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Chapter 1

Introduction

1.1 Motivation

Soil salinization is one of the major challenges faced by the world these days.
Salinization is defined as the process of increasing the salt content in the soil, mainly
caused due to the evaporation of the water used for irrigation. The accumulation of
salt in the porous medium which poses a serious threat to agriculture, is seen as a
common problem caused by the salt accumulation. All around the world, the salinity
affected areas are estimated to be as given in Table [I.1]

Figure describes the saline and sodic soils in the EU zone and Figure repre-
sents the nations having problem with saline soils all over the world. It is assumed
that around 77 million hactares of soil is salinized by the human activities. Figure
shows the natural case of a T'sunami responsible for soil salinization along the coasts.

Though the process of soil salinization had been taking place over decades, the research
studies have been increased over in the recent times. This is due to the increased
practices in the agricultural sector which are supplemented by the irrigational efforts
that are inturn dependent on saline ground waters, taken from [4]. The extent of the

Region Effected Area(10°ha)
Africa 69.5
Near and Middle East | 53.1
Asia and Far East 19.5
Latin America 59.4
Australia 84.7
North America 16.0
Europe 20.7

Table 1.1: Saline soils in the world.



1.1 Motivation 3
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Figure 1.1: Saline and sodic soils in EU Zone.

problem is magnified, when poor drainage conditions lead to an increase in the salt
content of the soil because the accumulated salt above the soil surface is not flushed out
regularly and piles up further. A group of studies conducted by Sharma, Prihar (1973)
have shown that excess irrigation water, when subjected to higher rates of evaporation
would result in salt precipitation. See [5].

On the porous medium side, the salt is transported under the influence of the viscous,
capillary, gravitational forces and by the advective, diffusive fluxes. However, to depict
reality, the influence of the free flow needs to be considered, with effects such as the
wind velocities, air temperature which can have a direct impact on the evaporation
rates.

The salt can be precipitated in two forms: Efflorescence which describes the salt
precipitation over the surface of the soil, Subflorescence which describes the salt
precipitation within the porous medium, see [12]. Salt precipitation weakens the
porous medium as the amount of expansion and contraction of the salts due to the
temperature variations are comparitively higher than the silicate minerals thereby
leading to erosion. Furthermore, the developed salt crystals excert an additional
pressure over the surface of the silicate minerals that could lead to erosion. See [2].

In this independent study, we attempt to describe and determine the chemical parame-
ters that have an influence on the salt precipitation. Furthermore, we make a compari-
sion of the developed kinetic model with the available previously developed equilibrium
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Figure 1.2: World map representing countries with salinity problems. See [I].

numerical model. The model is implemented on DuMu*, in the numerical framework of
an open source simulator for the description of flow and transport in porous medium. It
is built on top of DUNE (Distributed and Unified Numerics Environment). DuMu* also
includes a variety of non-linear solvers including the management of sophesticated time
steps and thereby increasing the computational efficiency. Modularity is an important
aspect of DuMu* where various parameters can be changed in the input according to
a specific case, see [6]. Additionally for any further work, the code implemented can
be effectively made use of or developed.

1.2 Description of the process

Salinity is the degree to which water contains dissolved salts. Usually it is expressed
in terms of 'parts per thousand’.

Salinization is the accumulation of soluble minerals like NaCl, CaCOj3, CaSO,, KCI
in the soil.

According to the studies performed by Fisher (1923), Coussot (2000), Lehmann (2008)
and Nachshon (2011), the phenomenon of pure water evaporation from a homogeneous
porous medium in the absence of constant water supply was described. The entire
process was classified into three stages:

Stage 1: In the initial stage the porous medium is fully water saturated. The water
is subjected to high evaporation rates which are capillary-driven. The evaporation
continues until there exists a hydraulic conductivity between the receding drying front
and the free flow - porous medium interface.
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Figure 1.3: Effect of Tsunami over land salinization.

Stage 2: As the progression of the Stage 1 continues, there comes a point where
the hydraulic conductivity gets disturbed due to the falling water levels. There is
a restricted evaporation rate which is governed by the vapor diffusion through the
porous medium.

Stage 3: This stage is marked by further decrease in the evaporation rates gov-
erned by vapor diffusion. The fall of the evaporation rates is attributed to the
fall of the water levels to greater depths and the cut down in the hydraulic conduc-
tivities between the receding water front and the interface of free flow - porous medium.

There had been observations related to extended S1 stage by Lehmann et al.(2008)
due to higher capillary forces in the finer parts of the porous medium and other
heterogeneous conditions.

But under normal conditions there excists a certain portion of salt in the form of
dissolved minerals in water. Studies of Shimojimaa (1996), Horton (1999), Fujimaki
(2006) have made an analysis of salt precipitation under homogeneous conditions.
Nachshon et al. (2011) made a study of salt precipitation under the heterogeneous
conditions and classified the process into three stages:

Salt Stage 1: This stage is assumed to be initially salt water saturated. There are
higher rates of evaporation with minor decrease in the evaporation rates due to the
osmotic pressure variations caused due to the difference in the concentration of solutes
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between the different fluid systems in contact (i.e Air and Water).

Salt Stage 2: As the salt water starts to evaporate, there is a considerable quan-
tity of salt that gets precipitated at the porous medium - free flow interface and
thereby blocking the free evaporation of the water and thus resulting in decreased rates
of salt water evaporation, compared to the stage 2 of evaporation rates with pure water.

Salt Stage 3: This stage exhibits a further drop in the rates of evaporation which
are governed by the diffusion across the accumulated salt crust.

The various stages are represented in Figure taken from [9]. The colors represent
the following phases, grey - soil, blue - water and white - air. The green areas show the
precipitated salt. The solid line above the porous medium represents the water trans-
ferred to the free flow domain by diffusive flux through soil and the dashed line shows
the water brought to the free flow domain by the diffusive flux through precipitated
salt.

Numerical modeling is a powerful tool to make complex analysis and transfer the
data to an application scale. The application of numerical modeling for the above
discussed is a challenging task. There have been many studies by scientists: Clement
(2001), Woods (2005), Lehmann and Or (2009), Bechtold et al. (2011) to develop
mathematical models and perform the numerical simulations for the above discussed.
Developing a numerical model for the above described has been the main scope of this
study.

(b) 82

Figure 1.4: Representation of stages of salt precipitation in the porous media.
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1.3 Structure of study

The content of this report is divided into five chapters:

Chapter 1, gives the motivation part which includes introduction, the process of the
salt precipitation in the porous medium, scope of study, objectives of the study.

The second chapter of the study deals with review of literature, relevant laws,
definitions and various processes concerning the porous medium.

Chapter 3 of this report, comprises the brief description of the conceptual model
used in the study along with the assumptions involved in the study, transfer of mass
between phases, transport equations and supplementary equations.

Chapter 4 deals with data analysis and results for various scenarios.

The final chapter, gives the summary of the study, conclusions and scope for further
research.



