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Figure 1: Relevant interface processes for evaporation driven salt precipitation in soil.
(taken from Mosthaf et al. (2011))

1 Introduction

Degradation of the soil productivity due to excess salts accumulation (salinization) is a
major concern worldwide. Soil salinization is an old issue but encouraged irrigation prac-
tices have been rapidly increasing its intensity and magnitude in the past few decades.
Salinization problems are most widespread in arid, semi-arid and coastal regions where
saline ground water is extensively used for irrigation. In some parts of the world soil salin-
ity has grown so acute that the agricultural lands have been abandoned. Studies (e.g.,
Gardner and Fireman (1958) and Sharma and Prihar (1973)) have shown that excess of
the irrigated water contributes significantly to evaporation from the bare soil surface and
therefore to the salinization.

The evaporative drying of soil is mainly influenced by interaction between the flow and
transport processes in the atmosphere and the porous-medium as shown in Figure 1. On
the atmosphere (free-flow) side, wind velocity, air temperature and radiation have a strong
impact on the evaporative drying of the soil. Furthermore, turbulence in the free-flow
causes mixing of air, influences the vapor transport in free-flow and creates a boundary
layer at the soil-atmosphere interface which indeed influences the vapor transport. On
the porous-medium side, dissolved salt (here, NaCl) is transported under the influence
of viscous forces, capillary forces, gravitational forces and advective and diffusive fluxes.
The water either directly evaporates from the water-filled pores or it is transported to air
due to diffusive processes (see Figure 1). Continuous evaporation promotes salt accumu-
lation and precipitation resulting in soil salinization. In the scope of this PhD thesis we
attempt to develop a model concept capable of handling flow, precipitation and transport
processes related to evaporation of saline water from an unsaturated porous-medium in
contact with atmosphere (see Section 2.2).
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2 State of The Art

According to the studies performed by Fisher (1923), Coussot (2000), Lehmann et al.
(2008) and Nachshon et al. (2011a,b), the classical approach for evaporation of pure
water from a homogeneous porous medium in the absence of constant water supply is
subdivided into following stages:

Stage 1 (S1): This stage is characterized by a relatively constant and high evaporation
rate. Here, the evaporation process is capillary-driven and continues as long as
hydraulic connectivity exists between the receding drying front and the free-flow-
porous-media interface to sustain a high evaporation rate.

Stage 2 (S2): This stage starts when the hydraulic conductivity is disturbed and evap-
oration is restricted by vapor diffusion in the porous medium.

Stage 3 (S3): This stage is characterized by a low evaporation rate governed by diffusive
vapor transport. It is established when the evaporation front is far below the free-
flow-porous-media interface.

Under many natural conditions (e.g. in arid and coastal regions) water contains applica-
ble amount of dissolved salts. Shimojimaa et al. (1996), Nassar and Horton (1999) and
Fujimaki et al. (2006) examined salt precipitation and its effects on saline water evapo-
ration under homogeneous conditions. Nachshon et al. (2011b,a) examined saline water
evaporation under heterogeneous conditions and described the evaporation process using
three new stages:

Stage 1 (SS1): This stage is characterized by high evaporation rate with minor and
gradual reduction, due to variations in the osmotic pressure.

Stage 2 (SS2): During SS2, the evaporation rate falls subsequently as a result of salt
precipitation and salt crust formation on top of the porous-medium.

Stage 3 (SS3): This stage exhibits a constant low evaporation rate governed by diffusion
across the salt crust.

Figure 2 shows the conceptual idea of the different stages of saline water evaporation.

