m/s2)
- ßw: dynamic viscosity of water (N/m • s)
- z: the vertical coordinate (m)

In these balance equations no source-sink terms are considered because they
are not necessary for the problem of-buried pipelines.

For the steady state regime, i.e. when there is no variation along time of the
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variables, the above equations reduce to:

V • (-AVT + pwcw&Tqw) - 0 (9.4)

V-(pw9w) = 0 (9-5)

An alternative form of (9.4) is obtained by substitution of (9.5) in (9.4).

The ratio between convective heat flux and conductive heat flux has led to
define the dimensionless Rayleigh number for a porous medium which is expressed
as (Bear, 1972):

Ra = =
fiw (X/pwcw)

where:

- »7: coefficient of thermal expansion of water (1/°C)
- h: characteristic size of the layer (m)
- K: hydraulic conductivity (m/s)

)' thermal diffusivity (nr/s)

It is well known (Bear, 1972) that free convection (i.e. that simply driven
by density variations) becomes significant for values of Ra > 40. Therefore the
relative importance of convection will increase if permeability, temperature or the
size of the convection domain increase.

The increase of temperature has two effects on heat transport. The first
one comes from the linear dependence on temperature that appears in the
Rayleigh number. This term is obtained if a linear approximation of density
(pw = Pw + rIP<w^T)\s considered. The second effect is through the variation
of viscosity with temperature. Reduction of one order of magnitude takes place
between 20 and 150°C (see figure 9.2). Reduction of the viscosity of water causes
an increase of hydraulic conductivity and, consequently, increase of convective heat
transport.

An extensive series of analyses, included in the Report prepared for GCG (Gens
and Olivella, 1995), was aimed at studying the influence of thermal convection in
buried pipelines. The following geometrical variables were used in those analyses
(see figure 9.1):

- pipeline diameter, d = 10 inches = 0.254 m
- trench maximum depth, D = 2 m
- trench half width, W = 4.289
- trench slope angle, a = 25°
- distance between pipeline and slope wall , x = 0.05 m
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Figure 9.2. Dependence of water viscosity on temperature.

- pipeline center depth, y = 1.805 m

The values of thermal conductivities were selected according the G CG Report
that reviewed the thermal properties of seabed soils (Thomas et al, 1994). For
dense sand (natural soil) a value of 1.2 W/mK was used while for loose sand
(backfilling soil) a value of 0.8 W/mK was used. This gives a ratio between
thermal conductivities of 1.5. These values correspond to a sand with relatively low
thermal conductivity. Higher thermal conductivities are found in quarz sand. For
intrinsic permeability, a wide range of values were considered in order to observe
the variation of heat output from the pipeline as this parameter increases. The
values considered are compiled in table 9.1.
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Table 9.1: Intrinsic permeability of sand, k (m2)

Seabed soil

1. x HP13

2. x HT13

4. x IO"13

5. x 10~13

6.25 x 1CT13

8. x UT13

1. x IO"12

Backfill

2. x 1CT12

4. x 10~12

8. x 1(T12

1. x HT11

1.25 x IO"11

1.6 x KP11

2. x IO"11

Ratio

0.05
0.05
0.05
0.05
0.05
0.05
0.05

Figure 9.3 shows the discretization of the domain. The boundary conditions
adopted to solve the thermal problem are:

- Constant temperature TQ = 5°C along the external boundary which includes
the seabed floor, the right lateral boundary and the bottom boundary (A-B-
D-C).

- Constant temperature TQ = Tp along the pipeline wall, with the following
possible values for the temperature Tp = 150,125,100,70,25°C of the fluid.

- No heat flow across the vertical left boundary (A-C). This condition is a
consequence of the assumption of symmetry.

The adoption of a constant temperature on the top boundary as boundary
condition implies that it is assumed that convection of free water is completely
efficient in removing heat from the surface and maintaining a constant
temperature. An initial uniform temperature T = TO = 5°C is assumed
throughout the medium. The initial condition adopted does not affect the results
of the analysis as only steady state conditions are sought.