Chapter 2

Fundamentals

This chapter gives a brief description of the porous medium, flow in porous medium,
and information related to the precipitation of salt in the porous medium. Additionally,
a brief description of the chemistry driven approach used in the course of this work is
specified in this chapter.

2.1 Porous medium:

Porous medium is a skeletal solid matrix with pores within. Important parameters
related to the porous medium are discussed below. In the model there are two main
phases which are liquid and gas.

2.1.1 Flow in the porous medium:

The flow in the sub-surface is through the interconnected pores. The pores are
either occupied by liquid or gas phase. The pore scale is difficult to be resolved
and work upon. So, the porous medium is transferred to a parameter averaged
Representative Elementary Volume (REV). The REV scale introduces a few extra
features of description such as the porosity, permeability etc. These parameters are
essential to describe the interactions in the porous medium on the REV scale. Figure
depicts the tranformation from the pore scale to a REV scale.

Porosity: The porous medium is comprised of the solid matrix and the pores. The
ratio of the volume of pores to that of the entire volume of the REV is called the
porosity.

V ores
Porosity, ¢ = V]f— [ — } (2.1)
total
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Figure 2.1: Figure depicting transformation from pore scale to REV scale.

Permeability: The intrinsic permeability, K relates to the potential gradients of pres-
sure, /p with the respective Darcy flow velocity, v for a given fluid with a viscosity, p.
This parameter is dependent over the porosity, spatial distribution and the connectivity
of pores in the porous medium.

V= (p-pe v (2.2

Where 1/p is the pressure gradient, p is the fluid density and g is the gravity vector.

2.1.2 Multiphase flow in the porous medium:

The concept of multiphase flow analysis is brought into light, when there are more
number of immiscible components that form distinctive phases. The analysis of the
multiphase flow systems requires additional equations describing the interactions
between the different fluid phases.

Saturation: In a multiphase system, pores are occupied by two or more phases.
Saturation is a parameter that describes the volume of a specific fluid to that of the
total pore volume in the medium.

SQZM[—] (2.3)

V;)orevolume
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The limiting case related to the saturation (S,) is that, the sum of the saturations of
the fluids in the porous space is equal to one. This is because the pores would be filled
in with at least any of the fluid.

> 8. =1 (2.4)

where: « refers to the specific phase saturation and the number of phases are repre-
sented by n.

Capillary pressure: For multiple immiscible phases in a medium, surface tension
is observed at the sharp interface which is formed due to the cohesive forces within
the perticular phase and adhesive forces at the interface between different phases.
To balance the mechanical equilibrium, it is noted that the pressures for the wetting
and the non-wetting phases are different. The difference between the pressures of the
non-wetting phase to that of the wetting phase is called the capillary pressure.

Pe = Pn — Puw (25)

The relation of the S,, k. and p. are defined by the Brooks-Corey and Van-Genuchten
graphs. See [7].

Following gives a brief description about the Brooks-Corey and Van-Genuchten rela-
tions.

2.1.2.1 Brooks-Corey:

The emperical description for the capillary pressure is given as:

S~ Sar 20

Pe(Sw) :pd< 1-9,

2.1.2.2 Van-Genuchten:

The emperical relation for determing the capillary pressure by the Van-Genuchten
method is:

1 1

risa = [(F=g) "] 27

where, S, is the residual wetting phase saturation, A in the Brooks-Corey is the pore
size distribution dependent function, p, is the entry pressure where the non-wetting
phase enters the largest pore. In the Van Genuchten approach a, m, n are the fitting
parameters. The comparision for both the analysis is depicted in Figure
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Relative Permeability: The relative permeability, k, . is the ratio of the effective
permeability of a particular phase to that of the absolute permeability. The relative
permeability can be expressed as a function of saturation. (k.o ~ S,). This parameter
also includes a host of other features such as the increase in the tortuosity, reduction
in the cross sectional area of a fluid due to the presence of other fluid in the media and
also the preference of the pore diameter for the fluid to flow according to the wetting
phase fluid behaviour. The relative permeability can be computed by two methods.
Brooks-Corey and Van-Genuchten approaches, taken from [7].

2.1.2.3 Brooks-Corey:

For the wetting phase, the relation between the wetting phase relative permeability
and the saturation is as follows:

(252)
kr,w =S5 * (28>

and for the non-wetting phase, the relation between the non-wetting phase relative
permeability and the saturation is as follows:

( 24

Fm = (1— 8.)2(1 — SE ) (2.9)

where, k,,, and k,,, are the relative permeabilities of the wetting and the non-wetting
fluids respectively and the effective saturation (S.) is given by:

(Sw _ Swr)

Se = (1= Su)

(2.10)

2.1.2.4 Van-Genuchten:

The other method to determine the relative permeability is by the Van-Genuchten
formulation which is described as follows:

v = V/So[1 — (1 — 5072 (2.11)
and )
Kpp = (1= S)5[1 — S ] (2.12)

where, m and n are Van-Genuchten parameters. The relation for both the methods are
graphically shown with respect to the saturation in Figure [2.2]

2.2 Multiphase fluid velocity:

On the REV scale, Darcy velocity is used for analysis. The Darcy velocity is the
flux divided by the cross sectional area of flow. In the multiphase flow analysis, it
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Figure 2.2: p., S,, k. relations by Brooks-Corey and Van-Genuchten

is required that the relative permeability needs to be considered into the original
equation of the Darcy velocity due to the presence of different fluids. Thereby, the
transformed equation for the Darcy velocity is given as:

kr,a

[0

-K‘(Vpa — Pa-8 V Z) (213)

Vo = —

where, v, is the Darcy velocity in the REV scale, pu, is the viscosity and p, is the
density of the phase a. The effect of the gravitation is denoted by g, s\/p represents
the pressure gradient. Gravity and the pressure gradients are the driving forces of the
fluid.

2.2.1 Hydrodynamic dispersion:

The effect of different velocities are pronounced due to the presence of heterogenities
along with differences in the pore size distribution in the porous medium. For
analysing the distribution of the components subjected to varied velocities, Hydro-
dynamic dispersion is an effective tool to describe this behaviour. On an averaged
REV scale, the phenomenon of dispersion can be analysed as diffusion and also has a
dependency on the velocity of flow indicating the dependence of the advective portion.
In general the hydrodynamic dispersion coefficient of the porous medium (D) is
expressed as:

Ve, ® Ve, o

Dy = DaTpmaSa® +orl | veq | +(ap — ar) o | (2.14)
v e,a
molecular diffusion -~ v

mechanical dispersion

In the above described equation, the first part refers to the molecular diffusion whereas,
the second and the third parts refer to the velocity defined mechanical dispersion in the
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porous medium. Parameters in the equation describe: DF . refers to the dispersion
coefficient of the component k in phase a, in the porous medium. D¥ refers to the
molecular diffusion coefficient of the component k; 7, refers to the tortuosity of the
component in the porous medium which is computed by the parameters of saturation
and porosity as:

COL

Ty

where, ¢ is the porosity of the medium. The v, is the effective velocity that describes
the flow through the porous medium. It is defined as the Darcy velocity divided by
the porosity. veo = % As a result, the effective velocity is always greater than the
Darcy velocity because the posity is lesser than one. Thereby, the effect of reduced

(2.15)

cross section flow is accounted for in the equation.