Even though the stages SS1, SS2 and SS3 seems phenomenologically similar to the classi-
cal evaporation stages (S1, S2 and S3), they in fact correspond to different mechanisms.
For efHlorescent salt precipitation, stages SS2 and part of SS3 take place while the hy-
draulic conductivity is sufficient to support the first stage of evaporation, S1 (Nachshon
et al. (2011a)). Furthermore, Lehmann et al. (2008) observed extended S1 stage under
heterogeneous conditions due to higher capillary forces in the finer parts of the porous-
medium (see Figure 2).
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Figure 2: Conceptual idea of different stages of saline water evaporation from a porous-
medium. Grains building the porous matrix are represented in gray color, blue color
represents saline water and white color represents the dry matrix. Solid and dotted
curved black arrows represent diffusive vapor transport through gas phase and salt crust
respectively. Straight black arrows represent capillary-driven fluid flow toward the evap-
oration front. Green clusters represent the precipitated salt within the pore space or on
top of the porous-medium.

Numerical modeling is a powerful and commonly used tool to analyze the porous-media
flow and transport processes and to transfer it to the application scale. However, numeri-
cal modeling of saline water evaporation from a naturally existing heterogeneous porous-
medium flow system is a challenging task. Many scientists like Risacher and Clement
(2001), Tsypkin and Woods (2005), Zeidouni et al. (2009), Lehmann and Or (2009) and
Bechtold et al. (2011) have channeled their efforts to develop mathematical models and
performed numerical simulations to study saline water evaporation.

De Lemos and Silva (2006), Shavit (2009) and De Lemos (2009) discussed model concepts
for a coupled free-flow—porous-media single-phase system. Mosthaf et al. (2011) and Baber
et al. (2011) proposed an REV (representative elementary volume) scale model concept
for coupling two-phase compositional porous-media flow with single-phase compositional
laminar free-flow.

2.1 Open issues

e From the literature survey it has been observed that only a handful of literature on
the numerical investigation of saline water evaporation is available.

e To our knowledge, most of the numerical studies in the available literature consider
a simplified model concept with focus only on the porous-media flow domain.
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e The coupled free-flow—porous-media model concepts (as discussed in Section 2) may
include the free-flow-porous-media interaction physics and the atmospheric processes
(e.g., advection, diffusion, conduction, convection etc.), but they are either restricted
to a single-phase flow or to the evaporation of pure water.

2.2 Objectives

In the scope of this PhD thesis we attempt to describe evaporation driven salinization by
developing an REV scale model concept for multi-phase compositional porous-media flow
coupled with single-phase compositional laminar free-flow. The schematic representation
of transition from micro-scale to a REV scale description for different stages of saline
water evaporation is given in Figure 3. For the sake of simplicity we define several primary
objectives as follows:

e To describe dissolved NaCl transport and distribution in a porous-medium under
the influence of capillary, gravity and viscous forces and advective and diffusive
fluxes using an REV scale model concept (see Section 3).

e To account for precipitation of dissolved NaCl and resulting changes in the porous-
media properties (e.g., porosity and permeability) due to precipitated salt (see Sec-
tion 3).

e To include the free-flow-porous-media interaction physics and the atmospheric flow
and transport processes by coupling the porous-media flow with the laminar free-
flow as discussed in Mosthaf et al. (2011) and Baber et al. (2011).

e To validate our numerical model against the experimental data form the group of
Nima Shokri, Boston University, USA.

e Field application of the developed model concept.

3 Model Concept

The considered system consists of a free-flow domain and a porous-media domain as shown
in Figure 4. The porous-medium is considered as a three-phase system (two fluid phases
and a solid phase), whereas the free-flow domain is described by a single-phase. The fluid
phases are:

Liquid phase: This phase is composed of water (w) as its main component and dissolved
salt (NaCl) and air (a).

Gas phase: This phase is composed of two components air (a) and vapors (w).

