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Dispersion in porous media is of great importance in many areas of science and engineering. While dispersion
in porous media has been generally well discussed in the literature, little work has been done regarding a
generalization of Taylor dispersion in stratified media. In this work, we generalized the Taylor dispersion theory
and Stokes flow in porous media to derive a reduced-order model for tracer dispersion in stratified porous media.
Our findings revealed that for a simple case of two-layer porous media, the hydrodynamic coupling between
the two layers leads to the tensorial nature of dispersion and advection. The results showed that the obtained
dispersion tensor and advection are not symmetric unless both porous layers have similar thickness, porosity,
and molecular diffusion. We found that the main elements of the coefficient of the dispersion tensor remain
positive while the off-diagonal elements can take negative values. On the contrary, all elements of the advection
matrix may take negative values. On the basis of these observations, we report the manifestation of the dispersion
barrier, uphill dispersion and advection, and osmotic dispersion during tracer transport in stratified porous media.
In particular, the identified uphill advection reveals that the injected tracer in one layer could be transported
countercurrent to the adjacent layer. Furthermore, we have shown that in the limiting case of Darcy flow, the
Taylor dispersion is absent, and the tracer mixing between the two layers is restricted to the cross-diffusive flux
between them. The results revealed that the field scale mixing may not necessarily originate from the Taylor
dispersion and could be due to the modified advection terms and the cross-diffusive flux between the two layers.
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I. INTRODUCTION

The longitudinal dispersion coefficient of a tracer mat-
ter, or the so-called Taylor dispersion [1], in laminar flow
in various geometries is well studied. The Taylor dispersion
arises because of the combined effect of shear and transver-
sal diffusion. The transport processes of a chemical species,
where Taylor [1] dispersion plays an important role, manifest
in various pressure-driven flows, including geophysical flows
[2,3], rivers [4], microfluidic devices [5,6], and blood vessels
[7]. The tracer transport and dispersion in stratified porous
media (i.e., two or more parallel porous layers) find numerous
applications in science and engineering, such as enhanced
oil recovery [8], geothermal energy extraction [9], geological
storage of carbon dioxide [10,11] and hydrogen [12], ground-
water hydrology [13], spreading of contaminants in wetlands
[14], chemical separation of mixtures in membranes [15], and
drug delivery for medical treatments [16]. Taylor dispersion
theory has been widely used to obtain the dispersion coeffi-
cient of tracer matter for laminar flow in various geometries
in open fluids and porous media.

Using the method of moments, Aris [17] developed an
expression for dispersion during tracer transport in a gas-
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liquid flow within an annular space between two concentric
cylinders. This expression includes the effects of the diffusion
and advection in the gas, the transfer rate at the interface
between gas and liquid, and the diffusion and advection in the
liquid [17]. The problem studied by Aris [17] finds interesting
applications in transport phenomena. For example, Ng [18]
revised this problem using the averaging technique to evaluate
the tracer transport in a gas flow within a cylinder conditional
on mass transfer and reaction with an immobile liquid on the
wall of the cylinder [18].

Using an averaging technique, Wu and Chen [19] general-
ized the Taylor dispersion theory to obtain a formulation for
dispersion during tracer transport through a fully developed
flow in a long tube of two zones distinctively packed with
porous media. Later, Griffiths et al. [20] used asymptotic
analysis to derive the dispersion coefficient for solute trans-
port in a thin porous tube, where Stokes and Darcy equations
were coupled through the Beavers and Joseph condition at the
interface [21]. Thereafter, Ling et al. [22,23] focused on tracer
transport in a coupled system composed of a channel and a
permeable porous medium, where the flow in these two media
is governed by Stokes and Darcy-Brinkman equations, respec-
tively. Using the perturbation theory along with asymptotic
analysis [22] and integral transforms [23] led to an analytical
expression relating the dispersion coefficient with the poros-
ity and permeability of channel walls [22,23]. The authors
[22,23] compared their results with the proposed model by
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Dejam et al. [24] for tracer transport in a fracture surrounded
by an impermeable porous medium. Subsequently, Kou and
Dejam [25] extended the study performed by Ling et al. [22]
to address the dispersion due to combined pressure-driven and
electro-osmotic flows in a channel surrounded by a permeable
porous medium.