2.3 General mass balance for multiphase flow sys-
tems:

In general, a fluid phase in the porous domain can be described by a mass conser-
vation equation, which consists of four major parts in the equation namely: Storage;
Advection; Dispersion and the Source/Sink terms.

0
—(0Sapa Xl oXova) = V(paDpma V XE) = ¢ 2.16
Z at<¢ p a)+y<p vav )/ y(p P\ry V oz)/ q ( )
v Advective term Dispersion term Source/Sink

Storage term

where, k stands for the component under analysis in the phase a. S, stands for the
saturation of the medium with the phase a.

2.4 Chemistry

For the developement of model by kinetic approach, various parameters that have
an influence over the salt precipitation are considered under this section. A brief
description about brine and other formulas that were used for the model are discussed.

2.4.1 Description of Brine:

Brine is a solution of salt in water. In the scope of this study, it is assumed that the
dissolved solution is exclusively Brine. Brine consists of Sodium and Chloride ions
as it’s main composition along with water. The solubility, defines the amount of salt
that could be dissolved into a certain quantity of water. It is an important basic
factor of description. For NaCl the value of solubility is around 360 g/L. Solubility is
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Temperature(C) | Solubility(gms/1)
0°C 356.95
10°C 357.2
20°C 358.9
30°C 360.9
40°C 363.7
60°C 370.4
80°C 379.3
100°C 389.9

Table 2.1: Solubility of NaCl in water variation with temperature.

a paramter that depends on various other features such as the:

1. Forces between particles: The two main forces inbetween the solute and the
solvant are the intermolecular and interionic forces. For the dissolution of the solute
to take place, the molecules of the solute must overcome the forces of attraction of the
solvant. Furthermore, the molecules of the solvant must have sufficient attraction for
the solute particles to contian the solute particles within.

2. Temparature: The solubility of NaCl increases with the increase in temperature.
Table shows the change in values of solubility with respect to the temperature.
Figure [2.3| shows the graphical variation of the solubility with respect to temperature.

3. Pressure: The effect on the solubilities of solids and liquids based over the appli-
cation of pressure over the solution is less pronounced than that for the gases in liquids.

2.4.2 Important chemical definitions:

In this portion, some basic terminology in terms of chemistry and their overview is
explained with the help of equations.

Mole: A mole is a chemical mass unit, defined to be 6.022X10%* molecules (or) atoms.
Molar mass: The mass of a substance in grams, divided by the quanity of the
substance in number of moles gives the molar mass of a substance.

2.4.2.1 Mole Fraction:

The mole fraction (x;) is defined as the ratio of number of moles of a specific
component to that of the total number of moles in the entire solution.
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Figure 2.3: Solubility of NaCl in water variation with temperature.

Z;

moles of a component [ B } (2.17)

- total number of moles in the solution

2.4.2.2 Mass Fraction:

The mass fraction is defined as the ratio of the mass of the specific component to that
of the total mass of the substance.

mass of the specific substance

X = [_] (2.18)

total mass of the substance

The fractions are dimensionless as they are compared to the same parameter.

2.4.2.3 Concentrations:

The molar concentration (c) is defined as the ratio of the number of moles of a specie
to that of the total volume.

number of moles [mol]

3

— (2.19)

total volume
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Similarly, the mass concentration (C) is defined as the ratio of the mass of the solute
in kg to that of the total volume of the solution.

C = (2.20)

mass of the substance [kg]

3

total volume m

2.4.2.4 Molality:

The molality is defined as the ratio of the number of moles of a specific component to
the mass of the solvent.
number of moles of the solute mol

= 2.21
m total mass of the solvent kg of solvent ( )

2.4.2.5 Molarity:

Molarity is defined as the ratio of the number of moles of a specific component to the
volume of the solution.

M= number of moles of the solute [m(;l] (2.22)

volume of the solution m

2.4.2.6 Ionic strength:

The ionic strength (I) of a solution is a function of molality and the charge of the
components. The ionic strength is a phase property. The ionic strength of a phase is
sum of ionic strengths of individual dissolved species.

Usually, either molality or molarity can be used in the equation for analysis. For this
study we used molality as the parameter to find the ionic strength of phases. Ionic
strength is defined as follows:

I = %;(mk(zk)g) [Ii—gl] (2.23)

where, m” is the molality of the component k and z* is the charge of the component
k, n represents the number of components in a specific phase.



2.4 Chemistry 17

2.4.2.7 Activity coefficients:

Activity refers to the concept of the Colomb forces of interaction between various
ions, which makes certains ions less active in the reaction process. This reduction in
the reaction efficiency is represented by the activity coefficient 7, for the component
k and is linked with the molality of the component k. For a component k, the activity
is defined as follows:

= (221)

where, 7* is the activity coefficient of the component k, m* is the molality of
the component k and mg is the standard unit molality. The activity coefficient is
dimensionless.

There are several emperical formulations to calcualte the activity coeffcients. The
most common and efficient way is by the use of Debye-Huckel method. The equation
of the Debye-Huckel method is as follows:

B A(zk)2\/7
1+ B.d*/I

where, A and B are temperature dependent constants and d* is the effective diameter
of the component ion. This is the general form of the Debye-Huckel equation.

logy" = (2.25)

mol

e } Further extension to the

However, this is valid only for the range of 1 < 0.1[

Debye-Huckel equation to expand it’s validity to I < 2 [nﬁ—gl} is given by:
AT
logyt = ——"L —— 4+ b*T 2.26
. 1+ B.a*/I (2:26)

where, a* and b* are certain ion specific parameters given in the appendix.
When [ > 2 [Iﬁ—zl}, that is at higher concentrations there occurs complex interactions
such as the binary interactions between like charge ions. In that case, the concept of
Pitzer needs to be taken into account with all specific ion interactions. However, the
Pitzer model is less accurate compared to the Debye-Huckel model as it lacks the ion
size parameters. The values for the constants can be seen in the appendix.

2.4.2.8 Solubility product:

Solubility product is defined by an equilibrium based over the rates of breaking and
combining of the ions with respect to the source compound. The solubility product is
mathematically the product of the dissolved ion concentrations to the power of their
stoichiometric coefficients. This parameter is based over the temperature and is always
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mol?

quoted for precision. For NaCl, the solubility product is around K, noc1 = 38.7699 ™5
at a temperature of 40°C. The solubility product can also be related to the solubility
as, lower solubility product results in a lower solubility and vice versa.

2.4.2.9 Salinity:

It is given as the ratio of the mass of the dissolved ions to that of the mass of water.

