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Abstract

In this paper, an incompressible single phase and single component flow in a porous
media presenting a nonfickian behaviour is studied. The model is composed by a parabolic
equation for the pressure, with homogeneous Dirichlet or Neumann boundary conditions,
coupled with a mass conservation equation for the concentration, a transport equation for
the mass flux and by a Darcy’s law for the velocity. The transport equation for the mass
flux is established assuming that this quantity at a certain point and at a certain time,
depend on the concentration gradient in neighbour points (both in time and space). In order
to numerical validate this approach, an IMEX finite element method is proposed to solve
the coupled system of equations. The qualitative behaviour of the physical unknowns is
illustrated and its dependence on the memory effect is discussed.

1 Introduction

Traditionally, the behaviour of a miscible displacement of one fluid by another in a porous
medium Q C R? is described by the following set of equations: a parabolic pressure equation

ng(¢p) +div(pv) = ¢ in Q x (0,77, (1)

where p, ¢, ¢ and v represent the density of the mixture, the porosity of the medium, the source
or sink term and the flow velocity given by Darcy’s law

1
v=——K-Vpin Q x (0,7], (2)
W

where K and p represent the permeability tensor (matrix) and the viscosity of the mixture; and
by a mass conservation equation

%((bpc) + div(pev) + div(J) = ¢ in Q x (0,71, (3)

where ¢ and J represent the concentration of the injected fluid and the mass flux. In (3) ¢*
denotes the prescribed concentration at sources or ¢* = ¢ at sinks. In this paper, we represent
vectorial and tensorial variables in bold and adopt the notation div(v) to represent the divergence
operator of the vector variable v.

For incompressible fluids, under the assumption that the mass flux J is described by Fick’s

law
J=-D(v)- Ve, (4)



and by using a constant density p, equation (3) is replaced by the advection-diffusion equation

p%(qﬁc) + pdiv(ev) — div(D(v) - Ve) = gc* in Q x (0,77, (5)

with the diffusion-dispersion tensor D(v), see [1], that is defined by

df_dt Lot

D(v) = Dy, oI + di||v|| T + v, (6)

gl

where ||v|| is the magnitude of the velocity, D,, is the molecular diffusion coefficient, and dy, dy
are the transverse and longitudinal dispersivities, respectively.

In order to compute the unknowns p, p, v, ¢ and ¢, equations (1), (2), (3) are complemented
by some state equations or constitutive relations. For instance in [2], different state equations are
summarized for the following scenarios: the density is constant and the fluid is incompressible,
the fluid is compressible with constant compressibility, or the porous media is deformable with
a high gradient of pressure.

The parabolic equation (5) has been largely considered in the numerical simulation of fluid
flows in several contexts as can be seen for instance in [3, 4, 5, 6, 7, 2] and in the references
therein.

The main theoretical objection to use equation (5) is its parabolic character which induces an
infinite speed of propagation for the concentration, that is phisically unacceptable [8]. Another
objection to (5), observed in [8], is related with definition (6) of the diffusion-dispersion tensor
D(v) where the transversal and longitudinal dispersions are assumed to be constant. In fact
it is often observed in applications that they increase with the distance and/or with time. A
third objection is the linear dependence of the mass flux J on the gradient of the concentration
given by (4). This is because, when a large concentration gradient exists, nonlinear effects
become important and (4) should then be replaced by a nonlinear relation between J and Ve
that includes additional terms. This problem was also observed when high pressure gradients
are present [9, 10, 11]. Several approaches have been considered in the literature to overcome
these objections to use (5). We mention, without being exhaustive, the papers [12, 13, 14, 9,
15, 16, 8, 17, 11, 18, 19, 20, 21, 22, 23|.