Recently, Dejam and Hassanzadeh [26] generalized Tay-
lor’s approach on the dispersion phenomenon to model tracer
transport in a two-phase laminar flow of immiscible fluids in a
slit using Reynolds decomposition and averaging techniques.
It is shown that the dispersion is tensorial due to the presence
of an interface between the two fluids [26]. Other efforts in
obtaining longitudinal and transverse dispersion in porous me-
dia have been reported by Emami Meybodi and Hassanzadeh
[11,27] where Taylor’s dispersion has been adopted to derive
analytical expressions for hydrodynamic dispersion in steady
and transient buoyancy-driven flows with applications for so-
lutal convection and geological storage of CO, in deep saline
aquifers. However, the extension of this theory to stratified
porous media has remained a challenge.

In this study, we generalize the Taylor dispersion theory to
tracer transport in stratified porous media. First, we drive the
velocity distributions in a two-layer stratified porous medium
using the fully developed Stokes flow. This is achieved by
coupling the Darcy-Brinkman equations in the lower and up-
per porous media subject to the continuity of velocity and
shear stress at the interface between two porous media and
the no-slip condition at the top and bottom boundaries. Next,
we model the tracer transport in the stratified porous media by
coupling the advection-diffusion equations in the lower and
upper strata subject to the continuity of tracer concentration
and mass flux at the interface between two porous layers and
no-mass flux at the top and bottom boundaries. Then, the gen-
eralized reduced-order model of advection-dispersion tracer
transport in the stratified porous media is derived using the
Reynolds decomposition and averaging techniques, followed
by an evaluation of the resultant dispersion tensor. Finally, the
reduced-order model is solved numerically using a fully im-
plicit finite difference (FD) approach to study the dispersion
of tracer matter in stratified porous media. The analysis of the
dispersion and advection fluxes of an injected tracer along the
stratified porous media allowed us to identify unique transport
mechanisms.

The rest of this paper is organized as follows. First, the
physical model, assumptions, and mathematical formulation
are developed. The Results and Discussion are then presented,
followed by the Summary and Conclusions.

II. PHYSICAL MODEL, ASSUMPTIONS,
AND MATHEMATICAL FORMULATION

A. Physical model and assumptions

Figure 1 shows a schematic of the problem. The system
is composed of two infinitely long strata, where porous layer
1 is the lower stratum of thickness H;, and porous layer 2
is the upper stratum of thickness H,, and Hy + H, = H. The
inlet of the porous layers and the interface between them
are the origins of the longitudinal and transversal directions
(or the ¥ and Z directions), respectively. Therefore, porous

Porous Medium 2 (k,, ¢)

i,(z)

Interface

Porous Medium 1 (k;, ¢;) i, (2)

FIG. 1. The physical model for tracer transport in the stratified
porous media.

medium 1 occupies the domain Z € [—Hj, 0], and porous
medium 2 occupies the domain % € [0, H,]. The physical
properties of both strata such as permeability and poros-
ity and the physical properties of fluid, such as density
and viscosity, remain constant. The permeability and poros-
ity of porous medium 1 are k; and ¢;, respectively, and
the permeability and porosity of porous medium 2 are k;
and ¢,, respectively. We assume an incompressible single-
phase flow of a Newtonian fluid in the longitudinal direction.
The fluid flows slowly enough such that no instabilities de-
velop at the interface. The fluid flow in both layers is fully
developed laminar, and the velocity distributions are #;(z)
and ii(z), respectively. The fluid flow and tracer transport
occur in both strata, and they are affected by the momen-
tum and mass transfer across the interface between the
two strata.

B. Derivation of velocity distributions

The fully developed Stokes flow in the stratified porous
media can be described by coupling the Darcy-Brinkman
equations, which are the second-order linear ordinary differ-
ential equations, in the lower and upper strata in nondimen-
sional form as follows:

d2u1
Da, —u1+1=0, ze(=h0), (D
dz?
d2u2
Da, —uy+1=0, z€(0,hy), ()
dz?
where u; = i1,/ — [(ki/w)(dp/dR)], uy = o) — [(ka/ )
(dp/d%)), z=2/H, Daj= (e/n)ki/H?*), Day=

(me2/m)ka/H?), hy = Hi/H, hy = Hy/H, and hy + hy = 1,
in which #; and I, are the velocities in porous layers 1 and 2,
respectively, u; and u, are the nondimensional velocities in
porous layers 1 and 2, respectively, p is the fluid viscosity, L.
and u,., are the effective viscosities in porous layers 1 and 2,
respectively, p is the pressure, d p/dx is the pressure gradient
(which is constant and drives the flow in the longitudinal
direction), z is the nondimensional transversal coordinate,
Da; and Da, are the Darcy numbers in porous layers 1
and 2, respectively, and h; and h; are the nondimensional
thicknesses of strata 1 and 2, respectively.