2.4.2.10 Effects of dissolution (or) precipitation:

Precipitation of NaCl occurs, if there is more ammount of Na and Cl ions in the
solution than the limit of extent that the water can dissolve in case of equilibrium.
In such a case to maintain equilibrium, it is required that the excess ions precipitate.
The dissolution is the case when there are deficit of ions present. In this case,
the salt ions get dissoluted into the water until the equilibrium is reached. The
saturation index is based over the activities of the ions and also the solubility prod-
uct. The ratio of the activity products to that of the K, gives the saturation index (£2).

[Na™][Cl™]

0=
Ksp,NaCl

(2.27)

That is, when the 2 is greater than value of 1, we observe the effect of salt precipitation
and in the case when the € is less than 1, we observe the case of dissolution. At (2
equal to 1 the case is in equilibrium.



Chapter 3

Model Concept

In this chapter, the component specific transport equations along with the concept
used for the model are described. Furthermore, the numerical scheme used for the
model is discussed.

The conceptual model used for the study is taken from Vishal Jambhekar’s Ph.D
project. See [9] for a detailed overview.

3.1 Main aspects:

e There are a total of four components in the system. Namely water (w), air
(a), sodium (Na™) and chloride (Cl17) ions. Here, all the specified components are
considered as the primary components over which the conservation equations are
implemented.

e Precipitated Sodium Chloride (NaCl) salt is the solid phase apart from the solid
matrix. The precipitated salt, NaCl, along with the solid matrix are considered to be

immobile.

e The two fluids phases present in the model are, liquid and gas phase. The liquid is
considered as the wetting phase and the gas is considered as the non-wetting phase.

e Gas phase consists of air (a) and water vapor (w) as its components. The Na™ and
Cl™ components are not present in the gas phase.

e Liquid phase is composed of water (w) as its main component, Na®™, C1~ and air (a)
as its dissolved components.

e The Na™ and Cl~ ions have an impact on the density and viscosity of brine. The
salinity is dependent over the mass fractions of Na and Cl ions.

19



3.2 Thermodynamic equilibrium 20

e Thermodynamic equilibrium is assumed for the model. See Section [3.2

3.2 Thermodynamic equilibrium

The thermodynamic equilibrium consists of three sub - equilibrium conditions as de-
scribed below, taken from [7].

e Thermal equilibrium: Systems in thermal equilibrium have the same temperature
along different phases. (1; =T, = T,)

e Mechanical equilibrium: At the phase boundaries the pressures are equal, but
pressure jumps caused at the boundaries due to the capillary pressure (p.) are to be
considered.

e Chemical equilibrium: Phases are in equilibrium with respect to the exchange of
components, if the chemical potential of the components transferred across the phase
boundaries are equal. Chemical potential is defined as the change of internal energy
per change in the number of moles of the components.

3.3 Mass transfer between the phases:

Since there are gas and liquid phases present within the model, along with the solid
phase represented by the salt components, the mass transfer occurs in between the
different phases. However, a local chemical equilibrium is assumed.

3.3.1 Fluid - Fluid Phases:

With the assumption of chemical equilibrium of the system, the water in the gas phase
and the air in the water phase are at an equilibrium. The detailed overview of the
mass transfer equation is discussed in Section [3.4.2.1]

3.3.2 Fluid Phase - Solid Phase:

The solid salt phase can exchange the mass with the brine phase, but not with the gas
phase. The interaction of the salt and brine is described by dissolution or precipitation
based on the solubility product and the saturation index, see Section [2.4.2.10]

3.4 Transport Equations

As discussed previously, the transport equation consists of four major terms which are:
the storage term, the advective term, the diffusive term and the source/ sink
term. In this section, the mass balance equations and the inherent source/ sink terms
are discussed. The multiphase flow model, requires a solid phase that interacts with
the components of the brine phase during precipitation. A schematic representation
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of the interactions between the phases is shown in Figure The source/sink terms
are part of the mass balance equation, however, they have been seperated for a more
appropriate description of the process.

Figure 3.1: Exchange of components in different phases.

3.4.1 Energy balance equation

Based on the assumption of local thermal equilibrium (7; = 7, = T, = T'), one energy
balance equation accounts for the storage of energy, conductive, convective energy
fluxes and energy source and sink terms.

0 0
> 57 (9PatiaSa) + o (67 p e AT) + (1 — go) o (pscsT)

S/

~
Storage term

(3.1)
— E:M Py — pug)— Ay 7T — -0
v (p —(VPa — pag) pm YV qr

~  heat conduction  source/sink

TV
heat convection

where, a refers to the fluid phases and s represents the solid phase. u, refers to the
internal energy of the fluid phase, ¢,N*“! refers to the volume fraction of the precipitated
salt, ¢! represents the heat capacity of the precipitated salt, ¢, refers to the initial
porosity, ¢ is the heat capacity of the porous medium, h,, refers to the specific enthalpy
and A, is the effective heat conductivity of the porous medium. The effcetive heat
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conductivity is a function of phase saturation, S; which accounts for the combined heat
conduction in the solid and fluid phases. The heat conductivity in the porous medium
is defined as follows: [11]

Apm = Aeptg T VS Aepfi — Aepfog) (3.2)

where, the effective heat conductivity Acss, of a saturated porous medium depends on
the heat conductivities of the pure fluids, A\, and on the heat conductivity of the solid
material, ;.

Nefra A, \ 0-28—0.757Tlogd—0.057log(As /Aa)
fhe _ (—) (3.3)

Aa Aa

For a non-isothermal case, there is an isothermal case assumption for a specific REV
and furthermore, the temperature of different phases in the medium vary.

3.4.2 Mass balance equations

In this model, there are different mass balance equations depending on the component
that is present in a specific phase. Since all the components considered were primary,
the computations were done for the primary component variables present in different
phases.

3.4.2.1 Mass balance for water and air

Since the components - water and air are present in both the wetting and the
non-wetting phases, the mass balance equation for these specific components are
described as follows:

0
S S (005 + (A ve) = T Dya V) =6 (34)

where:

a = w,n (phases) ; k = water, air (components)

The source/sink term for components water and air, q* = 0.

3.4.2.2 Mass balance for dissolved ions

The components sodium, chloride ions are present exclusively in the wetting phase,
thereby the application of the general mass balance equation is made simple due to
the presence of these components only in the wetting phase and their presence in the
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gas phase is neglected.

m. mol .k

a O 7.0
a(gbpw lSwIﬁ;) + V'(pw LUwa) - V‘<pw lem,w \Y va) - qk (35>
where: k = Na*, Cl —.

3.4.3 Mass balance for the precipitated NaCl

The effect of NaCl precipitation in the porous medium makes it essential to discuss the
mass conservation for the precipitated salt.