The mathematical model for the porous-media flow system is discussed in Section 3.1
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Figure 3: Schematic illustration of transition from micro-scale to REV scale description
for SS1, SS2 and SS3: (a) Exchange of components between saturated porous-medium
and the free-flow on the micro-scale. On the REV scale, thermodynamic equilibrium and
flux boundary condition account for evaporation.(b) Halite precipitation occurs within
the unsaturated zone. On the REV scale, a volume averaged description of precipitated
halite is not locally resolved anymore.(c) Evaporation rate is reduced due to resistance of

precipitated salt crust to vapor transport.
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Figure 4: Two fluid phases and a solid phase may be present in the porous-medium P™,
whereas the free-flow domain Qf is considered as single-phase region. The liquid phase
consists of dissolved air and Halite and the gas phase consists of water vapor. Both phases
in the porous-medium interact with the gas phase in the free-flow (inspired from Mosthaf
et al. (2011)).

3.1 Porous medium

In the porous-medium domain QP™, two fluid phases a € {l, g} may be present, namely
liquid phase and gas phase as shown in Figure 4. With the mole fractions x of component
k € {w,a, NaCl} in a phase a and the phase saturation S,, the mass conservation for
each component is given as:

0 (¢Qmol,axgsa) K Kk __
Z T +V.F Z g =0 Vk €{w,a,s}, (1)

ae{l,g} ae{l,g}

where the mass flux of a component is given by

Fr = Z (Qmol,a'vaxg - DZ,pm Qmol,avxg) : (2)

ae{l,g}

Here, ¢ and ¢ are the porosity and the source/sink term respectively. D’g{’pm is the macro-

scopic diffusion constant of component x in the porous-medium for a multiphase system.
The diffusion coefficient is a function of the soil properties (porosity and tortuosity) and
the fluid saturation. The phase velocities in the porous-medium v, are described with
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the help of Darcy’s law for multiple phases:

Vo = —

K(Vpa_gag>> o€ {lag}> (3)

«

where fi,, 0o and k., are the dynamic viscosity, mass density and relative permeability
respectively, g is the gravity vector, K is the intrinsic permeability tensor and p, is the
phase pressure.

Substituting Equation 3 into Equation 1 and assuming precipitation of dissolved NaCl at
its saturation concentration, the mass-balance for each component £ € {w,a, NaCl} is
given as follows:

chmo aS xl
o Hoomtadats) S g (Vhe — 0:)

ae{l,g} ae{l.g}

- Z V - (D0 0mot.a VT3 Z ¢ =0 Vi €{w,a,s}, (4)

ae{l,g} ac{l.g}
where,
(¢Qmol lsl( act INT(;%ZC))
g = o : for k = NaCl, a =1 (5)
0 else

The assumption of NaCl precipitation also makes it necessary to ensure conservation of
the precipitated salt:

O(geClohacty
G =0, (6)
¢ = do — pN. (7)

The relationship for mass conservation of the precipitated salt is taken from the work of
Zeidouni et al. (2009). Change in the porosity due to precipitated salt is determined us-
ing Equation 7. Two different relationships for permeability change discussed by Zeidouni
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et al. (2009) (Equation 8) and Tsypkin and Woods (2005) (Equation 9) are used in the

scope of this work.
K _ (o) (1 —%)2
Ko (cbo) l-¢ )’ ®)

K 1= ewo(—(sd*D)
K 1 ewn (©)

where K is the initial intrinsic permeability and w is a fitting parameter.

Based on the assumption of local thermal equilibrium (7; = T, = T, = T, one energy-
balance equation accounts for the convective and conductive energy fluxes, energy sources/sinks
and energy storage in the fluid and solid phases as follows (Helmig (1997) and Class et al.
(2002)):

0 (PoattaSs) O (gﬁéVaClQéVaClcivaczT)
2 ar 5

ae{l,g}

0 (0scsT)

+V’FT—QT:0, (10)

with the internal energy u,, volume fraction of the precipitated salt 2! heat capacity of
the precipitated salt ¢Yo¢! initial porosity ¢y and heat capacity ¢ of the porous-medium.
The total heat flux is defined as:

Fr= Y GohaVa — ApmV T, (11)

ae{l,g}

with the specific enthalpy h,. The effective heat conductivity A,m(S5;) as a function of
phase saturation .S; accounts for the combined heat conduction in the fluid and the solid
phases. It can be approximated as the weighted sum of the effective heat conductivities of
water-saturated soil Aeg; and air-saturated soil Aeg, according to Somerton et al. (1974)
cited in Class et al. (2002) and Mosthaf et al. (2011):

Apm = Aefig + V1 (et — Aefig),
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where the effective heat conductivities Aeg o, Of a saturated porous-medium depend on the
conductivities of the pure fluids A, and of the solid material A; as follows (Krupiczka
(1967) cited in Mosthaf et al. (2011)):

A A 0.28—0.757log ¢p—0.057 log(As/Aa)
eff,a ( s )
Aa

In addition to the above mentioned conservation equations for the model description, sup-
plementary constraints and constitutive relationships are required in order to develop a
closed system of partial differential equations (PDESs) for the porous-medium flow domain.

3.1.1 Supplementary constraints
e Total void space within the porous matrix is occupied by liquid and gas phases:
Sg = 1 - Sl-

e The secondary phase pressure is determined using the capillary pressure: p.(S;) =
py — pi- The constitutive relationship for capillary pressure-saturation is discussed
in Section 3.1.2.

e [t can be easily recognized that the given supplementary constraints hold for the
mass and mole fractions of all components x € {w, a, s} in each phase o € {l, g}:
(eg. X'+ X!+ X =o' +af+a=1).

3.1.2 Constitutive relationships

e The capillary pressure-saturation relationship p. = p.(5;) is described by Brooks
and Corey (1964) or Van Genuchten (1980) model.

e The relative permeability k., for each phase « is described by a function k. (S,) of
the phase saturation S, using Brooks and Corey (1964) or Van Genuchten (1980)
model.

e As mentioned by Batzle and Wang (1992), the density and viscosity of the liquid
phase are evaluated as a function of its temperature, pressure, and salinity as follows:

01 = 0w + 1000X;{0.668 + 0.44X} + [300p — 2400pX;
+T(80 + 3T — 3300X; — 13p + 47pX;)] x 107}, (12)
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= 0.1+0.333X7 + (1.65 +91.9X; Yexp{—[0.42(X;"" —0.17)% + 0.045]T*5}. (13)

Batzle and Wang (1992) discussed that the effect of pressure variation on saline
water viscosity is negligible. The density and viscosity of the gas phase are assumed
to be same as that of the air: g, = 0,(p, T'), tg = pa(p, T).

e As a part of thermodynamic equilibrium, chemical equilibrium is assumed, i.e.
phases are in equilibrium with respect to the exchange of components. In the cur-
rent work, the chemical equilibrium is ensured by assuming equal partial pressure
of each component xk € {w,a, s} in each fluid phase o € {l, g} as discussed in e.g.
Class et al. (2002) and Lauser et al. (2011).

e The specific enthalpy is given as a function of temperature 7" and phase pressure
Pao- For the gas and the liquid phases, enthalpy functions h, and h; are given below:

hy(pg. T) = X2h® + XCh

and

hi(pi, T) = X[°h" + XPh* + X[ (h° + AR®),

where Ah® is the heat of dissolution for halite. The constitutive relationship for
liquid phase enthalpy is inspired from the work of Michaelides (1981).

e Similar to specific enthalpies, specific internal energies can also be described as func-
tions of temperature 1" and phase pressure p, as follows:

Uo(Pas T') = ha(T) = pa/0a-

4 Numerical Discretization

As discussed in Section 3.1, using conservation equations, supplementary constraints and
constitutive relationships, a closed non-linear system of PDEs is obtained for the com-
plete description of flow and transport processes in a porous domain. In this section,
we discuss the numerical treatment of the arising coupled system of advection-diffusion
PDEs, particularly their discretization in time and space.
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The hyperbolic or elliptic character of a problem is taken into account by the global
pressure-saturation formulation. Alternative formulations for a multi-phase flow system
can be studied in Helmig (1997) and Class (2008). The choice of the primary variables for
the pressure-saturation formulation and the phase switch criteria between different phase
states is given in Table 1.