It is noted that the Darcy numbers in layers 1 and 2,
Da; and Da,, are both defined based on the thickness
of stratified porous media, H = H, + H,. We also define
Darcy numbers in strata 1 and 2 based on the thickness
of individual porous layers, H; and H,. The relationships
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between the defined Darcy numbers in porous layers 1
and 2 based on H (Da; and Da;) and those defined
based on the thickness of individual porous layers (Daj
and Daj) can be derived as Da; = Daj/[1 + (ha/h)]? and
Da, = Da3/[1 + (ln/hy))*, where Daj = (u01/p)/(ki/H})
and Daj = (u.o/p)/(ka/H3). Daj,, = Daj/Daj is the ratio
of the Darcy number in porous layer 1 to porous layer 2 (or
simply the Darcy number ratio).

Equations (1) and (2) are subjected to the no-slip condition
at the bottom of the porous medium 1(z = —h;), the continu-
ity of velocity and shear stress at the interface between two
porous media (z = 0), and the no-slip condition at the top of
porous medium 1 (z = h,), as described by

utl=—p, =0, 3)

Dajputl—0 = uzl;—0, “4)
du1 duz

D — ;=0 = — |;=0, 5

aj o 2z 1= = 2z [=° @)

)=, =0. (6)

where Da;/, = Da;/Day, is the ratio of the Darcy number in
layer 1 based on H to the Darcy number in layer 2 based on H.
It is worth noting that Da;,, = (ki/k2)(he1/he2) = Kij2tbe1/2
where kj ; is the ratio of the permeability in porous medium 1
to the permeability in porous medium 2 (or simply the perme-
ability ratio) and p.12 is the ratio of the effective viscosity in
porous medium 1 to the effective viscosity in porous medium
2 (or simply the viscosity ratio).

The following analytical solutions for the nondimensional
velocity distributions in the stratified porous media can be
derived by solving Eqs. (1) and (2) subject to Egs. (3)—(6):

ui(z) =Aj cosh(niz) + By sinh(n1z2) +1, z€[-h(,0], (7)

uy(z) = Az cosh(npz) + By sinh(n22) + 1, z € [0, hy], (8)

where n; = /1/Day, n, = 4/1/Da,, and the constants Ay, A,,
By, and B, are defined, respectively, as follows:

A} = By tanh A; — sechi, ©)]

Ar, = —B, tanh A, — sechA,, (10)

. Dal/z[sech)q — 1]+ 1 — sechi,
' Dal/z tanh A +,/Da1/2 tanh A, ’

B, = \/Da; By, (12)

B (11)

where A = nihy = Hi/vki and Ay = mahy = Hy/ k.

C. Governing equations for advection-diffusion tracer transport

The tracer transport in the stratified porous media can
be described by coupling the advection-diffusion equations,
which are the second-order linear partial differential equa-

tions, in the lower and upper strata in nondimensional form
as follows:

86‘1 + Pe 36‘1 826‘1 826‘1
e Pt dt Sl
ot ax — a2 " 92
X € (Oa Oo), Z € (_hls 0)1 > 07 (13)
3C2 362 826‘2 32C2
D122 4 pegu,t2 =22 T2
2y tra e =ae T
x€(0,00), z€(0,h), t>0, (14)
where ¢ = @é1/c*, ¢y =é&/c*, x=3%/H, t=Df/H?
Dyjp = D1/Dy,  Pey = —[(ki/u)(dp/dX)|H/D1¢1, and

Pe;, = —[(ky/u)(dp/dX)H/Dy¢,, in which ¢; and ¢, are the
tracer concentrations in layers 1 and 2, respectively, ¢; and
¢, are the nondimensional tracer concentrations in strata 1
and 2, respectively, c* is the reference tracer concentration, x
is the nondimensional longitudinal coordinate,  is the time,
t is the nondimensional time, D; and D, are the effective
molecular diffusion coefficients in porous media 1 and 2,
respectively, Dy, is the ratio of the effective molecular
diffusion coefficient in porous medium 1 to the effective
molecular diffusion coefficient in porous medium 2 (or
simply the diffusion coefficient ratio or the diffusivity ratio),
and Pe; and Pe, are the Péclet numbers for fluid flows in
layers 1 and 2, respectively.