0
&(QSsNaClpsNaCl) + gs = 0 (36)

3.4.4 Source, Sink terms for the model
3.4.4.1 Precipitated Salt

Based over the interaction between the solid and the liquid phase, the source and the
sink terms of the transport equation are defined as follows:

The source/sink term is represented as follows when the component is the precipitated
salt.

solidity __
q

- (Tprecip - Tdiss) (37)

Precipitation and dissolution are based on the saturation index. When the saturation
index is greater than 1, precipitation occurs whereas when the saturation index is less
than 1, dissolution occurs. However, to analyse the effect of salt precipitation in the
porous medium specifically, the dissolution of salt has been neglected. The rate of the
precipitation is computed as follows:

rprecip = k'precipAsw<Q - 1)nPTECiP (38)

where, A, represents the area between the aqueous phase and the solid matrix, Kp,ecip
and 7yyecip are emperical constants. The Ay, parameter is dependent over the initial
porosity, ¢g and the porosity influenced by the salt precipitate, ¢.q;;. This is calculated
as follows:

¢salt ) %

Asw = Asw (1 -
0 ®o

(3.9)

where: A, o is the initial interface area without the precipitated salt.
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As there are only two possible effects which are precipitation or dissolution, the source/
sink terms for the Na™, C1~ are the same as that for the precipitated salt, except the
change in the signs caused due to precipitation or dissolution of NaCl.

qk = (rdiss - rprecip) (310)

where: k = Nat, Cl™.

3.5 Supplementary equations

In the main transport equations, there are a certain number of unknowns which are to
be closed for the iteration to start and proceed. Thereby, there is a need to introduce
certain supplementary equations such as:

e The saturations of different fluid phases in the porous matrix sums to 1.

Sy 4 S =1. (3.11)

e The secondary phase pressure is determined using the capillary pressure:

pe(S1) = py — pi. The constitutive relation for the capillary pressure-saturation is
discussed in Section 2.1.2

e In a specific phase the sum of the mass or mole fractions is equal to 1.

(eg: =¥ + xf + xF =1).

3.6 Constitutive relationships

e Upon the effect of salt precipitation in the porous medium, the salt precipitate
occupies the pore spaces, therby reducing the porosity of the medium. The change in
the porosity is calculated as follows:

¢ = ¢o — Gsait (3.12)

where, ¢, represents the pores occupied by the salt precipitation.

e As a consequence of porosity reduction, there is an obvious reduction in the per-
meability due to the reduction of flow space at the regions of salt precipitation. The
porosity and the permeability are related by the Kozeny-Carman relation.

P\3 (1 — ¢op\?

K =Ko ) ( ) 3.13
Noo/ \1-9 (3.13)

e The model uses the Brooks-Corey relationship for the p., S,, k, relations.

e The density of the liquid phase are evaluated as a function of its temperature, pressure

and salinity, after [3]

p1 = o + 100025[0.668 + 0.44zF + [300p — 2400pz;+

s (3.14)
T (80 + 3T — 3300x; — 13p + 47px])|x107°]
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Phase presence Criteria | Primary variables | Switch criteria
Brine phase Sw=1 xl N xClip, T g8 | 2 < al
Water and Gas phase | 0< S, <1 | pg, T, Sy aNa 2 ¢ | S, <0or S, <0
Gas phase Sw =0 pg, xi29. T T e < Ty

Table 3.1: Adaptive choice for the primary variables.

e Furthermore, viscosity is also given as a function of salinity and the temperature,
after [3]

= 0.1+ 0.33325 4 (1.65 4+ 91.9(z})*exp—[0.42((])"® — 0.17)% + 0.045]7°%  (3.15)

3.7 Primary variables

The transport equation consists of several variables that are unknown and are a subject
to the solution of the equation. Some of these variables are removed by using the
supplementary equations. The remaining unknowns are to be computed and are called
as the primary variables. For modeling, suitable primary variables are to be chosen.
Primary variables are computed directly within the iteration steps of the numerical
model. The primary variables can be determined by the Gibbs phase rule. According
to the Gibbs phase rule, the number of degrees of freedom indicate the required number

of primary variables.
F=k+1 (3.16)

where k represents the number of components present in the model.

Based over the phase presence, the primary variables change accordingly and also it is
required to specify the switch criteria for the model.

e When there is only the brine phase present (condition: S, = 1), where maximum
amount of dissolved air did not reach indicates the presence of only brine phase. The
switch criteria is defined over, x¢ .

e When both the phases are present (condition: 0< S, <1), the concentration of
the wetting and the non-wetting phase is more than that of the minimum solvable
concentrations. The variable under consideration is the S,,.

e If there is no water phase present (condition: S,, = 0) and containing only the gas
phase, the state changes, when the maximum solvable amount of water within the gas
phase is reached. The variable under consideration is of the zy’. The details regarding
the primary variables and the switch criteria for different conditions can be refered
from Table B.1]
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3.8 Numerical Discretization

The transport equations of the developed multiphase model are highly non-linear and
furthermore, the coupled partial differential equations can involve several heterogeni-
ties. Due to the complexities of solving the equations analytically, a numerical solution
scheme has been implemented for the model. Hence, all the equations that have been
discussed previously, have to be integrated into the system which need to be discretized
with respect to time and space. DuMu* simulator has been used for the above men-
tioned. Abrief introduction on DuMu® is given in Section [I.I] and for more details see
[www.dumux.org].

3.8.1 Spatial Discretization:

In this model, DuMu* uses the BOX discretization scheme for the spatial discretization.
The BOX method is a combination of the Finite FElement and the Finite Volume
methods.

The BOX scheme uses a box B;, consisting of different sub control volumes (SCV)
of various elements, surrounding a specific node ’i’ of the finite element grid which is
connected to the SCV’s inorder to calculate the fluxes. To construct the SCV’s, the
barycenter of each element is connected to the mid-point of the two adjacent nodal
connections of the node point i. On the surface of the SCV’s, at the middle, between
the barycenter point and the center between the two nodes, integration points (IPs)
are defined. Figure describes the BOX scheme.

box B
\ 4]
ns 3
p
Y . I sub control volume (SCVY)
o \‘II' -
1 B I Y
' 4
m T ¢
I i i
] g j
e
| k barycenter of k Integration peints (IPs)
element e

Figure 3.2: Unstrctured 2D BOX mesh, from Bielinski-[§]

The fluxes are computed by multiplying the flow velocity at the IPs with the cross-
sectional area of the corresponding SCV face. The values of the primary variables at
the IPs between the nodes of the finite element grids are computed by the interpolating
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functions as used in the finite element method.

Advantages of using the BOX method are: there is mass conservation taken to account
due to the consideration of the finite volume scheme which is used for the evaluation
of the fluxes. Also the usage of the finite element method enables the usage of un-
structured grids. For a more detailed analysis of the BOX scheme, see Bielenski [§].
However, there are also other methods that can be used see [7].

A fully upwinding method has been used to compute the fluid properties such as the
density, viscosity etc. The upwinding method takes information of the required proper-
ties from the previous node of the upstream from the transport equation. This increases
the numerical stability and continuity, as the new time step diagnosis data is always
based over the previous time steps data.

