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Abstract

We require this mathematical and numerical modeling in order to evidence the influence of the soret effect on
the transport of hydrocarbons chlorinated in a porous media. Besides the multiphase aspect and the multi-
components aspect, we consider, in this study, a third important aspect: Soret effect. Via the method of scaling,
we transcribe the equations governing this problem, already written in pore scale, at the macroscopic scale.
Since the differential equations established are coupled and nonlinear, the problem will be solved numerically

by using a numerical approach based on the finite volume method.

Keywords: Soret effect, Chlorinated hydrocarbons, Multiphase effect, multi-component effect, porous media, unsatured
zone, finite volume method

Nomenclature

\Y, . Vapor phase; T Temperature;
y/j Aqueous Phase; Ci, Concentration of species (i) in the ¢ -phase;
Y Non-aqueous phase; ce Equilibrium concentration of species (i);
o Solid phase; S, Soret coefficient for ¢ -phase;
4
Q Phase index representing V and g; DTi(p Molar thermo-diffusion coefficient of
species (i) in the ¢ -phase;
\7¢ Fluid velocity in the ¢ -phase (microscopic Di, Dispersion coefficient of species (i) in the
scale); @ -phase;
v, Fluid velocity in the @ -phase (macroscopic Di*¢ Effe(_:ti_ve Dispersion coefficient of species
- Velocity of species (i) in the ¢ -phase; Por Py Py Density respectively of the ¢ -phase, y -
phase and o -phase;
o, mass fraction of species (i) in the ¢ phase; |Cp,.Cp,.Cp, Specific heat capacity respectively of the ¢
-phase, y -phase and o -phase;
a; mass exchange coefficient of species (i); I Identity matrix;
Ay Ay Ay Conductivity coefficients respectively of Ayt Transverse dispersion coefficient of species
the @ -phase, y -phase and o -phase; (i) in the @ -phase;
ey, 5, €, Volume fraction respectively of the v - X, Average mole fraction of species (i) in the
phase, s-phase and y -phase; y -phase.
R Evaporation quantity;
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1. Introduction

In this paper, we are interested to the influence of soret effect in addition to the multiphase effect on a mixture of
the hydrocarbons chlorinated, most used industrially as Trichloroethylene and Tetrachloroethylene. Their low
solubility in water constitutes a non-miscible phase [1]. This phase is trapped in the porous matrix and its
compounds can be transferred towards the atmosphere especially by diffusion [2] and towards the aquifer by the
molecular diffusion and dispersion [3]. Then they affect their qualities and cause a danger to the human health
[4].

Several studies are approached the subject of transport of hydrocarbons. But, the majority of these studies is
confined with the pure substances (mono component) and without taking into consideration the soret effect and
the exchanges inter-phasiques are often neglected [5]. However, we note some recent studies on the subject [6,
7, and 21]. For the vapor phase, this effect was theoretically predicted [24]. Other authors studied the influence
of soret effect on a single phase mixture [22].

The originality of this work is to highlight, on geometry of two dimensions, the influence of the soret effect and
the multiphase effect on a multi-component mixture or the interactions between the various components make
the simulation of transport delicate since the assessments of all the species strongly nonlinear and are coupled.
After the establishing of the equations governing our problem on a microscopic scale, we use the method of the
volume average [8] and the decomposition of Gray [9] in order to have the equations on a macroscopic scale.
Then, we adopt the finite volume method to transform the obtained equations en algebraic ones.

2. Pore scale

On a microscopic scale, the pollutant undergoes some different type of mass transfer, towards the aqueous
phase, the vapor phase and possibly towards the solid phase of the porous matrix, which justifies the presence of
the pollutant in the three phases and possibly by adsorption in the solid phase [10].

At this scale, the mechanism of dissociation is translated by the transfer of the chemical components of the
organic phase towards the agueous phase. We note in this case, a continuous contribution of molecules
solubilized in the aqueous phase and a continuous source containing the pollutant. These transfers can be
studied using two mechanisms of dissolution: local equilibrium and non-local one. We adopt the second
mechanism of dissociation: not local equilibrium where the duration of complete dissolution of the mixture of
two chlorinated solvents (TCE and PCE) is much longer and modeling becomes more complex.
The relations which are necessary to predict and describe the phenomenon of the pollution of underground
based on fundamental processes. Indeed, the equations governing the problem are deduced from those of
conservation of mass, of conservation of energy and transport of aqueous solution.