Equations (13) and (14) are subjected to the instantaneous
injection of tracer at = O (as a pulse) at the inlet of stratified
porous media (x = 0), zero tracer concentration at an infinite
distance from the inlet (x — ©0), no-mass flux at the bottom
of porous medium 1 (z = —h;), the continuity of tracer con-
centration and mass flux at the interface between two porous
media (z = 0), and no-mass flux at the top of porous medium
2 (z = hy), as described by

ci[lx € (0,00),z € (—h,0),t = 0]
=[x € (0,00),z € (0, hy), t =0] =65(x), (15)
cilx > 00,z € (—h1,0),r > 0]
=[x => 00,z€ (0, h),t > 0] =0, (16)

dci[x € (0,00),z = —hy,t > 0]

=0, 17
0z a7
cilx € (0,00),z =0, > 0] = e2[x € (0,00),z= 0,1 > 0],
(18)
dci[x € (0,00),z=0,t > 0]

D112 1 p

z
_ dcr[x € (0,00),z=0,t > 0]’ (19)

0z

dea[x € (0,00), 2 =hy, t > 0] —o. (20)

9z

where §(x) = 0 when x # 0, and ¢;,» = ¢ /¢> is the ratio of
the porosity in porous medium 1 to the porosity in porous
medium 2 (or simply the porosity ratio).

Using the Reynolds decomposition and averaging meth-
ods, the reduced-order models for advection-dispersion tracer
transport in stratified porous media are derived. The detailed
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derivation of model reduction is presented in Appendix A for
the sake of brevity.

D. Dispersion tensor

The advection-dispersion tracer transport in stratified
porous media [Eqs. (A42) and (A43)] can be described in
matrix form as follows:

1 a[c] a[c] el
— — = [K]—— - , (21
[DI/J o + [v] ™ [ ]ax2 + (@ —cplJl, @1

where [¢]7 = [¢1, G,], [V] is the matrix of coefficients of
the advection term, [K] is the dispersion tensor, and 3" =
[%Jl, —th]. The elements of [v] and [K] are listed, respec-
tively, as follows:

1
v = <L_£1 - JiFi + h_-llG1>Pelv (22)
1
1
vip = J1FiPe; — h—Jl G,y Pey, (23)
1
1
Uy = —h—JzGlpel — JL,F>Pe;, (24)
2
_ 1
vy = | iy +LF + h—szz Pe,, (25)
2

K :1+(—E[+J1F]G1)Pe%=1+K11Pe%7 (26)
K1y = (=J1F1G,)Pe(Pe; = kPe Pes, 27
K> = (JoF>Gy)PePe; = k1 PePe,, (28)

Ky =1+ (—Ey — hFGy)Pe; = 1 +knPe3,  (29)

where vy} and vy, (which can take positive and negative
values) are the two main or principal diagonal elements of
[v] while v, and vy; (which can take positive and negative
values) are the two off-diagonal elements of [v], and K;; and
K7, are the two main or principal diagonal elements of [K]
while K, and K5 are the two off-diagonal elements of [K].

It is noted that «1; and k; in Eqgs. (26) and (29) are the
coefficients of the first and second main (or principal) diago-
nal elements of the dispersion tensor, and they always remain
positive. In addition, k1, and «,; in Egs. (27) and (28) are the
coefficients of the first and second off-diagonal elements of
the dispersion tensor, and they can take positive and negative
values.

The developed mathematical model in this study can be
reduced to four special cases considering the magnitude of
the Darcy numbers in strata 1 and 2 based on the thickness
of individual porous layers, as shown in Fig. 2. These special
cases are listed and described in Appendix A.

III. RESULTS

A. Description of dispersion tensor

Equations (26)—(29) reveal that the elements of the dis-
persion tensor (Kj;, Ki», Kz, and Kj;) are functions of
Daj, Daj /2» the nondimensional thickness (h; = 1 — hy), and
Dyy2¢1/2, through the values of ki, k12, k21, and k2, re-
spectively. Hence, the elements of the dispersion tensor are

Case | Case ll
Daj « 1 Daj » 1
Da} < 1 Daj, Daj « 1

] s
u/u, ufug

Da;/2=1‘ Z > | >Daj

ufug

T e
u/u, Daj =1 ulu,
Daj « 1 Dai » 1
Daj » 1 Daj; » 1
Case lll Case IV

FIG. 2. Special cases I-IV for the developed mathematical
model based on the magnitude of Da} and Da3.

evaluated through the values of i, k12, k21, and kpy. It is
noted that the effects of the Dy, and ¢/, on «;; values are
the same since they appear together in the dispersion tensor
equations. Therefore, only the role of the Dy, is discussed.

Figure 3 shows the values of ki1, k12, k21, and kpy versus
Da7 for several h; (including 0.1, 0.3, 0.5, 0.7, and 0.9) and
Da’l‘/2 (including 0.01, 0.1, 1, 10, and 100) at Dy, = ¢10 = 1.
As it is observed, the value of «; as a function of Daj
demonstrates a monotonic behavior with respect to h; for
Daj /2 < 1. In other words, the value of k1, against Daj will
decrease if the nondimensional thickness of layer 1 increases
for Daj, < 1. However, the value of ki, versus Daj behaves
nonmonotonically with respect to h; for Daj,, > 1.