3.8.2 Time Discretization:

Temporal discretization is done with the fully implicit Euler scheme, which means
that the equations are solved for the variables at the unknown new time step (t;y1)
with refernce to the variables at the known time step (t;). The time derivatives
in the storage term of the mass balance equation can be described as follows in general:

i+1 i
Ov o™ —a' Qi it (3.17)
ot tiv1 — 1

where,

2! is the vector of unknowns as the new time level ¢,,1, 2’ is the vector of unknowns
at the previous time level ¢, and A" is the matrix with coefficients dependent on
the unknowns at the new time level. The main advantage of the fully implicit scheme
is that it is highly stable and there is no problem in choosing larger time steps as
restricted in the cases of the explicit and the mixed schemes to ensure good stability
results. However, to ensure an accurate result lesser time step sizes should be given

preference.

3.8.3 Solution of the discretized equations:

The model that has be implemented in DuMu* is a decoupled model. All the transport
equations for the primary components have been solved by the Newton- Raphson
method as the parameters are non-linear. The time step size is restricted to 500s,
but the time step size is a variable with respect to the previous time step size. The
Jacobian matrix, J and the residual R are set up using the primary variables, and the
resulting linear system of equations are solved. The general notation of the formed
Jacobian matrix can be of the form,

J({L,ti+1,n+l>‘u — J(xti+1,n+1> (318)
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where:

n is the iteration step, u = z(tittnt1) — gltivin) and gltivint)  gtitin) gre the vectors
of unknowns at the time step of ¢;,; and at nodes n + 1 and n respectively. A relative
convergence criteria is required to be fulfilled to complete the iteration. For the next
iteration, the data computed from the previous time step is used. Primary variables
used are the saturations, mole fractions, pressure and temperature based over the
phase presence. Incase of an isothermal system temperature cannot be used as a
primary variable. See Table [3.1 A pressure - saturation relation between wetting and
non-wetting phases is the most suitable case.

The method must ensure suitable rate of convergence (tolerance) before ending the
computation for a specific time step. Initialising the loop is done by using the solution
of the previous time step.



Chapter 4

Results

In this chapter, we discuss the results for the 2pncmin model that has been imple-
mented in DuMu*. Here, three different scenarios have been considered for analysis.

e In the first scenario, salt precipitation in the porous medium has been analyzed
under an isothermal condition.

e In the second scenario, the same model under the non-isothermal condition is used.

e The third scenario deals with the comparison of the kinetic precipitation approach
with the equilibrium precipitation model approach as discussed in [9].

4.1 Scenario setup:

The problem setup used for analysis is shown in Figure [4.1) with Neumann no flow
boundary condition at the bottom and at the sides whereas a far field Dirichlet bound-
ary condition is implemented at the top of the artificial free-flow zone. The Dirichlet
boundary condition for pressure at the top is equal to the atmospheric pressure (1 bar).
The entire domain is divided into (8 X 40) cells.

The brine in the system is subjected to evaporation. Mole fractions of both Na and Cl
ions have been choosen as input parameters into the model and are selected to have
equal number of moles of Na and Cl ions. This decision is made upon initially choosing
the parameter of mole fractions of Na and Cl ions randomly as an input parameter and
the chemistry observed non-equimolar values for the components that caused conver-
gence problems while solving the transport equations.

The activity coefficients that are essential for the chemistry part of analysis are taken
into account using the extended Debye- Huckel formulations as discussed in Section

2.4.2.7 The equation parameters are given in Appendix and [A.2] The kinetic
precipitation approach is used for studying the precipitation of salt. The effect of salt

29
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Dirichlet B.C
P = 1bar:;
T = 313K;
XY = 0.0.

Artificial Free
Flow Zone

Initial:
Py = lbar:
0.99:

X = 0.1188;
@ = 0.0

Figure 4.1: Developed model for analysis.

dissolution back into the wetting phase is neglected.

The capillary pressure (p.) and the relative permeability (k) with respect to the satu-
rations (S,) are described by the Brooks-Corey relationship and the respective param-
eters choosen for this model are given in Appendix [A.T] The relevant parameters used
for the model are given in Table The primary and main mineral components used
are described in Table 4.2l

4.2 Scenario 1: Decoupled model - Isothermal case

In this scenario, the developed domain is subjected to analysis under an isothermal
condition with the precipitation rate (rp.ec;) constants initially set equal to that of
Calcium Carbonate (CaCOg), taken from [10]. This has been done as there was no
literature found indicating explicitly the precipitation rate constants for NaCl. Later,
corrections are made to the rate constant terms in order to get precipitation, based on
the fact that the salt would precipitate at a rate that is directly proportional to the
difference of the saturation index from the equilibrium state.

The temperature profile along the domain for the isothermal case can be seen in Figure

4.2
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Property Value Unit
Permeability in porous media 2e-10 [m?]
Permeability in free flow zone le-10 [m?]
Initial porosity in porous media 0.365 -
Initial porosity in free flow zone 0.4 -]
initial Na mass fraction 0.08046395 | [-]
initial Cl mass fraction 0.118898492 | [-]
Pressure at the top surface leb [Pa]
intial water saturation (Porous medium) | 1.0 -]
temperature variation 308 - 313 (K]

Table 4.1: Model parameters used for the approach.

Primary components | H,O, Na*t, CI™
Mineral componets NaCl (as solidity)

Table 4.2: Component analysis.

temperature
313-m=313

[£312
311
310
309

i

W

308-

Figure 4.2: Temperature along the domain.
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4.2.1 Results and Discussions:

Figure shows the liquid phase saturation (Sl) at the initial stage and after approx-
imatly 16.5 days. The change in saturation along the domain is due to the evaporation.

.
099 9 =
EED'B EU]S
éo.e —0 5
|-
O,E O,

Figure 4.3: Saturation of liquid initially and after 17 days.

NOTE: The following results are based on a Ky ecipitation value of 1.5e-12 [mol/ dm?s]
and Nprecipitation value of 3.27 [-] . (Direct use of the constants available for CaCOj).
See Equation [3.8|

Figure [4.4) shows the mass fractions of Na and Cl ions in the wetting phase after 10.5
days.

l
|

A\
XAw_Na 0v325,x w_Cl
0.232—E Eo.a
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Z0.16 E
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0.0775—E0.08 0.12-

Figure 4.4: Mass fractions of Na and Cl after 10.5 days.

From the Figures, it can be observed that the values for the mass fractions of Na and
Cl ions are 0.202 and 0.306 respectively, at the center of the surface of the porous
medium. It is observed that the concentrations of Na and Cl ions are very high and at
this time, the solidity developed is 0.066, as seen in Figure

Furthermore, it is observed that the precipitation starts when the sum of mass fractions
of Na and Cl ions is 0.29. However, it can be seen that the kinetic precipitation rate
constants are not in equilibrium with respect to the rates of evaporation of the water
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Figure 4.5: Solidity after 10.5 days.

from the porous medium. Thus, we increase the precipitation rate constants so that
precipitation occurs at suitable rates as soon as the limiting saturations concentrations
are reached.