At the pore scale, each phase can be treated as a continue space. Thus, we established the equations for each
phase independently of the others.

2.1. Equations of flow
We are witnessing a two phase flow that is the aqueous phase and the vapor phase, so the equations governing
this flow on the scale of pore are writing:

,u¢§zv¢ —§p¢ =-p,0 (1)
Where @ represent the vapor phase and the aqueous phase.

2.2. Transport equations

2.2.1. Phase ¢

In the case of a single-phase multicomponent mixture, the temperature gradient induces a material displacement
effect, in addition to the classical Fick's law. The total flow for the compound in phase is expressed as follows
[23]:

ji¢ = _Di¢6(p¢a)|¢) - DTi¢§T¢ (2)
The mass balance equations for each mobile phase are:
6p¢ o . O _
ax +V.(p¢,w,(pvi(p) =0 (3)
Vyv,=0 4
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2.2.2. Phase y
This phase is assumed stationary; the mass balance takes the following form:
op,
=0 (5)
ot

The relation (3) corresponds to the total weight breakdown of the phase ¢ .
p, 1s supposed to be constant. The flow of component can be broken up into two terms: convective term and a
diffusive term [11]:

PNy = PNy + i, (6)
2.3. Equation of heat conservation

The transfer of energy in porous media, at the level of pores, is defined as being the transfer of heat in the three
coexistent phases besides the solid phase, which constitutes the porous matrix [12].

2.3.1. Phase ¢

Poel | e, VT (1, 9T)=0 (7)
2.3.2. Phase

W—ﬁ.(ﬂﬁﬂ: 0 (®)
2.3.3. Phase o

% ~V{4,9T)=0 9)

3. Darcy scale

In order to obtain a macroscopic description of the phenomena we want to model and define new effective
properties, we need to change the scale, from the microscopic to the Darcy scale. To this end we adopt the
method of the volume average. [6, 13, 14].

The description of the phenomena on a macroscopic scale uses the generalized Darcy relation [15] for both
mobile phases, the mass balance equations of the two mobile phases, transfer equations of the species in the
vapor phases, aqueous and non-aqueous, the equation for the non-aqueous phase and the heat transfer equation.

The equations governing our model become:

3.1. Equations of flow

3.1.1. Phase ¢
- KK, -
0= . V(P«) - p(ng) (10)
4
VvV, =0 (11)
3.2. Transport equations
3.2.1. Phase v
é %iu\wcw ~¥.4,D;, (¥C, +8,9T,)+R =0 (12)
3.2.2. Phase g
g, %Mvﬂ VG, ~V.(£,D;,(VC, +5,,9T))+ & (C,, ~C'X,, ) =0 (13)
With :
Dy,
ST¢ = E (14)
3.3. Equation of evolution of the non-aqueous phase
8 2
%—Zai(cw—cieqxi,)— R =0 (15)
i=1
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3.4. Equation of heat conservation

In this paper we use the hypothesis which assimilates the porous medium to a single fictive medium and is to
admit that throughout the volume element on which an energy balance is performed, the average temperatures of
the solid and fluid phases are equal. That is the model most used in the literature [16]. Also, it is satisfactory to
describe the transfer of heat in a porous medium when the filtration velocities are low. So, we write:

(L) =(T,) =(T.)"=(T,) =(T) (16)
We also pose:
E=¢& té5+¢E, (17)
dle pcy |T
[S\/'OVCPV e8P +(l—s)pacpo_}§tr+(}/gt|:)yj+(svcpv\7v +sﬂcpﬂvﬂ)ﬁT (18)

-v. [ a4 +sﬁﬂ,ﬂ+g}/1}/+(1—s)ia)§T}=0

We focus on solving this problem in two-dimension geometry. This requires that the velocities will be of
decomposed in two components (U and W) such as:

V, =U _ex+W ez (19)
The dispersion coefficient is considered as the sum of the coefficient of cinematic dispersion, and the molecular
diffusion coefficient [17].

Duww = DCUWV(p + §UV Dijvw (20)
The cinematic dispersion tensor is given by the following relation, [Bear, 1972]:
Dey :H\7¢H[0‘T¢l +(ay _“T¢)E¢J (21)
(E, ) is a tensor which depends on the
2 22
{0 @
VW W,

Where (‘MH)IS the standard velocity of the phaseg; (a eta, ) are respectively the longitudinal and transverse

dispersivity of phase(y), and (1)is the unit matrix.