The results show that the values of «, and k»; against Daj
show a nonmonotonic behavior with respect to /; for all Darcy
number ratios. The results revealed that only for the case of
hy =hy = 0.5 and D1/, = ¢1/» = 1 are the values of «, and
k1 versus Daj for all Darcy number ratios symmetric (where
K12 = k1). Otherwise, the «;; matrix is not symmetric (k1> #
k»1). At low Darcy number ratios, the off-diagonal elements,
k12 and Ky, against Da} are negative for small values of &
while they are negative for large values of 4. As shown in
Fig. 3, the value of «; as a function of Daj exhibits monotonic
behavior with respect to 4 for all Darcy number ratios.

To further demonstrate the behavior of the «;; matrix, Fig. 4
depicts the contour plots for the values of «;; versus Da} and
Da’f/2 for several h; (including 0.1, 0.3, 0.5, 0.7, and 0.9) at
Dy, = ¢1;2 = 1, which confirms the results observed from
Fig. 3. The results reveal nonmonotonicity of «;; and the
fact that the off-diagonal elements of «;; could take negative
values. These observations are important as they may lead to
the manifestation of osmotic dispersion, uphill dispersion, and
dispersion barrier, which will be discussed in the next section.

Figure 5 depicts the plots of k11, k12, k21, and kpy versus
Daj for several Dy, (including 0.01, 0.1, 1, 10, and 100) and
h; (including 0.1, 0.3, 0.5, 0.7, and 0.9) at Da*l‘/2 = 0.01 and
@12 = 1.1t is generally observed that «1; as a function of Daj
becomes larger when the diffusion coefficient ratio increases.
This implies a monotonic behavior of «j; against Da] with
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Da,, = 0.01 Day, =0.1 Da,, = 1 Da,, = 10 Da,, = 100
: 102
103
104
105
106
x10*
2
0
1
-
2
4 -5
2 x10 5 x19
7 0
0 .
-5
2 -10
10" 10" 10" 10"
10-3 10»3 10»3 x 10-3 ——
i
&' 10° 10° 10° -\ 10°
10° = 10° 10° 10° |
101 100 10 101 100 10 107 10° 10 101 10° 10" 102 101 10° 10" 102
Da, Da, Da, Da, Da,

FIG. 3. The values of ki, k12, k21, and k», versus Daj for several A; (including 0.1, 0.3, 0.5, 0.7, and 0.9) and DaT/2 (including 0.01, 0.1,
1, 10, and 100) at Dy, = ¢, = 1. The light green shaded area shows the Daj in which «/, and «,, are negative.

respect to D ». It is worth noting that «;; against Da} remains
almost constant by changing the diffusivity ratio.

It is demonstrated in Fig. 5 that xj> and «»; versus Daj
behave nonmonotonically with respect to the diffusion coeffi-
cient ratio for #; = 0.1, where they can take negative values.
However, k1, and k; against Da} exhibit monotonic behavior
with respect to Dy, for h; > 0.1. The results show that
and k) versus Da} behave differently for /2; > 0.1 such that
k12 decreases by increasing D;,, while k3, increases. Again,
only for the case of h; = hy = 0.5 and Dy, = ¢ =1, the
values of «; and ky; versus Daj are symmetric (where 1y =
k21). Otherwise, the coefficients of the first and second off-
diagonal elements of the dispersion tensor with respect to Daj
are not symmetric (where k1p # k21).

The dispersive fluxes of the injected tracer in layers 1 and 2
can be written as F?is = —/q]Pe%aél/ax — k12PePeydc, /ox
and T'$"s = —xyPe;Pe,d¢) /dx — kpPe3¢,/dx, respectively.
Based on Fick’s first law, the diffusional mass transfer is nor-
mal when the flux of a chemical species and its concentration
gradient have opposite signs. However, when the dispersion
tensor has a tensorial form, concentration gradient and flux
may have similar signs leading to non-normal dispersion. Fur-
thermore, advective fluxes in the first and second layers can be
expressed by Fj‘d" = v11C1 + v12C2 and F;‘d" = V21C1 + V220Ca,
respectively. Normally, the advection flux is positive. How-
ever, v11, V12, V21, and vy; may take negative values resulting
in countercurrent advective flux of a chemical species in one
of the layers.