In this paper we start in Section 2 by presenting some mathematical models that were
introduced in the literature to avoid some of the limitations of the classical diffusion equation
mentioned above. Between these models, a coupled model for the evolution of a mixture in a
porous medium is described at the end of this section and it will be used in the rest of this
work. In Section 3 we propose an implicit-explicit method, based on finite element methods,
to discretize this coupled model. Section 4 is devoted to the numerical simulation, we start
by presenting some numerical experiments showing the accuracy of the proposed method. The
qualitative behaviours of the relevant quantities for a diffusion process in a porous medium
are compared in fickian and nonfickian contexts, both for one and two dimensional problems.
It should be stressed that, to the best of our knowledge, such comparison has not yet been
illustrated. Finally, in Section 5 we summarize the main conclusions.

2 Modelling memory in diffusion on porous media

The model for diffusion in porous media proposed in this paper sits upon two fundamental prin-
ciples: the first, to use Darcy’s law and the fluid’s mass conservation to describe the velocity of
the fluid; the second, to couple this equation with another for the evolution of the concentration



that can accommodate the nonfickian behaviour of the solute’s mass flux. The main reason be-
hind such choice is that there is experimental evidence that Fick’s law no longer applies in this
context (a particular case where this happens, which is documented in the literature, is tracer
transport in porous media), see [24, 25, 26|, and alternative models, such as the one derived in
[8] from basic principles, seem better suited for this description. It was also shown that simpler
models for the evolution of the concentration, as we shall describe in section 2.1, provide more
promising results, as it is shown in the work [27].

2.1 Memory in time on dispersive mass flux

A common approach to overcome the infinite propagation speed for the concentration in the
advection-diffusion equation (5) is its replacement by the following nonlocal time integro-differential
equation

t
%(t) + Ac(t) +/0 Ko (t — 8)B(s,t)e(s)ds = f in Q x (0,7 (7)
where A and B are second order differential operators with respect to the spatial variables, K,
represents a time convolution kernel and f is a reaction term [12, 13, 14, 15, 16, 17, 19]. Numerical
methods for initial values problems defined by (7) were largely studied and a huge collection of
methods is now available, see for example [28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41].

This type of integro-differential equation with memory in time can be obtained by assuming
that the mass flux admits the decomposition

J=J,+J4 (8)
where J,,, = —¢D,, Ve is the molecular diffusion and J, is the dispersive mass flux that satisfies
the following differential equation

0J
Aaftd +Ja=—Duis(v) - Ve, (9)

where A is a tensor and Dy;4(v) is the dispersive tensor

dt _dﬂ t
V-V,
Il

Equation (9) was proposed in [19] in the case that the porous medium presents small-scale
heterogeneities. In particular, when A is an invertible matrix, the dispersive mass flux Jy
solution of (9) admits the representation

Dyis(v) = di||v|[ T+

t
Jat) = e A7 3,40) — / e AT AL Dy (V) - Ve(s)ds. (10)
0

If the molecular mass flux J,, is given by Fick’s law (4) with D(v) replaced by ¢D,,I, that is
Im(t) = =¢DmVe(t),

from (3), (8) and (10) we obtain

t
§t<¢pc>+div<pcv> = div(¢Dm Ve)+ / e A7 () div (A1 Dyys(v) - Ve(s)) ds+ge* in 2x(0,7]
0



when J4(0) is constant. We observe that using a one dimensional domain §2, equation (9) is a
first order approximation of J4(t + A), when

Jd(t + A) = —Ddis(v) . Vc(t),

that describes then the memory effect in time of a nonlocal approach, see [19]. A second order
differential equation in time and space was also obtained in [19], that has finite velocity of
propagation under convenient assumptions on the model parameters used.