In order to couple the thermal with the hydraulic problem, the following
boundary conditions should be added:

- Constant water pressure PWQ = 1 MPa along the seabed floor (A-B).
- No water flow across the vertical left boundary (A-C). This condition is a

consequence of the assumption of symmetry.
- No water flow across the vertical right boundary and the bottom boundary
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Figure 9.3. Typical mesh for the study of heat output from buried pipelines.
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(B-D-C).
- No water flow across the pipeline wall

Initially, it is assumed that the water pressure in the seabed and backfill is
hydrostatic, i.e. in equilibrium with the pressure of 1 MPa acting on the seabed.
Naturally the results obtained are independent of the seabed depth assumed. A
pressure of 1 MPa is sufficient to ensure that phase change does not take place.

The heat output from the pipeline is computed by means the addition of the
computed point flow rates in nodes corresponding to the pipeline wall. Imposing
a fixed temperature implies a required heat output. The steady state regime is
achieved when the heat inflow into the domain through the pipeline wall equals
the heat outflow through the external boundary. It should be noticed that only
conductive inflow through the pipeline wall takes place, while conductive and
advective outflow across the permeable boundary (in this case the seabed floor)
do occur. The vertical right boundary and the bottom boundary are sufficiently far
from the domain where convection takes place so the 'kind of hydraulic boundary
condition is not relevant.

Combination of 5 pipeline temperature values with 7 intrinsic permeability
results in 35 different analyses. Only an illustrating example can be included here.
It will be presented the case for 150°C and permeabilities: 2. x 10~13m2 for the
seabed soil, and 4. X 10~12m2 for the backfill.

For comparison, figure 9.4 is the temperature distribution obtained in the low
permeability case, i.e. when only conduction is important. Figure 9.5 shows the
temperature field for the coupled analysis. Figure 9.6 shows the water velocity
field caused by density differences and figure 9.7 the density variations. Due to
the quasilinear variation of density with temperature, Figures 9.7 and 9.5 are
similar. It is obvious from these figures that heat convection is important because
the temperature distribution is different from the one obtained with conduction
only. If convection is important, the insulating capacity of the soil decreases, in
other words, higher heat losses take place.

Figure 9.8 was produced in order to summarize the results obtained from
the different analyses. Total heat output (Q) is compared to conductive heat
output (Qo) computed in a low permeability case. The ratio between these two
values is represented in a contour map form in terms of temperature and intrinsic
permeability. In this map Q/Q0 goes below 1.05 where convection is not important.
As temperature and permeability increase the importance of convection strongly
increases up to values near 4 at 150°C and 2 x 10~^m2.
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The results should be considered partial because they are restricted to a
geometry, a given ratio of intrinsic permeabilities and fixed values of thermal
conductivity.

A further comment deserves the influence of thermal conductivity in a coupled
analysis. For the uncoupled analysis (i.e. only conduction), the temperature field
under steady state conditions is not influenced by the value of thermal conductivity,
the only important variable is the ratio between thermal conductivity of the seabed
soil and backfill (in this case 1.5). The reason is the linearity of the problem and
consequently, double thermal conductivity cause double heat output (if the same
ratio is kept).

For the coupled analysis, the temperature field changes as thermal conductivity
and hydraulic conductivity change. If we divide Equation (8.4) by thermal
conductivity, we can see that the equation tends to the Laplace's equation as
termal conductivity increases.

For a given temperature, the only way to obtain double heat output in a
coupled analysis with a double thermal conductivity is to use double intrinsic
permeability. Hence, Figure (9.8) is valid for other thermal conductivitities.
Intrinsic permeability can be divided by thermal conductivity, and represent this
ratio in the vertical axis.
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Figure 9.8 Contours of the ratio between heat loss rate computed in coupled
analysis (convection and conduction) and heat loss rate computed in uncoupled
analysis (conduction only).
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9.2 Two phase flow of water and oil in porous media

As commented in Chapter 6, the EVEGASmm project (European Validation
Exercise on GAS Migration Models) offers a good opportunity for verification
and validation of CODE-BRIGHT. Some aspects regarding the first test case are
presented here.