The transverse dispersivity is much smaller than the longitudinal dispersivity, generally one to two orders of
magnitude [17]. It is taken generally on the order of one tenth of the value of the longitudinal dispersivity [18].

4. Boundary conditions

The partial differential equations we have developed describe the flow in the unsaturated zone of the soil. So to
predict the evolution of the system, it is necessary to define the initial conditions and boundary conditions of the
domain considered.

4.1. Initial conditions
The initial conditions must be specified on all parts of the domain. These conditions may be expressed in
pressure load, in water content or concentration.

At t=0:

CAV =0 (23)

C,, =—(X,C)z/L, + X, C (20)

T=T,+(,-T,)z/L, (25)

Pﬂ = POﬂ + pﬂgZ (26)

%Lzl(Tl—TD)
R/ = Pov [Tj
K (27)

4.2. Boundary conditions
In this study, we choose on the boundary z = 0 and z = Lz, the conditions of Dirichlet. And on the boundary
3402
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x = 0 and x = Lx, we choose the conditions of Newmann. These conditions are chosen for constituent
concentrations and pressures in the two phases, agueous vapor, and also for the temperature.

e Concentration

CA/, (x,0,t) = XAVC;q (28)
CA/J(X, |_Z ,t) =0 (29)
—*0,2,1) :ac—“*(Lx,z,t) =0
OX OX (30)
%(o, 2,t) = ‘%‘V(Lx,z,t) —C,(%0,0)=C, (x,L,,) =0 (31)
e Pressure

R,(X,O,t) =Ry (32)
R, (x L,.t) pressure free (33)

oR oR

Y1(0,z,t) =—*(L,,z,t)=0
OX OX (34)
P,(x0t)=FR, (35)
P,(x,L,.,1) pressure free (36)
37
%(O,z,t):%@x,z,t):o ( )
o Temperature

T(x0,t)=T, (38)
T(x,L,t)=T, (39)
To,2t)=ThL, 2,0 =0 (40)

OX OX

Lx and Lz represent the Dimension of the domain studied in the directions &, _and .

5. Method of solution

There are many numerical methods for transforming differential equations into algebraic equations [25-38]. We
choose the use of finite volume method [19] of implicit type. The choice of such method is based essentially on
reasons of stability and thus of time-saver of calculation.

The principle of this method consists in integrating the equations to solve on a control volume centered in space
and on an interval of time [20].

5.1. Flow equation
The equations of flow of the vapor phase and the aqueous phase in discrete form are given by:

Uity = 2e[ R Rtk ] (41)
Wi =4 (R Rl ] - nag (42)
Usity =22 Piety =Pty (43)
6.0) = %[Pﬁtﬁ}) —Paiin J = XpPpY (44)

5.2. Transport equations
5.2.1. Phase v
The transport equation in the vapor phase in discretized form is written:

t+At

t+At t+At
aPV @i,j) + aEV

teat teat
i) T@oviai TawNi i +aSVCV(i,j—1) = &y (45)
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With:

1

8py = 1
2

1
2
1
2

5.2.2.Phase g

iuwv

4 (8\/ D_HA[

= SHM

TWV (i

SHAI

TWV (i

- St+At

TUV (i

)

i

)]

% (5,05 ) At +Z(gv D ), At}c;;g;, = +[+411(8V Divv ), At+%(6v Diov ), At}ci‘v*é‘i‘lm

iuwv

%}

|:gv AXAZ + [(gv D ), + (& Doy )J Ax

Jusiazat=[ (a0, |- 2 (5Dl ), - (Dl

)Jm

~Zuaeat=[(a05), ]2+ 2[5y ), - (oD ), Jat

Ax 4
1
2
_%WHN AXAL+ %[(gv Diun ), — (& Diiaw ), At

V(@i.J)

W AXAL - H(ev Disiv ), ~(= Dy ), J

1

1 + -
)0 At —Z(g\/ D:WSIV )5 At:lcil\/(Aitlvjl) -

1
trAt trAt trAt trAt At tAt t+At
(“7v Dijuv )e (T(i+1,j) =T )_*Sva(i,j) (gv Dijuv )o (T(ivi) _T(iflvD) TAX