2.2 Memory in time and space on dispersive mass flux

In what follows we take into account the memory effect both in time and space of the dispersive
mass flux Jy(x,t). The resulting total mass flux J will be then replaced accordingly in the
advection-diffusion mass conservation equation (5) that will be added to a system of differential
equations describing the flux J itself.
For incompressible flows, [8] introduced the following equation for the mass flux
oJ .
A§+A-(VV-J) +A-(VJ-v)+J=-D(v) Ve in Q x (0,77, (11)
where A is a dispersion tensor and D(v) is the diffusion-dispersion tensor given by (6).
We highlight in what follows the meaning of equation (11). When velocity v is constant and
A = 71, equation (11) has the form
oJ
TE-FTVJ‘V-FJ:—D(V)'VC (12)
that is similar to (9), where only the dispersive flux was considered. Assuming that J is zero at
t = 0, the solution of (12) is

J(x,t) = —/0 e TED(v) - Ve(x — v(t — s), 5) ds.

This last expression means that the mass flux J(x,¢) at point x and at time ¢ depends on the
behaviour of the concentration gradient at previous times and previous positions, that is, it
accounts for a memory effect in time and space. In fact, (12) can also be obtained by the linear
expansion of

Jx+7v,t+7)=-D(v)Ve,

which further shows the existence of memory in time and space for the mass flux. Energy
estimates for the coupled model (3), (12) have been obtained in [42], for the case of constant
porosity, velocity and density and an extra term of fickian diffusion in equation (3).

An equivalent form for equation (11) appears also in [21, 20] where slow moving incompress-
ible fluids are considered. In these works, it is assumed that the mass flux is decomposed as in
(8) with J, that satisfies

0Jq

WA—VJd-V—}—Vv.Jd: —Dy(v)Ve+ Dyys, (13)

where
S=-n" Jd7 (14)

D, is the usual molecular diffusion coefficient, and

Do(v) = B1||[v[[*T+ Bov - v*



with 5;, i = 1,2, that are medium constants and 7 that is a positive definite tensor that depends
on the velocity. Combining (13) with (14) we obtain

0J

aTd + VI v+ (V4 Dpn) - Jg = —Do(v) - Ve

As pointed out in [8], the proposed models avoid some of the limitations of the classical

diffusion model, namely the dispersive mass flux is influenced by the weighted contribution from
all previous values of the gradient of the concentration. This fact implies that the dispersive mass
flux is
scale-dependent and the longitudinal-transversal dispersivities are time dependent.

2.3 Differential model

In this paper, the model used is described by a constant density p = 1, the parabolic pressure
equation (1), the Darcy’s law (2), the mass conservation equation (3) in nonconservative form
and by equation (11) provided with A = 7I. This leads to the following model

99

5t +div(v) = ¢ in  x (0,77,
v:—lK-Vp in Q x (0,7,
P (15)
a(gbc)—i—v-Vc—i—div(J):f(c) in 2 x (0,77,
T%—}—TVV-J—I—TVJ’V—}—J:—D(V)-VC in 2 x (0,77,

where D(v) is given by (6), 7 is a parameter controlling the memory effect of the mass flux (see
the discussion done in the previous section) and f(c) = gc*.

In real world applications, the parameter 7 can assume a wide range of values. For instance,
in [27], the values of T range from 67 to 383 in the context of tracer transport in porous media. In
other examples, the authors consider 7 much smaller, in the context of diffusion in polymers, for
example. Since the parameter 7 can assume such a wide range of values, to illustrate numerically
the behaviour of the concentration profile for increasing values of 7, we shall consider set of
representatives with different orders of magnitude, see section 4.1.2.

In this scenario, the porosity ¢ can be either known or calculated by using a constitutive
law, as done in [7]. Indeed, when the porosity is not known for a certain media, it can be
assumed a relationship between the porosity and the pressure. For instance if the media is
slightly compressible, then it can be assumed that

¢(p) = ¢ecrP=P") (16)

where ci denotes the rock compressibility constant of the medium, p° is a reference pressure
and ¢° is the reference porosity (see [43]).