The results in Figs. 3—5 revealed that the value of «, can be
nonzero (1, #% 0).This observation indicates when the tracer
concentration gradient in layer 1 is absent (d¢;/dx = 0), the
tracer concentration gradient in layer 2 may lead to a disper-
sive flux of a tracer in layer 1 (I“llis = —k1pPe|Pe,0¢,/0x #
0 when 9¢;/9x = 0). This implies the appearance of trans-
port phenomenon called the osmotic dispersion, which is
analogous to the osmotic diffusion encountered in the mul-
ticomponent molecular diffusion [28-30] and in the binary
mixture adsorption in nanoporous media [31]. It will be shown
that the osmotic dispersion flux can be positive (I'{® > 0 for
positive osmotic dispersion) or negative (F‘liis < 0 for negative
osmotic dispersion). Similar to kj», the results in Figs. 3-5
revealed that the value of x; can be nonzero (k,; # 0), sug-
gesting that if the tracer concentration gradient in the upper
layer is absent (3¢, /dx = 0), the tracer concentration gradient
in the lower layer will cause a dispersive flux of a tracer
in the upper layer (I'$® = —kyPe;Peydc;/dx # 0 when
acy/ax = 0).

As mentioned above and evident from Figs. 3-5, «, ver-
sus Daf can take negative values, which is more obvious at
small values of Dj;. This may result in a dispersive flux
of a tracer in a direction opposite to that which is governed
by its own concentration gradient in the lower stratum such
that T = —k Pedé,/0x — k12PePeydc,/0x > 0 while
851/3)6 >0 or F?ls = —K“Pefaél/ax — K12P61P€2352/ax <
0 while d¢;/dx < 0. This suggests a transport phenomenon
called the wuphill dispersion, analogous to the uphill
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hy=0.1 h =03
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— 11073
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FIG. 4. The contour plots for the values of «y, k12, k21, and k2, versus Da} and Da*l‘/2 for several A (including 0.1, 0.3, 0.5, 0.7, and 0.9)

atDyp =¢1p =1

diffusion encountered in the multicomponent molecular dif-
fusion [28-30] and in the binary mixture adsorption in
nanoporous media [31]. It will be shown that the uphill
dispersion flux can be positive (I'{* > 0 for positive up-
hill dispersion) or negative (' < 0 for negative uphill
dispersion).

Similar to kjp, the results in Figs. 3-5 revealed that
k21 as a function of Dal may take a negative value,
which is more noticeable at large values of Dj,. This
may cause a dispersive flux of a tracer in a direction
opposite to its concentration gradient in layer 2 such
that ngs = —kp1Pe1Peydc/0x — K22Pe§852/8x > 0 while
0Cy/0x > 0 or ngs = —k;Pe|Peydc;/dx — /<22Pe§852/8x <
0 while d¢,/0x < 0, leading to uphill dispersion.

The results shown in Figs. 3-5 also suggest the pos-
sibility of a zero flux of tracer in both layers. A zero
dispersion flux of a tracer in layer 1 implies «;Pejd¢;/dx =
—k12Pe Perddy/dx ('S = 0). Similarly, the results suggest
the likelihood of zero dispersion flux of the tracer in the

second layer, or k2, Pe3d¢/dx = —iaiPe|Pe,dc; /dx (TS5 =
0). The possibility of zero dispersion flux suggests a dis-
persion barrier, which is equivalent to a diffusion barrier in
multicomponent molecular diffusion [28-30] and in the bi-
nary mixture adsorption in nanoporous media [31].

B. Numerical simulation of tracer transport in stratified
porous media

The results discussed in the previous section indicated
the possibility of dispersion barrier, uphill dispersion, and
osmotic dispersion. To examine the manifestation of these
unique transport processes, we conducted numerical simu-
lations of an instantaneous tracer injection into a stratified
porous medium based on the developed reduced-order model.
A fully implicit finite difference (FD) method is implemented
to numerically solve Eqgs. (A42) and (A43) subject to the
initial and boundary conditions in Egs. (A44) and (A45). The
FD discretization gives a heptadiagonal sparse matrix, and
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the GBAND solver is utilized to solve the resultant system of
equations [32].