2

1
2

The transport equation in the aqueous phase in discretized form is written:

With:

RB

t+At At tAt trAt trat
3p,Cptiiy +epCrtisniy T B0sCpiai +AnsCraiion +855Cpig
AZAt
_ et Wy Wy
Apy =& ) AXAZAL + &, AXAZ + [(Sﬂ Duugs )e + (‘9,8 Duugs )0:| AX

AZAL 1

—&,Cl ) AXAZ + R, AXAZAL + [—%(a Digun ), At %(Sv Dy )y At}c‘%t“"'”’ ’

AzZAt
AX

1
tHAt t+At tHAt t+At tHAt tAt trAt
) (Sv Diowy )e (T(I+1,J+1) —T(|+1,J))_§S WV (i, ) (gv Diowy )o (T(I,m) _T('YJ) ) At-

t+At t+At t+At t+At t+At t+At trat
(8\/ Diwuv )n (T(I+1,J )~ Ve ) _7STUV(i,j) (SV Divuv )s (T“*l'” T )}At

) = _aRﬂ

agy = %U;(flj)AZAt - [(8,; Diss )JK Z[(Sﬂ Diiws ), = (& D), J At

8oy

a. =

1

Ng

asﬂ=

=S Ul Azt~ [(2,00 )O}% + 1[(8/; Dy ), — (24Dl ), JAt

AX 4

- 2w a3 (5,00 ), (3 D1, ), Ja

_%W 1 AXAL + %[(5 5Disira), ~(£,Diomis), At
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t+At t+At
&,Djucss), At}C.

ipGi-1,j-1)

AzAt
)}E_

+

—£,Cpi )y AXAZ — o) xiceq;ﬁ;AxAzAt +

__1( DAt ) At—l( DAt ) At |Ctat + 1( DAt ) At+1( DAt ) At |t +
2 €pLiuwgs ), 2 €pLwug ), i) 7| g €pYiwg ), 4 €pliwug ), iB(i+1, j-1)

[ 1 . 1 . . 1 . 1

2,0l At 2 (2,0 ), At}Ci‘ﬁ(Ai‘, L+ h(g,, 0l ), At

1 t+At t+At t+At t+At 1t t+At t+At t+At

ESTWﬁ(i,J) (g/?DiJUﬂ )e (T(iu,i) _T(i‘j) )_ESTW/J(LJ) (gﬁDiUUﬂ)o (T(i‘J') _T(ifl‘i)

_1 t+At t+At t+At t+At l t+At t+At t+At t+At

ESTWﬁ(l,])(EV DiUW/i)e (T(I+1,J+1) - (I+1,J))_ESTWﬁ(i,j) (‘gﬁDiUWﬁ)o (T(|,3+1) _T(I,J)) At -

1 t+At t+At t+At t+At 1 t+At t+At t+At t+At

ESTU/J(i,j) (E[J’DiWUﬁ )n (T(I+1,J+l) _T(I,J+1))_ESTU[f(i,j) (gﬁDiWU[})S (T(HLJ) _T(I‘J) )At

A. Dhiri et al.
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5.3. Equations of evolution of the not-aqueous phase
The equation of evolution of the not-aqueous phase in discretized form is written:

t+At _t+At

2 2 —
PrisErin = Proiérin ;[aiﬁ)qﬁj)ﬂ] - ;[“:aﬁt) XiCieqt(ﬁ;At] * [RyAtJ (47)

5.4. Equation of heat conservation
The conservation equation of heat in discretized form is written as:

aPT-]—(tijrjA)t + aETT(it:lA,}) + aOTT(:tlA,tj) + aNT-I—(EerJ'A+t1) + aSTT(tijfjA*tl) = T8 (48)
With:
ol e ) 5 ) )
A = %ZG?])AZM - (”Mt )e % B %((ﬂmm )n B (IHA‘ )s )At
oo = aifzat—(41) SR (), {37 Ja
1 1//.. *t
oo L) (7))
1 . 1 St *t+,
ag :—E;(\;V(Aifj)AXAt +Z((,1 t+At )e _(/1 t+At )D)At
* t ) ((ﬂf”m) +(/1*1+A1 )n) (E+fyl‘+l) _((ﬂ*um) + (l*tmt) ) (&f,t'—l) _
Ay = _((pCP) +((pCP )‘/ )(i i))T(ti*i)AXAZ _Z #t+At e #t+At :A: stAt e #t+At S I;A: At
| (70, ) Rt (), (),
6. Results

In the figure 1 is carried the variation of the density of the non-aqueous phase according to time, t, at the
position x =% L, and z =% L,. It is noted that this density decreases with time. We can explain this decrease by
inter-phase exchange between different pollutants.