In the context of porous media, it is common, see [2], to consider a viscosity u dependent on
the concentration through the standard quarter power law

ule) = (e + (1= o)) 1 (17)

The system of equation (15) is complemented with boundary conditions for pressure, con-
centration and flux. We consider Dirichlet and Neumann boundary conditions for the pressure,



concentration and flux. To formalize our setting, we first introduce two, possibly different,
nonempty disjoint partitions of the boundary

o) = FDJ) U FNJ, and 09 = FD,c U FN,c-
We assume that the pressure profile is known on I'p ),

p=pp on I'py, (18)

and that satisfies a Neumann boundary condition on I'y ),

1
———(K-Vp) - n=0onTy,),
ple) .
where n denotes the outer unit normal. For the Darcy’s law (2), we have that this last boundary

condition can be recast as
v-n=0 on I'y,. (19)

The concentration and mass flux’s boundary conditions are then imposed as follows
c(x,t) =g(x,t),¥xe€T'p, and J(x,t)-n=0,Vx ey, (20)

where g(x,t) is a known function defined in I'p .. System (15) is also complemented with initial
data for the pressure, concentration and flux

c(0) =co, p(0)=po, J(0)=Jo. (21)

3 An IMEX finite element method

In this section, we present a continuous Galerkin finite element method to solve the system (15).
Let us first introduce some notations used in this and in the next section. We denote by L?()
and H'(Q) the standard L? and H' Sobolev spaces of scalar functions. Given a nonzero measure
portion T of 9, HE () denotes the space of H!(£2) of functions that have zero trace on I'. Also,
the equivalent spaces for vectorial functions are represented using the same notation, but with
bold letters. With an abuse of notation, we shall denote by the same notation, (-,-), the inner
product of L? and L.

The weak formulation of the differential problem (15), (18), (19), (20) and (21) reads as
follows: find

p(t) € H'(Q), p(t) = pp on Tpp,
c(t) € HY(Q), ¢(t) = g(t) on Tp .
and
J(t) € H'(Q)
such that

(;qsw»,wl) " <u(1(t))K V() w) (g, Yo € HL (@), (22)

(00 w2) + (¥(0) - Vel 2) = (30), Voez) = (FCelt). ), Y € i (0, (29



<T%:(t) +D(v(t)) - Ve(t) +7Vv(t) - I(t) + 7VI(t) - v(t) + J(t)’w3> — 0, Yws € HY(Q)xHL(Q).

(24)

We introduce now a finite element discretization of the previous variational problem. Let k

denote a positive integer and h a positive real number. We denote by Py the space of polynomials

of degree less than or equal to k, and by 7; an admissible triangulation of 2. We introduce the
finite-elements space

Vi¥ = {vn € C°(Q)| vnc €Pr, VK € Tp}
with & = 1,2. The other spaces used in the following are

th,() = {’Uh S th’ Vhpg = 0},

th,o,D,p = {v, € V}¥| Yhlrp,, = 0}

and
k,0,D,c
Vh

= {Uh S th| ,Uh‘FD,c = 0}.

A fully discrete Galerkin approximation of the system (15) is now presented. The time
discretization divides the time-interval [0, 7] in N subintervals with a fixed time step At =T /N.
This approximation computes the pressure, concentration and flux following this order at each
time t, with ¢, = t,_1 + At starting with ¢o = 0.

The fully discrete Galerkin approximation used for the pressure equation (22) at time ¢, is
presented below. The variational formulation for the pressure problem reads as: find p,41 € V,{C
such that pn4+1 = ppa(tnt1) on T'p,,, where pp p(tn41) is the projection of pp(tn41) into V¥,

and for all vy, € th’O’D’p

d K d
(0w o) + 8t (- T Vo) = St + (Go0pm) . (25)

After calculating p,+1 we reconstruct the velocity as

K
Vp=————"VDpi1. 26
SETCY R 2
In order to solve the concentration and flux equations, we use the weak formulations (23) and
(24), that is, we solve the following problem: find ¢,4+1 € th such that ¢, 41 = gn(tn+1) on I'p .
(where gp(tn11) is the projection of g(t,,4+1) into V;¥) and J, 11 € V¥ x ViF such that

(d(pr+1)cnr1, vn) + At(vy - Ventt, vn)

AT, Vo) = G o) + Atfarso)
and
(T + A (Jnt1, Wn) + TA(V I i1 - Vi + Vv - g1, wi) (28)
+ALD(Vy) - Veng1, wy) = 7(Jn, wy)
for all v, € VP and wy, = (wy p, w )T with wy p, wap € VF.