Figure describes the mass fractions of Na and Cl ions in the wetting phase after
16.5 days, in the porous medium. From 10.5 days to 16.5 days, slight variation in
the mass fractions of Na and Cl ions are observed. The mass fractions for Na and
Cl ions at this time are 0.216 and 0.295 respectively. When the saturation of the
wetting phase decreases furthermore, to values such as le-3, the mass fractions of the
components Na and Cl ions in the wetting phase, tend to get unstable and increase
to very high values such as 0.259 and 0.463 respectively. This is related to the phase
equilibrium calulations in the framework of DuMu*, which needs to be addressed
along with the unphysical relation of the interfacial surface area A, which needs to
be linked with the parameter of saturation. See Equations and [3.9

Figure [4.7 represents the solidity developed at the surface of the porous medium. The
solidity formed indicates the volume of precipitated NaCl in the porous medium. The
solidity value at the end of 16.5 days was 0.165 at the center of the surface of the
porous medium.

As in the previous case using CaCOj precipitation rate constants, the rate of precipi-
tation was observed to be too low and thereby, the Na and CI ions accumulate in the
wetting phase. Suitable rate constants are determined, using the trial and error method
for the following case. The values of kprecipitation = 9€-3 [mol/dm?s] and nyreciptation =
1.2 [-] are chosen for further analysis. The parameters are chosen in such a way that the
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Figure 4.6: Mass fractions of Na and Cl after 16.5 days.

Parameter CaCO; | NaCl
Kprecip mol/dm?s| | 1.5e-12 | 9e-3
inecip [‘] 3.27 1.2

Table 4.3: Precipitation rate constants.

salt precipitates at a rate that is proportional to the difference of the saturation index
from the equilibrium state, that is when the saturation index has a value greater than 1.

Table represents the comparison for the precipitation rate constant values used for
CaCO3 and for NaCl.

Figure |4.8 shows the mass fractions of Na and Cl ions in the wetting phase af-
ter 6.5 days. The accumulation of Na and Cl ions at the surface of the porous
medium is seen due to the evaporative fluxes. The solidity developed after 6.5
days is 0.065 as given in Figure [£.9 The mass fractions of Na and Cl ions at this
stage are 0.120 and 0.181 respectively at the center of the surface of the porous medium.

Figure [4.10| represents the mass fractions of Na and Cl ions after 13 days. The mass
fractions of Na and CI ions are observed to be 0.114 and 0.189 respectively at lower
saturation value of 3e-3 which results in unstable values, as also observed in the
previous case caused due the phase equilibrium calculation in DuMu* and also due to
the unphysical relation of the term Ag,.

Figure shows the solidity that has developed over a period of 13 days. As the
precipitation rate constants are increased, the solidity develops faster than in the
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Figure 4.7: Solidity developed after 16.5 days.
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Figure 4.8: Mass fractions of Na and Cl after 6.5 days.

previous case with the CaCOQOgj precipitation rate constants. The solidity developed
after 13 days was 0.191. Furthermore, Figure represents the solidity plot over line
passing through the center of the model domain.

Figure shows the concentration profile of the mass fractions of Na, Cl ions and
water in the wetting phase. As discussed above, the mass fractions of Na and Cl ions
increase due to the evaporation of water, resulting in an accumulation of the salt
components at the surface of the porous medium. However, as the saturation index of
1 is reached, the mass fractions of Na and Cl ions tend to stabilise at a point at which
Tprecip 18 1 equilibrium to the rate of evaporation. The mass fraction of HyO in the
wetting phase decreases due to the evaporation.

Figure [4.13| represents the plot over line passing through the center of the model
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Figure 4.10: Mass fractions of Na and Cl after 13 days.

domain, showing the mass fraction variation of the components Na and Cl ions in
the wetting phase. Here, the plot over line passing through the center of the domain
compares the new precipitation rate constants with respect to the older precipita-
tion rate constants. See Table for comparison of the values. The comparison
shown in Figure|4.12]is made at a time of equal solidity of 0.10 for both parameter sets.

Figure shows the direct effect that the solidity has on porosity. As the solidity
develops with time, the pores are filled with the precipitated salt, thereby reducing
the porosity of the medium.

Figure 4.15| represents the change in the permeability caused by the effect of salt
precipitation at the surface of the porous medium. The change is calcualted using the
Kozeny-Carman relation, see Equation [3.13
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Figure 4.12: Mass fraction of components after 6.5 days in the wetting pahse.

4.3 Scenario 2: Decoupled model - Non-isothermal

case

4.3.1 Scenario setup

For the non-isothermal case of analysis, the energy transport equation is used, see
Equation 3.1} The non-isothermal case was implemented with the same set of parame-
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Figure 4.14: Effect of salt precipitation on the porosity (13 days).
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Figure 4.15: Effect of salt precipitation on the permeability (13 days).

ters, as discussed in scenario 1, see Tables and [4.2] The boundary conditions used
for this scenario are also similar to those used in the scenario 1. The temperature in
this case varies from 25°C to 35°C' (298.15° K — 308.15°K) which is the only difference
from the previous case. Dirichlet boundary condition for temperature is set at the top
of the domain to 308°K. The new set of precipitation rate constants found are used
for describing the rate of salt precipitation in this case.

Figure [4.16| shows the variation of temperature at the start and at the end of analysis.

4.3.2 Results and Discussions:

The following results were obtained for the changed kinetic precipitation rate con-
stants, with kprecipitation = 9€-3 [mol/dm?s] and nyreciptation = 1.2 [-]. However, the
variation of the temperature dependent parameters on the activity coefficient, with
respect to the temperature changes are neglected in this model.

Figure [4.17 shows the mass fractions of Na and Cl ions after 11.5 days. The solidity
developed at this time is 0.029 as seen in Figure The results of the mass fractions
obtained for Na and Cl ions in the non-isothermal case are 0.126 and 0.193 respectively.
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Figure 4.18: Solidity developed at the surface of the medium after 11.5 days.

Figure 4.19, shows the mass fractions of Na and Cl ions after 21 days. The values of
the mass fractions for Na and Cl ions obtained at this stage are 0.137 and 0.181 at
center of the surface of the porous medium respectively. The variation in the mass
fraction could be caused due to non-equimolar values of the components Na and Cl
ions in the wetting phase. Upon reducing the saturation further, the mass fraction of
the components result in higher or lower values. This can again be seen as a result of
equilibrium calculation in DuMu* and the unphysical value caused by the term A, in
the precipitation rate constant.

Figure [4.20| shows the solidity developed over the surface of the porous medium after a
time period of 21 days and the plot over line passing through the center of the domain.
The solidity developed after 21 days was 0.164 at the center of the surface of the porous
medium.

4.4 Scenario 3: Comparison of the kinetic approach
with the equilibrium approach

In this scenario, a comparison between the general equilibrium model and the devel-
oped kinetic model is made. In the general equilibrium model, NaCl is considered
as one component and the salt precipitation takes place as soon as the saline water
concentration reaches the solubility limit. Thereby, the mass fraction of NaCl in water
never raises above the solubility limit of (0.265). The rate of precipitation is defined
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Figure 4.20: Solidity developed at the surface of the medium after 13 days.
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as the product of the variables simulated as described below:

Tprecip — ¢pmol Sl (l,}\IaCl NaCl ) (4 1)

— Ll max

where, ¢ refers to the porosity of the medium, p™? refers to the molar density of
NaCl, S; refers to the saturation of the wetting phase in the medium and the term of
(zNact - xf;%) refers to the excess mole fraction of NaCl above the solubility limit.
This model does not consider the activity coefficients of the components.