Despite the title of this validation exercise, the first test case consisted of a
two phase flow problem with immiscible and incompressible fluids. The analysis
that was performed is briefly defined here.

- Geometry, initial and boundary conditions:
one-dimensional medium 1000 m length
initial water saturation: 0.03
initial oil (nonwetting fluid) saturation: 0.97
inflow boundary: injection of a water flow rate equal to: 2 X 10~10m/s
outflow boundary: dSw/9x = 0

— Properties of phases:
water density: 1000 kg/m3

oil density: 800 kg/m3

water viscosity: 0.001 Pa s
oil viscosity: 3 Pa s

- Hydraulic parameters of the porous medium:
porosity: 0.02
intrinsic permeability: 3 X 10-1^m^
water relative permeability: kwr = 0.553«
oil relative permeability: kor = (1 — Sw)
capillary pressure: dPc/dSw = -2/S3, or,Sw = l¡-J(Pc. + 1)

The problem defined in this way but neglecting capillary pressure is refered in
the literature as the Buckley-Leverett (Bear, 1972). For the set of variables and
parameters presented here, capillary pressure is not zero but results very small
compared to water or oil pressures. When this situation occurs, the formulation
in terms of pressures (P — P) (water and oil) is not the most suitable and a
formulation in terms of saturation and pressure (5 — P) would be more adequate.
However, the S — P formulation is not convenient in general. The main reason
for prefering the P — P formulation over the S — P formulation is that pressures
are continuous in a heterogeneous medium while saturation is not a continuous
variable.

Obviously, the program CODE-BRIGHT had to be modified a little in order to
solve this problem. The modifications are related to the form of the retention curve
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and relative permeability curves, and with phase compressibilities and viscosities.
However, the formulation P — P was still used.

The motivation of this section is to show that relative permeability can
be computed in différent ways in order to improve the behaviour of the
front displacement. Upstream weighting or upwinding techniques are usually
recomended to improve the quality of the solutions for problems with low capillary
pressure (Huyakorn and Finder, 1983). These techniques usually are applied
using a direct interpolation of relative permeabilities. Relative permeability in
an element is an upstream weighted linear interpolation of the nodal values. We
will concentrate here on the one- dimensional case, but the idea is not restricted to
it.

The consistent unite element approximation of variables using linear
interpolation functions leads to compute relative permeability in element e as:

pi _|_ pt+1

kwr = kwr(Sw), Sw = SW^PC), Pc = - (9-')

where P¿ and P¿* are capillary pressures at the nodes that bound element e.
If, for instance, node t is near saturation while node i + 1 is practically dry,
the resulting water permeability will be extremely low because the element-wise
capillary pressure (Pç) will be dominated by the value in the dry node where a
very high capillary pressure exists. Therefore, 5¿ and ¿^r will be very low. Thus,
this kind of interpolation is clearly downstream weighted. Figure 9.9 shows the
results obtained with four grids with increasing refinement.

An alternative approximation proposed here consists of interpolating degree
of saturation instead of capillary pressures. The idea is:

ci i ot'-f 1
I.C _ L / ee \ cc _ u> ~ w f n Q\Kwr — Kwr\>J'w)> "w — « \y'°)

where 5¿, and S$" are computed at nodes. This approximation takes advantage of
the nodal values of degree of saturation that are used to compute the storage terms
(see Chapter 5). It must be noticed that for a one-dimensional grid, two values
of degree of saturation should be computed at every node. This is because each
element may have different retention curve. It is obvious that this approximation
is more consistent with the S — P formulation.