Let {50‘?}1':1,...,1\{,), {goj}j:Lch and {cpf}lzly__,,NJ denote the basis functions of the spaces

th’O’D’p ) th’O’D and th X V,f respectively, the solution of the problem (25)-(28) can be expressed

as a linear combinations of the respective basis functions

Pori= > ofel, = > BS Tpa= Y el

i=1,...,Np j=1,..,N. 1=1,...,Ny

7



Gathering the degrees of freedom for the pressure, concentration and flux in the vectors P41,
Wi+1 and U,y 1, respectively, these can be calculated by solving the following linear systems

Myp1Ppy1 = Fynp (29)
and
[ Ap,p1 B } [ Whia ] _ [ Fepnia } (30)
Cn Dn+1 Un+1 FJ,n+1
where
Muii(]) = (%0a)ed}) + 0t (K Ve, V), Vij=1,..., N,
ATL+1(27]) = <¢(pn+1)9057 @f) + At < \Z v@;)a ‘Pf) ’ VZ,] = ]-a cee ,NC,
B(i,l) = —At(g], V), Vi=1,...,N,Vl=1,...,Nj,
Cn(l,i) = At(D(vy)- V¢, @f), Vi=1,...,N5,Vi=1,...,N,,
Dpyi(l,m) = (74 At) (@, 7)) + TAL(Vep, - Vi, ¢7)
+1At (an-cpgl,go;]), Viom=1,..., Ny,
Fp,n—l-l(i) = (%(pn)pm (Pf) + At (Qn—Ha ‘Pf) ) Vi=1,... 7Np7
Fc,n—i—l(i) = (Qb(pn)crn szc) + At (fn-i—l’ SDZC) ) Vi = P Nc’
Fynii() = 7(3n,¢)), Vi=1...,Nj.

We remark the matrix B does not depend on time and can be assembled only once. There
are several ways to optimize the assembly of the linear systems (29)-(30). A first possibility
lies in the mass counterpart of the pressure associated matrix M, +; and A,;. These matrices
can be assembled using the finite element space corresponding to all the degrees of freedom that
steam from the triangulation (boundary conditions are implemented by a simple row elimination
procedure) and stored. The mass counterpart of M, is nothing more than, up to a constant,
the mass counterpart of A,1.

Notice that the concentration and flux problems are implicitly coupled for stability reasons.
Indeed, on the simpler fickian case (7 = 0), an explicit treatment of the flux, either in the
concentration equation, or in the flux equation, would lead to a time discretization with an
undesirable stability restriction in the time step.

4 Numerical experiments

This section aims to study numerically the accuracy of the IMEX finite element method described
by equations (25), (26), (27) and (28), and to illustrate the nonfickian behaviour of the solution
of the initial boundary value problem (15), (18), (19), (20) and (21), both in a one and two-
dimensional framework.

4.1 Two-dimensional case

The numerical results obtained in this section are obtained make the following assumptions
(unless stated otherwise): Q = [0,1]%, f = ¢ = 0, ¢(x,t) = 2D p(c) = (where
M = 0.579% using ug = 1 and pg = 0.5 in (17)).

1
(A—M)ct M7



4.1.1 Convergence behaviour

We start by studying numerically the convergence properties of the IMEX method introduced
before. We take K = I (where I is the two-dimensional identity matrix) and D,,, = d¢ = d; = 0.1.
We use as initial conditions (at time ¢ = 0): the pressure p(x,0) = zjza(z1 — 1)(22 — 1),
the concentration c(x,0) = e((#1705)*+@2-0.5))/0.05 where x = (z1,25), and the mass flux
J(x,0) = 0. As boundary conditions (see (20)) we use

p(x,t) =0,Vx € 02, «¢(x,t)=0,¥xe€l'p, and J(x,t) - n=0,Vxe Ty,
where I'y . = {0} x [0,1] and I'p . = O\ nc.
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Figure 1: L?-norm error results for 7' = 0.1, time step At = 107>,
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Figure 2: L?-norm error results for 7' = 0.1, time step At = 107> (piecewise linear elements for
concentration and flux and piecewise quadratic elements for the pressure).