The non-linear behavior of the PDEs is reinforced by constitutive relationships (e.g. rel-
ative permeabilities, capillary pressures), as well as the flow behavior. The non-linear
behavior is handled using the Newton-Raphson linearization method discussed by Helmig
(1997) and Class (2000). A semi-discrete approach is used in the current work i.e. finite
difference discretization is used for time (see Section 4.1) and BOX method is used for
space (see Section 4.2).

’ Phase State \ Phase Present \ Primary Variables \ Switch Criterion ‘
liquid phase only liquid Dy, Ty @], ¢35, T T
gas phase only gas Pgy Ty Ty G5 T Ty 2 Ty o
both phases liquid and gas pg, S;, o7, ¢35, T S, <0

Table 1: Primary variables for different phase states and switch criteria

4.1 Time Discretization

Generally, a multi-phase multi-component flow problem is transient and is represented by
a system of equations parabolic in time. A fully-implicit first order (OAt) finite difference
method (implicit Euler or Euler backward) is applied for temporal discretization. The
fully-implicit method is unconditionally stable, but leads to a coupled system of equations
which must be solved iteratively (Helmig (1997) and Class (2008)). The coupled system
of equations is expressed as:

t+At t
X — X
A t+AtXt+At

A | (14

where x is the vector containing unknown primary variables at time ¢ + At. Matrix A
contains coefficient functions which may depend on known primary variables in x at time
t+ At.

4.2 Space Discretization: BOX method

The spatial discretization method used in the current work is the subdomain collective
finite volume method (BOX method) which combines the advantages of finite-volume
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(FV) and finite-element (FE) methods (Helmig (1997), Huber (1999) and Class (2008)).
Schematic illustration of a BOX construction in a 2D FE mesh is shown in Figure 5.

Subdomain from element e in Box B (i.e. subcontrol
volume associated with node i)

\ Integration points
Barycenter of

element e

j j

Figure 5: Box construction in a 2D FE mesh.

The subcontrol volumes are defined for each element in an FE mesh by connecting the
barycenter with the center of the element surfaces (here edges) connecting adjacent nodes.
The BOX B; is obtained by the union of subcontrol volumes from the elements having
node i in common. The integration points are set at the center of the subcontrol volume
surfaces as shown in Figure 5, where the fluxes are evaluated.

The advantage of the FE method is that unstructured grids can be used while the FV
method is locally mass conservative. Here, the idea is to apply the FV method to each
BOX B; ensuring balance of fluxes across its faces. Using integration over the model
domain €2, the mass conservation (Equation 4) can be written as:

a(¢@mol,a5axz> kTCM K
Z / 8t dQ — Z /V ° . Qmol,axoéK(Vpa - Qag) dQ

ae{lg} " ac{l,g} "o ®

_ Z /V Dy 0 Omot,a V) dS2 — Z /quﬂ =0 Vi €{w,a,s}. (15)

O‘G{lvg} 9] ae{l,g} Q

As discussed by Helmig (1997) principle of weighted residuals is used by the BOX model.
This assumes that a PDE can be approximated in terms of discrete value of the primary
variables at nodes of the FE mesh and a shape function N; as follows:
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1501 = ZpaiNi Sa = Son'Ni .i'f; = szNZ i’i = Z szz (16)

where the shape function N; is C°— Lagrange polynomial obeying the following conditions:

o 1 fori=3
NZ($J)6ZJ{ 0 fori;éj : (17)

Here, nyp, is the number of discrete nodes in the model domain Q. §;; is the Kronecker
symbol. This assumption ensures that the non-zero value is confined to sub-domains be-
longing to node 7. Insertion of the approximation given by Equation 17 into Equation
15 leaves an approximate solution with global residual € on the right-hand side Class
(2000). The principle of weighted residuals ensures that the weighted solution e within
the domain satisfies following condition:

/m~ad9:0 i =1,2,3, ... Do, (18)

where the weighting function W is chosen such that it has a value 1 for the control volume
(BOX) belonging to node i and 0 for the neighboring nodes j as given below:

ww={y g5 1)

Thus the integrals are only evaluated in the BOX around node ¢ which is confined by the
set of neighboring nodes j € n; (Helmig (1997), Huber (1999) and Class (2008)). Com-
bining Equations 15, 16 and 18 with the temporal discretization (see Section 4.1) yields
following wake form of the mass conservation equation for each BOX B; with node ¢ in
its center [Huber (1999)]:

AtZMU Z {QmeolaS 1: H—At (qbgmol,asaxloi);}

JEM; ae{l,g}

J/

~
I

B Z Z WV { k‘ T ol a )tJrAtKVN }dQ (\Ijaj . \Ilon')t+At

ae{l,g} JEN
N - J/

11
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= 3 3 WV A D) AN} ()

ac{l,g} jem: “q

N J/

111
— Z (Wigs) 2 =0 Vi,k € {w,a,s}, (20)
ae{l,g} "
v

where, the mass-lumping technique (which allows a FV discretization) and the total po-
tential of a phase ¥,; at node ¢ are given as:

\Ilon' = Poi — 08. (21>

According to Huber (1999), the resulting mass martix M;; can be written in a lumped
matrix form as:

M:WP =
0 for ¢ # j,

where V; is the BOX volume related to node . Applying integration by parts, the terms
IT and I1] in Equation 15 can be reformulated in the following way [Huber (1999) and
Class (2000)] (here only term I11] is shown):

Z Z WV { me alQmOla t+AtVNj} dQ (x‘;j _ xZi)t+At

ac{l,g} J€N:i “q

Z Z V {W me anOla)tJrAtVNj} dQ (Sng - xgi)t+At

ac{l,g} J€Ni “q

_ Z Z VIV, { mea@mola t+Atij} dQ (552] _ xgi)t+At. (23)

ac{l,g} jE€m: “q
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Using the divergence theorem and the fact that VIWW; = 0, the right-hand side of the
above equation reduces to:

Z Z Wi( pmagmola)t+AtVN ndl (xf Iaz)t-‘v—At (24)

ae{l,g} j€ni

Combination of Equations 20, 22 and 24 yields a discretization for each BOX B; with
node ¢ in its center as:

V;' K K
E Z {(¢Qmol,asa$a)§+At - (ngmol,asaxa)?}

ae{l,g}
N Z Z TaQ?’”Ol Oéx t+At/KVN ndF ( aj lIjozz)tJrAt
ag{l,g} jen:
B Z Z pm,a@mol,a t+At/VN ndl; (zf,; — A
ag{l,g} jen:
_ Z (Vig") At = 0 Vi,k € {w,a,s}. (25)
ae{l,g}

Detailed discussion on BOX model can be studied in Helmig (1997) Huber (1999), Class
(2000) etc.

5 Current Situation

The first prototype of the model concept is implemented in the framework of DuMuX.
Discretization is performed using the BOX method for space and the implicit Euler scheme
for time as discussed in Section 4. The equations are solved in a fully coupled manner
and a Newton-Raphson algorithm is deployed to handle non-linearities and achieve good
convergence behavior.

The implemented model concept is capable to describe the transport and distribution
of the dissolved NaCl under the influence of evaporative flux and the effect of salinity

distribution and evaporation dynamics.

The model also accounts for precipitation form the NaCl saturated liquid phase and the
resulting changes in porous media properties (e.g., porosity and permeability).

Related to the assumption of local thermodynamic equilibrium:
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e The assumption of local thermal equilibrium accounts for conductive and convec-
tive energy fluxes, energy storage and energy sources/sinks within the system (see
Equation 10).

e The assumption of mechanical equilibrium accounts for the secondary fluid phase
pressure (see Section 3.1.1).

e The assumption of chemical equilibrium accounts for the exchange of components
across different fluid phases (see Section 3.1.2).