Figure refers to the developed solidity at the surface of the porous medium after
14.5 days. The plot over line depicts the solidity developed at the center of the surface
of the porous medium. The solidity developed at the center of the surface of the
porous medium was 0.213.

0.2
015
solidity_s T
0.217- -
Boz 3
B &
i z 01
- a
Z0.1
0.05
0—[ Equilibrium-solidity

0 005 01 015 02 025 03
solidity [-]

Figure 4.21: Solidity developed at the surface of the medium after 13 days by equilib-
rium approach.

Figure represents the solidity developed by both the equilibrium and the kinetic
approaches. It can be observed that the solidity developed for the equilibrium approach
is slightly higher than for the kinetic approach as the activity is smaller than the
concentration, it is obvious that more salt has to be precipitated when the activities
are not considered as in the simple equilibrium approach.
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Chapter 5

Summary

5.1 Summary

This analysis has been motivated by the global negative impacts caused by the salt
precipitation in porous medium. This independent study deals with the implementa-
tion of a kinetic approach for salt precipitation in the porous medium. The problem
has been developed based on the 2pncmin framework in DuMu*. The two phases
used in the model are liquid and gas phase. The four components used in the model
are water (w), air (a), sodium (Na™) and chloride (C17) ions. In general, the main
components that are responsible for soil salinization are Na and Cl ions. So, emphasis
of the study has been on these ions in specific. Apart from these ions, in some cases
other ions like K*, 17, Ca*2 CO3?, SO;? etc may contribute to soil salinization,
precipitating in a variety of different minerals.

Due to the complexity of solving the equations analytically, a numerical model concept
has been put to use. The space and time discretizations are also important topics to be
considered for finding the variable values at different times and at different locations
in the domain. The BOX scheme has been implemented for the spatial discretization
along with the usage of the upwinding method. Whereas for the time discritisation,
the implicit method has been implemented.

The model that has been developed is analyzed for a duration varying between 13-21
days which is considered as a good time period for any further analysis. The effect of
dissolution has been neglected.

The main factor that is responsible for salt precipitation is the saturation index and
solubility limit as discussed in Section [2.4.2.10] Here, the precipitation rate constant
of Calcium Carbonate is used initially due to the lack of literature data regarding the
kinetic precipitation rate constants for NaCl. The rate constant values for NaCl salt,
are approximated by trial and error method.

45



5.2 Future work 46

Three different scenarios have been implemented as discussed in Chapter 4.

The isothermal case scenario depicts the solidity developed with time. The effect on the
porosity, permeability and other changes in the concentrations within specific phases
are analyzed. Two different set of precipitation rate constants are used for analysis as
described in Table 4.3

The second scenario is the non-isothermal case and the observations are similar to that
of the isothermal case except a small reduction of the solidity.

The third scenario compares the application of the developed kinetic approach with
that of the already implemented equilibrium approach.

In all the models devloped and used there was a common problem relating to the higher
mass fractions of the componets in the wetting phase when the saturation drops to very
lower value which needs to be addressed.

5.2 Future work

e To find the most precise value for the precipitation constants.

e To find the reason why at lower S,, higher mass fraction values of components
are observed. The term A, turns to be unphysical for low S, values. Thereby,
it is essential to encorporate the parameter of saturation into this term for future works.

e To depict reality, the developed approach can be used with coupling the porous
medium and the free flow zones.

e The developed model can be used along with any real case example of any specific
problem and furthermore remediation scenarios could be suggested.

e The heterogenities, that can play a significant role in depicting reality can be
arbitrarily given in order to analyse the behaviour of salt precipitation in realistic
heterogeneous porous medium.

e Additional ions and minerals might be considered to investigate whether they can
have an effect on precipitation behaviour or if they can be neglected in further studies.



Appendix A

Values of the parameters used for
simulation.

A.1 Brooks and Corey parameters

Brooks and Corey parameters Value | Unit
Grain size uniformity, A 2 -]
Entry pressure (top layer) 0.0 [Pal
Entry pressure (bottom layer) 120 [Pal
Residual saturation of the wetting phase (at top layer) 0.0 -]
Residual saturation of the wetting phase (at bottom layer) 0.00 -]
Residual saturation of the non - wetting phase (at top and bottom layers) | 0.0 -]

Table A.1: Brooks and Corey parameters.
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A.2 Debye Huckel constant values

A.2.1 Debye Huckel constant values

Parameter i of ions in aqueous solutions Parameters at 1 bar
lons ax 107 Temp ("C) A Bxl0F
Rb*, Cs*, NHI, TI*, Ag* 2.5 0.4883 0.3241
K*, CI, Br~, I", NO3 3 0.4921 0.3249
OH", F~, HS", BrOj3, 103, MnO; 35 10 0.4960 0.3258
Na*, HCOj3, H,PO;, HSO3, Hp3*, 4.0-4.5 15 0.5000 0.3262
S0;7, Se0;™, Cr07, Cr0O5, HPO;, PO}~ 20 0.5042 03273
Pb>*, COI", S0%°, MO~ 4.5 25 0.5085 0.3281
Sr’*, Ba’*, Ra’™, Cd™*, Hg”, 8%, WO " 5.0 30 05130 0.3290
Li*, Ca™, Cu®, Zn?*, Sn™*, Mn?*, Fe*, Ni**, Co®* 6.0 35 05175 0.3297
Mg?*, Be®* 8.0 40 05221 0.3305
H*, AI**, Cr**, REE™* 9.0 45 05271 03314
Th**, Zr**, Ce*t, Sn** 110 50 0.5319 0.3321
55 0.5371 0.3329
60 0.5425 0.3338

Source: Garrels and Christ (1965)

Figure A.1: Constant values for finding the activity coefficients. Debye- Huckel con-
stants.

A.2.2 Truesdell and Jones constants

Ion ax10™ b Ion ax10® b Ion ax10™ b
H* 4.78 0.24 Mn2®  7.04 0.22 AP 6.65 0.10
Na™ 4.32 0.06 Fe’* 5.08 0.16 OH" 10.65 0.21
K* 3.71 0.01 Co’* 6.17 0.22 F- 346 0.08
Mg®* 546 0.22 Ni** 5.51 0.22 Clr 3.71 0.01
Ca3t 4.86 0.15 Znt 4.87 0.24 HCO; 54 0
Srit 548 0.11 cd** 5.80 0.10 co3” 54 0
Ba’t 455 0.09 Ph>* 4.80 0.01 SOT 5.31 -0.07

Source: Truesdell and Jones (1974); Pankhurst (1990)

Figure A.2: Constant values for fing the activity coefficients. Truesdell and Jones
constants.
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