The errors of the numerical pressure, concentration and flux components are measured by
using the following time discrete norm

N-1 2
[|ul|ae = <At > !\U(tn)\!%2(n)>
=0

9



that us just the discrete analogue (by application of the rectangle quadrature rule in time) of the
standard norm in L?([0,T], L?(2)). The errors are defined using reference solutions obtained
with At =107° and h = 0.03125.

In Figures 1-2 we plot the error measure in the ||-|| o; norm associated with several simulations.
All of the numerical results are computed with piecewise linear, quadratic finite elements or
with a mix of both types of elements. The results show that the numerical error decays with
unexpected convergence orders. Indeed, it does not seem clear what is the dependence of the
numerical convergence orders with respect to the degree of the polynomial approximation spaces
used.

4.1.2 Qualitative behaviour

Let us consider a numerical example to illustrate the difference in behaviour between the fickian
and nonfickian regimes. We assume the following parameters: {2 and p(c) are the same as in
the previous example, p° =0, ¢° = 0.3, cg = 107", D,, =107, d; =4-1073 and d; = 2- 1073.
We consider that the medium is isotropic and take the diagonal components of the permeability

=1

(D

. g
T .

g | @ D E §0.4

T () o

: (@)
) | leo7

g b

Figure 3: The || - [[c norm of the permeability tensor.

tensor K = (k;j)i j=1,2 as

L//1-1077\ , .
k11 = koo = 3 (<2> (sin

The permeability behaviour is illustrated in Figure 3.

As boundary conditions, we use for the concentration ¢(x,t) = 4(1 —x2)x2, Vx € I'p ., where
I'p,c denotes the left side of the square, and J -n = 0 on 9Q\I'p . Defined by I'p,, the union
of the left and right sides of the square 2, we use p(x,t) = 1 on the left side of the square and
p(x,t) = 0 on the right side of the square and homogeneous Neumann boundary conditions for
the pressure on I'y;, = 0Q\I'p ;. The initial profile for the flux and concentration is zero while
the initial pressure field is given by

—

6 cos(x1)m) cos(4msin(3z2)) — 1) + 1> .

p(x,0) =1—x1, Vx € Q.
Integrating over [0,0.5] with At = 1073 and h = 0.01, the pressure (and velocity) remains

essentially the same throughout the process. The concentration and the flux, however, exhibit
changes, due to convection and diffusion phenomena.

10
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(e) Legend

Figure 4: Concentration profiles for ¢ = 0.5 using a time step At = 10~3 and space step h = 0.01.

Since the system of equations to solve has two equations dominated by convection phenom-
ena, it is necessary to use stabilisation techniques. To accomplish this, the interior penalty
method is used for the concentration and mass flux equations. This means that the terms

Ji(ent1,vni V) == Y / WE[Ve -0l [Vennlr - [Von]r ds, Yo, € VE®P (31)
FeFr F

and

jQ(Jn_H,Wh;Vn) = Z / h%’vn . Il|[[VJn+1]]F . IIVWh]]F dS, VWh € V}f X th, (32)
FeF ¥

are added to (27) and (28) and properly discretised. In (31),(32), F; denotes the set of interior
edges of the triangulation 7, [-]F denotes the usual jump function across the edge F', hp is the
length of edge F' and ~ > 0 is a stabilisation parameter. In all the following simulations, the
stabilisation parameter used is v = 0.01.