In this alternative approximation, if node í is near saturation and node t + 1 is
practically dry, the resulting permeability will not be very low. The element-wise
saturation (S^) between the wet and the dry nodes will be 0.5 and the relative

- 178-



Other applications

Consistent approximation
— CODE-BRIGHT (100 elem) th=0.5
— CODE-BRIGHT (200 elem) th=0.5
— • CODE-BRIGHT (400 elem) th=0.5
— CODE-BRIGHT (600 elem) th=0.5

200. 300. 400. 500. 600.
Distance (m )

700. 800. 900. 1000.

Figure 9.9 Water degree of saturation profile at 100000 days after injection
started. Consistent approximation of relative permeability.

permeability will be higher than with the consistent approximation. Upwinding
in a natural way is obtained with the alternative form. However, an additional
advantadge is that a parameter to explicitly upwind is not required. The computed
degree of saturation profiles are shown in figure 9.10 for the same meshes.

The improvement achieved with this alternative numerical technique is
obvious. Both approximations tend to the good solution, but the consistent
approximation requires a much more refined grid to obtain the same accuracy.
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Alternative approximation
— CODE-BRIGHT (100 elem) th=0.5
- CODE-BRIGHT (200 elem) th=0.5
-• CODE-BRIGHT (400 elem) th=0.5
— CODE-BRIGHT (600 elem) th=0.5

0. 100. 200. 300. 400. 500. 600. 700. 800. 900. 1000.
Distance (m )

Figure 9.10 Water degree of saturation profile at 100000 days after injection
started. Alternative approximation of relative permeability.

9.3 Analyses for a heating test in a clay barrier

The program CODE-BRIGHT has also been used to perform analyses in order
to design a heating test in a clay barrier. This barrier is intended to isolate
radiactivo wastes in granite rocks. The present approach does not contain the
adequate elastoplastic constitutive laws that are required to correctly model the
behaviour of a clay buffer. However, an analysis under relatively simple conditions
is possible using a nonlinear elastic model.

The analyses have been performed using a simplified nonlinear elastic model,
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also called state surface model, which includes suction terms, i.e. deformation
takes place under variations of suction. The. thermo-hydro-mechanical analyses
can be found in a report prepared for ENRESA (1995). A one-dimensional
axisymmetric case was solved including the canister (heat generating), the buffer
material and the host granite. These coupled analyses have been very useful to
highlight the main uncertainties of the problem, and, to estimate the spatial and
time variations of variables. These results will of significant usefulness for design
and instrumentation purposes.
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CHAPTER 10

CONCLUSIONS AND FUTURE WORK

10.1 Conclusions

The thermo- hydro- mechanical behaviour of saline media is a complex matter
mainly due to the ductile deformation of salts, the solubility of salt in water, the
hygroscopic character of saline rocks and the presence of brine inclusions. A review
of hydromechanical behaviour of saline media highlighted that several aspects
remained unclear. The need to understand the behaviour of sealing structures in
radioactive disposal schemes motivated the investigation of porous saline materials.

On the basis of the general continuum medium theory for porous materials
we have formulated the mass, momentum and energy balance equations. Salt,
water and air mass balance have been obtained taking into account that each
phase contains several components. The momentum equation is reduced to the
equilibrium of stresses. The energy balance equation was established under
the assumption of thermal equilibrium, hence only one balance equation was
formulated. Considering brine inclusions implied to perform the mass balance
of water in the solid phase. Independent variables or unknowns for the final set
of governing equations were considered to be: displacements, liquid pressure, gas
pressure, temperature and mass fraction of water in solid.

Up to now, the mechanical behaviour of porous salt aggregates was much less
known than that of the rock. We have developed a stress- strain constitutive model
for creep deformation of aggregates based on basic creep strain mechanisms. As
shown in Chapter 4, the model is able to predict deformations of wet aggregates
subject to relatively high confined loading. Specifically, tests under oedometric
conditions and with stepped loading have been simulated succesfully. The
generalized form of the model has been introduced in the general formulation.