Figures 6(a) and 6(d) show the nondimensional average
tracer concentrations in layers 1 and 2 versus the distance
from the inlet of stratified porous media at + = 12 for scenario
1, where the coefficients of the two off-diagonal elements of
the dispersion tensor are negative while all elements of the
matrix of coefficients of the advection term are positive. The
dimensionless time necessary for the transverse variation of
the tracer concentration to die down to 1/e of its initial value
is t & 1/m? [1]. Therefore, a dimensionless time of ¢t = 12
is used to ensure the validity of the major assumption of
Taylor dispersion theory for Péclet numbers of Pe; = 100
and Pe, = 1000 [33,34]. It is noted that the yellow circle
denotes the inlet of stratified porous media and the black
circle indicates the downstream region of stratified porous
media, where the tracer concentration gradient vanishes. In
the absence of the interface between the two layers, the tracer
concentrations in both layers follow a well-known Gaussian
profile. However, the strong coupling between the two layers
through the interface and their property contrast leads to in-
teresting transport processes, which are analogous to the ones
during the multicomponent molecular diffusion [28-30] and
the binary mixture adsorption in nanoporous media [31].

As noted earlier, according to the first Fick’s law, the
diffusion or dispersion flux of a chemical species is called
normal when d¢/0x and flux are opposite in sign. Figure 6(b)
shows the trajectory for the dispersive flux, Ffis, versus

—dc;/ox in layer 1, where several dispersion regimes are
recognized. It is noted that the colored circles in Fig. 6(b)
refer to those demonstrated in Fig. 6(a). As the tracer moves
along porous medium 1, the dispersive flux trajectory first re-
veals the normal dispersion, where ' < 0 and —9¢;/0x < 0
(blue curve). This continues until the dispersive flux becomes
zero, which identifies the dispersion barrier, K“Pe%aél /ox =
—k12Pe Perdy/dx ('Y = 0) while —9¢; /dx < 0, as shown
by the red circle in Fig. 6(b). Thereafter, the dispersive flux
trajectory for the tracer in layer 1 is positive, I'{i > 0, while
—ac;/dx < 0, suggesting that the dispersive flux and the con-
centration gradient of the tracer in layer 1 are against each
other. This regime is called the positive uphill dispersion
since ' > 0, as illustrated by the pink curve in Fig. 6(b),
and continues until the dispersive flux of the tracer reaches
ac;/dx = 0. This gives a nonzero positive dispersive flux
(r ldis = —k,Pe;Pe,d¢,/dx # 0) when the concentration gra-
dient of the tracer in layer 1 is absent (d¢;/dx = 0). This
regime is called the positive osmotic dispersion since I'{is >
0, as shown by the green circle in Fig. 6(b). Subsequently, the
dispersive flux trajectory reveals the normal dispersion, where
F‘fis > 0 and —a¢;/dx > O (blue curve). This continues until
the dispersive flux becomes zero, which identifies the disper-
sion barrier, k1, Pe?d¢;/dx = —k12Pe;Pe2dc,/dx (I = 0)
while —d¢;/9dx > 0, as shown by the red circle in Fig. 6(b).
Finally, the dispersive flux trajectory for the tracer in layer
1 is negative, F?is < 0, while —0¢;/dx < 0, suggesting that
the dispersive flux and the concentration gradient of the tracer
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transport.

in layer 1 are against each other. This regime is called the
negative uphill dispersion since F‘lﬁs < 0, as illustrated by the
pink curve in Fig. 6(b). The dispersive flux for the tracer in
layer 2, which is shown in Fig. 6(e), remains normal (ngs >0
when —9¢,/9x > 0 or I'!® < 0 when —3¢,/dx < 0).
Figures 6(c) and 6(f) illustrate the trajectories for the
advective fluxes, '™ and I's%, versus the nondimensional
average tracer concentrations, ¢; and ¢, in layers 1 and
2, respectively. The results reveal that the advective fluxes
in both strata remain normal (Fj‘dV = v11C1 + V1262 > 0 and
3% = 7,8 + 1226 > 0), but the advective flux in layer 2 is
larger than the advective flux in stratum 1 (34 > [adY),
Figure 7 presents the results of scenario 2, where the
coefficients of the two off-diagonal elements of the disper-
sion tensor are negative while all elements of the matrix
of coefficients of the advection term are positive. Similar
to the former scenario, the tracer concentrations in both
layers follow a well-known Gaussian profile, as shown by
¢; and ¢, profiles in Figs. 7(a) and 7(d). For this sce-
nario, as depicted in Fig. 7(b), the dispersion regimes in
layer 1 evolve in the order of the positive uphill disper-
sion (I"liis > 0 when —ac¢;/dx < 0), the positive osmotic
dispersion (F‘ljis # 0 when d¢;/dx = 0), the normal dispersion
(I'%s > 0 when —9¢;/dx > 0), the dispersion barrier (I'{ =
0 when —9dc;/dx > 0), and the negative uphill dispersion
(IS < 0 when —9¢;/dx > 0). The sequence of the disper-
sion regimes along layer 1 in the former scenario, Fig. 6(b),