We plot in Figure 4 the concentration profiles at time ¢t = 0.5. It is observed that the main
difference (with increasing 7) is the increase of the steepness of the concentration front. This
indicates that, for nonzero 7, the concentration front advancing on the domain, diffuses less
than in the fickian case (Figure 4a). This behaviour is in agreement with the expected finite
propagation speed for the concentration.

11



In Figure 5 we plot the fickian and the nonfickian velocity fields at time ¢ = 0.5 for 7 = 0
and 7 = 0.1 respectively. In the nonfickian case, the velocity field presents a steep variation in
the front while a smoother behaviour is observed in the fickian case. This fact is consequence
of the high variation of the concentration in the front that happens in the nonfickian case.
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Figure 5: Magnitude of the velocity field profiles ((a),(b)) and contour plots ((c),(d)) for ¢t = 0.5
using a time step At = 1073 and space step h = 0.01.

In Figure 6 the fickian and nonfickian mass flux fields at time ¢ = 0.5 are plotted. In presence
of memory in time and space effects, a delayed distribution of the mass fluxes is observed. Also,
their magnitude is higher in the regions where the concentration presents steep gradients.

4.2 One-dimensional (simpler) case: qualitative behaviour

The conclusions drawn from the previous example regarding the qualitative behaviour of the
numerical solution, in respect to the increase of the 7 parameter, can be further illustrated
with a simpler one dimensional problem. We rewriting the previous numerical method in a
one dimensional simpler setting and perform similar numerical experiments as in section 4.1.2.
We consider now the following parameters (we drop the bold notation, since all quantities are
scalar): Q = (0,1), T =02, u =1, K =103, D =1, p° =0, ¢° = 0.3, cg = 1077. The
system of equations has initial conditions ¢(x,t) = 0, p(z,t) = 1 —x, J(z,t) = 0, and boundary

12
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Figure 6: Plots of mass flux field ((a),(b)) and magnitude of the mass flux field ((c),(d)) for
t = 0.5 using a time step At = 1073 and space step h = 0.01.

conditions p(0,t) =1, p(1,t) =0,

c(O,t)=¥H (%—t) +H(t—§)

and J(1,t) =0, t € [0,0.2]. The function H denotes the Heaviside function.

The numerical solution of the previous problem has a constant velocity field. This choice is
made with the purpose of decreasing the complexity involved in the simulation, thus allowing
to grasp the dependence of the concentration on 7.

We plot in Figure 7 the concentration profile, for several values of ¢t and different values of
7. As in the two dimensional case, increasing 7 delays the evolution of the concentration front
entering the domain, especially when comparing with the pure fickian regime. It is also visible
that the front is sharper for increasing values of 7, which is a standard behaviour with nonfickian
diffusion. These results are in agreement with the discussion in [44].

5 Conclusions

In this paper we presented a mathematical model to describe a diffusion process in porous media
when the mass flux of the fluid at a specified point depends on the concentration behaviour in
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a spatial neighbourhood and at past times. The model is presented highlighting the main
differences with several models described in the literature. The model can be used to study the
evolution of the concentration of an injected fluid in a resident fluid in a porous medium when
they are completely mixed and they flow together as one fluid. Traditionally, the mass flux of
the injected fluid is described by Fick’s law. However, to take into account its evolution when
a space and time memory effects are presented, Fick’s law is replaced by a partial differential
equation for the mass flux that is coupled with a mass conservation law and with Darcy’s law for
the velocity. This approach for the mass flux is motivated by experimental results that show
that Fick’s law no longer holds for certain contexts. To simulate the behaviour of this system
a IMEX finite element method is proposed which is coupled with a stabilisation techniques
when the problem is dominated by convection. The convergence properties of the method are
numerically studied and show that this tool can be used to accurately simulate the system’s
dynamics. From the numerical simulation, as expected, we observe that diffusion processes in
media with strong memory properties (both in time and space) lead to concentration’s moving
fronts presenting steep gradients. This is observed both in the (simple) one-dimensional case
study, as well as in the two-dimensional one.
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