The proposed formulation requires a large set of constitutive equations besides
the mechanical constitutive model. In general, relationships existing for porous
materials have been adapted to saline materials. The fact that salt is dissolved
in water has forced us to modify the usual relationships so as to take into
account the concentration dependence of density, viscosity and saturated vapour
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pressure. Except for the mechanical constitutive equation, which has been derived
in Chapter 4, constitutive laws are outlined in Chapter 3 and properly described
in an Appendix to Chapter 7.

This theoretical formulation is the basis for a finite element computing program
(CODE-BRIGHT) which can be used to analyze COupled DEformation, BRIne,
Gas and Heat Transport problems. Special numerical techniques have been used
because the complexity of the problem causes conventional procedures to produce
spurious effects. Hence we have had to avoid mechanical locking caused by
incompressible deformation, fluxes induced by inappropriate approximations of
density variations, mass balance errors, etc. We are not aware of other codes with
such computational capabilities.

The approach has been finally used to study the behaviour of porous salt
aggregates. Two applications introduce coupled phenomena very interesting
in order to understand the behaviour of sealing systems in radioactive waste
repositories. The first one, shows that under temperature gradients, an
unsaturated porous salt aggregate undergoes variations of porosity. Sealing of
pores takes place near the heat source whereas porosity increases in the vicinity of
the cold side. The second application analyzes the hydromechanical behaviour
of a sealing dam. Porosity reduction takes place as a consequence of gallery
convergence. When saturation is reached pore pressure builds up changing both,
the mechanical and hydraulic regimes. Other applications to nonsaline media show
that the approach is general if the laws for salt are not used.

10.2 Future research work

The formulation presented here is so wide that a very large set of paths for
future work are open. Some of them are explored here.

As mentioned above, the formulation can be used for other materials if the
constitutive laws for salt are not used. The implementation of thermo- elasto-
plastic constitutive models would allow more accurate analyses for soil problems.
At present only a nonlinear elastic model is available in the code for soils. For
salt aggregates it has been suggested that the creep model presented here could
be extended towards a viscoplastic form. This extension is necessary to model
problems in which low confinement zones exist. The creep laws obtained for porous
salt aggregates would probably require improvement since recent experimental test
results on wet samples suggest that the stress- strain path influences the creep
behaviour.

The constitutive laws for the hydraulic problem can also be improved.
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Conclusions and future work

The forms of the laws for intrinsic permeability, retention curve and relative
permeability that have been implemented up to now are relatively simple. We
do not disregard the possibility of implementing other laws with the same or other
dependences, based on deterministic or stochastic approaches. In fact, one should
expect dissolution/ recrystallization to change the basic form of most laws.

Another aspect that would require further work is the coupling of other solute
transport equations to the formulation presented here. This can be done in several
steps. The simplest case is to couple a transport equation for a solute at low
concentration which can be dissolved in both liquid and gas phases. In such
case the coupling exists only from the thermo- hydro- mechanical problem to the
transport problems but not in the opposite direction.

Another step in the coupling with transport equations is to consider the
possibility of dissolved salt at high concentrations but not in equilibrium with the
solid phase. At least two cases can be mentioned: a) the solid is salt, in which case
the change reduces to consider the kinetics of dissolution and precipitation instead
of the equilibrium condition; b) the solid is not salt and the salt is externally
supplied to the medium.

Another kind of improvement that can be performed in the formulation
and program is to implement the pressure- enthalpy formulation. This will be
necessary in order to carry out analyses at high temperatures. This would permit
to implement other forms of the constitutive laws for water vapour and liquid
properties.

An improvement related to the numerical program CODE-BRIGHT is
parallelBzation of the algorithm. Since a large portion of CPU time is devoted
to building the jacobian matrix, which is performed on an element by element
basis, it is clear that parallellization should be easy and potentially beneficial.
Another possibility is to simply parallellize the solver because for large problems
the computational cost for solution of the system of equations tends to increase
towards the total computational cost. However, the distribution of CPU time
between solution of the system of the equations and the computation of jacobian
also depends on the degree of complexity of the constitutive laws.
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APPENDIX

PROPERTIES OF LIQUID
AND GAS PHASES

In this appendix, the properties of liquid and gas phases are compiled. Special
attention is payed to the variations with temperature and salt concentration
of parameters. The laws that have been used in the numerical approach are
represented here.