Numerical simulations are performed to study dissolved NaCl transport and precipita-
tion in saturated and unsaturated porous-media, under the assumption of isothermal and
non-isothermal systems. The first simulations results are discussed in Section 6.

6 First Results

To test the performance of the implementation, some simple benchmark problems are
defined. Each sample problem features a sand column (5 cm ¢ x 25 cm) initially saturated
with saline water. The porosity and permeability data is taken from Nachshon et al.
(2011a). Brooks-Corey model is used to describe the capillary pressure-saturation and
relative permeability-saturation relationships. Numerical simulations are performed using
different problem configurations from literature as shown in Figure 6. A brief description
on these configurations is given below:

Fully saturated homogeneous sand column: Top surface of the column is subjected
to a constant evaporation rate. Constant hydraulic head at the bottom ensures that
the column stays fully saturated throughout the evaporation process. No flow is
allowed at the column sides. Numerical results for evaporation driven NaCl concen-
tration distribution and NaCl precipitation at the top surface are shown in Figure
6a.

Unsaturated homogeneous sand column: Here, the evaporative drying of the col-
umn is driven essentially by the system temperature. The column is initially sat-
urated and its impermeable sides and bottom ensures no flow. An atmospheric
domain is introduced on top of the sand column (see Figure 6b). This allows us to
define a far field boundary at the top. The NaCl precipitation in the sand column
is shown in Figure 6b.

Unsaturated heterogeneous sand column: The problem configuration is same as that
of the earlier configuration. However, heterogeneous sand column with sharp verti-
cal interface is used (see Figure 6¢).

Results of the prototype model are promising: Major breakdowns of the model have not
been observed so far. It is possible to simulate the evaporative drying with a sufficiently
fine discretization: Simulations are performed using grid sizes 5 x 25, 10 x 50 and 15 X
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(a) Dissolved NaCl distribution in a fully saturated homogeneous sand column.
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Figure 6: Problem setup, boundary conditions and first results.
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75 on a single core of an Intel R Core(TM) i3-2100 Quad Processor at 3.10GHz. This cor-
responds to 625, 2 500 and 5 625 degrees of freedom respectively. The physical accuracy
of the proposed model concept is not yet assessed. Validation against the experimental
data will be performed after the model accounts for the interaction physics at the free-
flow—porous-media interface and the atmospheric processes.

7 Future Work

Coupling with the laminar free flow: The experimental investigations carried out by
Lehmann and Or (2009), Shokri et al. (2010), Bechtold et al. (2011) and Nachshon
et al. (2011b,a) indicated that the dissolved salt transport, precipitation and the
evaporative mass exchange across the free-flow—porous-media interface are strongly
related to one another. Thus, the free-flow-porous-media interaction physics and
the atmospheric flow processes must be included in the model concept.

Validation against the experimental data: As discussed in Section 2.2 saline water
evaporation experiments are carried out by the group of Nima Shokri at Boston Uni-
versity, USA. The collected experimental data will be used to validate the coupled
multi-phase compositional free-flow—porous-media model.

Permeability change: In the current work, two constitutive relationships given by
Equation 8 and Equation 9 are used for permeability change. A suitable consti-
tutive relationship will be chosen by validation against the experimental data.

Stability analysis: To study the instable fingering effects introduced by density or vis-
cosity contrasts or by the development of a capillary transition zone stability analysis
will be performed.

Kinetic reactions: At the moment NaCl is recognized as a single component and the
precipitation is checked using its saturation concentration in the equilibrium state.
In future transport of individual species (e.g. Na® and Cl7) can be introduced
where kinetic reaction model must be used to handle precipitation.

Radiation: The energy supplied by incident solar radiation at the porous-media surface
can be a major factor influencing the evaporation in natural systems. In the future
work this energy contribution can be accounted by the energy balance equation (see
Mosthaf et al. (2011) for further details).
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