1,000 -

0,995 4

0,990

0,985 -

P PHASE NON AQUEUSE

0,980

0,975

T T T T T
0,0 0,2 04 0.6 08 1.0
t

Figure 1: Evolution of the profile of p according to “time t” (z =% L, and x =% L,)

325 4

3204

315 4

310 4

Température

305 4

300 4

295 -

290 4

285

T T T T T
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Figure 2: Evolution of the temperature profile according to z, atx =% Lyand t = % T,
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The evolution of the temperature profile as a function of depth z at time t = % T, and at the halfway the
horizontal dimension of studied domain is illustrated in Figure 2. Note that the temperature increases gradually
as z increases which is checked physically and by other authors.

0,95 4 —®— Avec effet Soret|
—®— Sans effet Soret]

0,90 4

Capce

0,854

0,80 4

0,754

T T T T T T
0,0 0,2 04 0,6 08 1,0

Y4
Figure 3: Evolution of the concentration profile of PCE in Aqueous phase accordingto z, atx =% Lyand t=%T,

1,00
—=— Avec effet Soret]
—e— Sans effet Soret|

0,95 4

0,90 4

Cerce

0,85 4

0,70

0?0 072 074 OtG Ot8 1?0
Z
Figure 4: Evolution of the concentration profile of TCE in Aqueous phase accordingto z, at x =% Lxand t =% T,

The influence of soret effect on the concentration profiles respectively of Trichloroethylene and
Tetrachloroethylene, as a function of depth, z, at time t = % T, and halfway of the horizontal dimension of the
area of study is given in Figures 3 and 4. We note that: in a given instant and a given section, the Soret effect
leads to an increase in concentrations more particularly in the zone near the surface.

150000

140000 —

130000

120000

P PHASE VAPEUR

110000 ~

100000

T T T T T
0,0 02 04 06 0,8 1.0
z

Figure 5: Variation of the vapor pressure according to z, at x =%2 Lxand t = % T,

Figure 5, represents the evolution of the pressure profile of the vapor according to z, at time t = %T, and halfway
of the horizontal dimension of the studied domain. It is noted that the pressure increases gradually as one moves
away from the surface z = 0. This result is checked experimentally.
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1,206E5
1,275E5
1,344E5
1,413E5

1481E5

P Vapeur

1,550E5

/ T
100000‘3'0 0.2

Figure 6: Spatial profile of Vapor pressure phase at t = %2T,

In Figure 6, which shows the spatial profile of the pressure in the vapor phase at time t = % T,. It is found that
the variation of the pressure is high in the vertical direction and varies only very slightly in the horizontal
direction.

CsTcE

z 08 0,0
1,0

Figure 7: Spatial profile of the TCE concentration in the aqueous phase at t = ¥2T,

The figure 7 shows the spatial profile of the concentration of trichloroethylene in the aqueous phase at time V2T,
it is noted in this figure that the concentration experienced following variations as well as the horizontal
direction according to vertical direction. Depending on the depth this variation is very important.

0,7200
0,95

0,7525

0,7850

08175

0,90 - 0,8500
- 0,8825

- 0,9150

0,85 - 0.9475
0,9800

CsPcE

Figure 8: Spatial profile of the PCE concentrafion in the aqueous phase at t = %T,
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The figure 8 shows the spatial profile of the concentration of tetrachlorothylene in the aqueous phase at time
t =%T,. As can be seen in this figure that the concentration experienced variations in both directions and that
variation is very important according to the depth.

Conclusion

We considered in this paper, in addition to the multiphase aspect and multi-component, a third aspect: soret
effect, and We presented the results of our numerical code that gives us the possibility to simulate the process of
pollutant transport in the unsaturated zone of a porous media. The equations that determine there are solved in a
two-dimensional geometry. The results obtained are in perfect agreement with those of other authors who deal
with the same problem.
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