Firstly, properties of the liquid phase are included. These are: solubility of
salt, brine density, brine viscosity, solubility of air and brine surface tension.

Secondly, properties of the gas phase. These are: water vapour density, air
density, gas density and gas viscosity.

A.I PROPERTIES OF LIQUID PHASE

A.1.1 Salt solubility

The dependence of solubility on temperature is well documented in the
literature. The expression that is used was obtained by Langer (1982) by fitting
experimental data. The concentration (c) in gr of NaCl per 100 gr of pure water
can be obtained as:

35.335 - 0.22947r
C ~ 1-0.0069059T * '

where T is temperature (°C). Mass fraction of salt in brine is obtained as
(¿I — c/(100 + c). Figure A.I shows the variation of u>j with temperature from 25
to 75 °C.

The variation of solubility with temperature is not very large, however it is
the cause of several processes. For instance, movement of inclusions is primarily
caused by differences in salt concentration inside the small bubbles.
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Figure A.I: Variation of salt solubility with temperature.
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Properties of liquid and gas

A. 1.2. Brine density

The density of the liquid phase, also called brine through the text because
it is a saturaded dissolution of salt, has been taken dependent on pressure
(P/), temperature (T) and concentration of salt (wj1). The type of relationship
is exponential which correspond to constant compressibilities (linear volume
variations).

Hassanizadeh and Leijnse (1988) have used this type of relationship on
isothermal processes. The liquid density is given by:

pi = pi «p(7W/
fc + ß(Pi - Pf) - a(T - T0)) (A2)

where ß (4.5 x 1(T4 MPa -1) is the compressibility, o (3.4 x KT^CT1) is the
coefficient of thermal expansion and 7 (0.6923 « Iog2) is a coefficient for the
concentration dependence. The value of a has been obtained fitting experimental
results from Potter II and Brown (1977). Figure A.2 shows the variation of density
with concentration for three fixed temperature values. Figure A.3 shows the
variation with temperature once the solubility of the salt is taken into account.

Variations of density with temperature should be taken into account if natural
convection is modelled. Small variations of density cause fluxes of liquid due to
buoyancy forces. If the medium is highly permeable these mass fluxes, in turn,
induce energy advective fluxes which are comparable to the conductive heat flux.

A. 1.3. Brine viscosity

The viscosity of the liquid phase has been taken dependent on temperature
(T) and salt concentration (a>j ). According to Hassanizadeh and Leijnse (1988)
the viscosity of a high concentrated brine can be obtained as:

2 h 3= 1 .85u>-4.10u>+44.5u; / (A4)

where f¿?(T) is the viscosity of pure water given in MPa • s. This temperature
dependence has been obtained from Rössel (1974).

Figure A.4 shows the variation of viscosity with concentration for three
different temperatures (25, 50, 75 °C). Figure A.5 shows the variation of viscosity
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with temperature for pure water and for saturated brine, using the solubility
dependence on temperature.

When there are variations of temperature, viscosity dependence on
temperature causes important variations of hydraulic conductivity. In figure A.5
it is shown that brine viscosity reduces approximately two times between 25 and
75 degrees. Since hydraulic conductivity is inversely proportional to viscosity, this
variation would induce an increase by a factor of two.

A.1.4. Solubility of air in the liquid phase

The solubility of air in the liquid phase has been considered only dependent
on the air pressure (Pa). Henry's law expreses this dependence as:

Pa Ma

H Mw
(A6)

where H (1000 MPa) is the Henry's constant and Ma (0.02895 Kg/mol) and Mw
(0.018 Kg/mol) are molecular mass for air and water, respectively.
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Appendix

A.1.5. Brine surface tension

The surface tension of brine has been considered a function of temperature
(T) and salt concentration (u>¿ ). Experimental observations have shown that the
surface tension of a bynary dissolution is additive, that is:

) (Al)

252.93 (A8)

(uf) = 0.04055wf (A9)

where crg^oC^) is the surface tension of pure water given in Nm""1 which has been
obtained fitting values of surface tension given in Custodio and Llamas (1983),
and Acr(u>| ) is the increment of surface tension due to concentration and the
linear dependence has been chosen to fit data given by Celeda and Skramovsky
(1984). Figure A.6 shows the variation of surface tension with temperature for
pure water and for saturated brine.

Brine surface tension can be used to scale the retention curve, i.e. to find a
dependence on temperature. The idea is that suction is proportional to surface
tension (e.g. Kelvin's law), hence, for a given brine content, reduction of surface
tension implies reduction of suction.

A.2 PROPERTIES OP GAS PHASE

A. 2.1 Vapour density

The density of vapour in the gas phase (0^) is a function of temperature (T),
salt concentration (o;̂  ) and phase pressures (P\ and Ps) through the psychrometric
law (Edlefson and Anderson, 1943):

- PS = 0 ) e x p J t (AIO)

The gases law for vapour relates vapour density with vapour pressure:

Mil)
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Figure A. 6: Surface tension of pure water and saturated brine.

and the vapour pressure for vapour in contact with a brine can be computed as:

where F is given by the empirical function (Horvath, 1985):

f) = [1.0 -((m-3.0)(1.9772xl(T3- 1.193 x!0~5T) + 0.035) m] (¿13)

and for pure water the vapour pressure has been approximated as (data from
Garrels, 1975):

.- _ <í2^Q 7
Pv(r,0) = 136075 x

- 6™(Pi — Pg = 0): vapour density under planar surface,
- Mw: molar mass of water,
- R: (8.314 J/mol/K) gas constant,
— Pv(T,o>il): partial pressure of vapour for brine,
- Pv(r, 0): partial pressure of vapour for pure water (MPa), and
- ,u>^): function of concentration expresed through molality (m).

Figure A. 7 shows the variation of relative vapour pressure under planar surface.

A. 2. 2 Air density
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In the same way as the vapour is assumed to behave as a perfect gas, dry air
also does. This means that dry air density is obtained from the ideal gas law:

Ma Pa6a =Og — RT
(AIS)

where Pa = Pg— PV is the partial pressure of air as a component of the gas phase.
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Figure A.7: Variation of relative vapour pressure on concentration under
planar surface.

A.2.3 Gas phase density

The gas phase is assumed to be a bynary mixture of dry air and water vapour.
This means that the sum of the partial pressures of components gives the pressure
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Properties of liquid and gas

of the gas:
Pg = Pa + Pw (¿16)

and consequently the mass of gas per unit volume is easily obtained by adding the
densities of the components:

Pg = Ç + Ç (A17)

Figure A.8 shows the variation of gas density with temperature (planar surface is
assumed) when in contact with saturated brine or with pure water. The partial
densities of components are also included.

A. 2. 4 Gas viscosity

The viscosity of the gas phase has been taken dependent on temperature (T)
with the following relationship (Rössel, 1974) (MPa • s):

= 1.48x10-" (¿18)
1 +

This dependence is shown in Figure A.9. Variation of gas viscosity on pressure is
only important at very low pressures and small pores. In fact, when the mean free
path of the gas molecules is comparable to the pore size, an apparent reduction
of gas viscosity is observed. This phenomenon is referred as Knudsen diffusion
or Klinkenberg effect. In such case, the flow regime is not longer laminar and an
special treatment is required. One way to overcome this difficulty is simply to use
a dependence of viscosity on pressure of the type:

(A19)

where & is a material parameter which essentialy depends on the void size. Usually
a function of intrinsic permeability is used.
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