was the normal dispersion (F‘liiS < 0 when —a¢;/dx < 0), the
dispersion barrier (I'!® = 0 when —9¢;/dx < 0), the positive
uphill dispersion (Ffis > (0 when —9d¢;/dx < 0), the positive
osmotic dispersion (I'% 0 when 3¢, /dx = 0), the normal
dispersion (' > 0 when —9¢;/dx > 0), the dispersion bar-
rier (I =0 when —d¢;/dx > 0), and the negative uphill
dispersion (I'{* < 0 when —9¢,/dx > 0). The dispersive flux
for the tracer in layer 2, which is shown in Fig. 7(e), re-
mains normal (ngs > 0 when —a¢,/dx > 0 or ngs < 0 when
—0d¢y/0x < 0). It is revealed from Figs. 7(c) and 7(f) that the
advective fluxes in both layers remain normal (I'%" > 0 and
'3V > 0), but the advective flux in layer 2 is larger than the
advective flux in layer 1 (T34 > [adv),

In the last simulated scenario (scenario 3), the coeffi-
cients of the two off-diagonal elements of the dispersion
tensor and the two off-diagonal elements of the matrix of
coefficients of the advection term are negative. Similar to
scenarios 1 and 2, the tracer concentrations in both lay-
ers follow a well-known Gaussian profile, as shown by
the ¢, and ¢, profiles in Figs. 8(a) and 8(d). The results
presented in Fig. 8(b) demonstrate that the dispersive flux
for the tracer in layer 1 remains normal (I’ (111s > 0 when
—0¢1/0x > 0 or ' < 0 when —9¢,/0x < 0). It is observed
from Fig. 8(e) that the dispersive flux for the tracer in
layer 2 indicates the negative (I'$ <0 when —9¢,/0x >
0) and positive (I'S® > 0 when —9¢,/dx < 0) uphill disper-
sions for the whole trajectory. Figure 8(c) illustrates that the
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03 (where i, j = 1, 2). (a), (d) The nondimensional average tracer concentrations in layers 1 and 2, ¢, and

&, versus the distance from the inlet of stratified porous media, x, at t = 12. (b), (¢) The dispersive fluxes, ['" and I'$®, versus —9¢,/dx and
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blue and pink curves in (b), (e) denote the normal dispersion and the uphill dispersion, respectively, and the arrows show the direction of tracer

transport.

advective flux in layer 1 remains normal (I'“® > 0). In con-
trast, the advective flux in layer 2, as shown in Fig. 8(f),
exhibits the uphill advection (I" ‘2“1" = 21C1 + v2Cy < 0), in-
dicating that the tracer is advecting upstream of the flow or
countercurrent.

IV. DISCUSSION

The cross-advective and cross-dispersive terms [see
Eq. (21)] originate from the continuity of velocity and the
corresponding advective flux and the interface. The continuity
of velocity and advective flux at the interface, in turn, results
in a macroscale velocity profile in the composite two-layer
system, where the velocities in layer 1 and layer 2 are not
equal at a particular x. In other words, the macroscale velocity
profile becomes a function of longitudinal (x) and transverse
(z) directions. The nonsymmetrical macroscale velocity com-
bined with the nonzero diffusion flux at the interface between
the two porous layers leads to cross-advective and cross-
dispersion transport in both layers.

The cross-diffusion terms, J; and J,, [see Eq. (21)] orig-
inate from the concentration and diffusion flux continuity at
the interface between the two layers. For instance, for the
special case I, where individual layer velocity profiles are
independent of the transverse direction (#; = 1 and u; = 1),
the macroscale velocity profile is only a function of the

longitudinal (x) direction. Hence, the cross-advective and
cross-dispersion terms are absent, and only the cross-diffusion
terms J; and J, are present.

From a physical point of view, porous media hetero-
geneities in the form of layering lead to fully developed
macroscale velocity profiles that are, in fact, nonsymmetrical.
Consequently, tracer transport coupled with a macroscale ve-
locity field can manifest dispersion barrier, uphill dispersion
and advection, and osmotic dispersion during tracer transport
in stratified porous media, as demonstrated in this work.

For normal dispersion, flux and concentration gradient are
opposite in sign implying that if ['%® > 0 then 9¢;/dx < 0.
However, for instance, when I‘fis > 0 while d¢;/9x > 0 the
dispersive transport is not normal. This work shows that a
nonsymmetrical macroscale velocity distribution leads to a
tensorial dispersion resulting in uphill dispersion.

A concentration gradient is normally required for disper-
sive transport to occur. Dispersive transport of a chemical
species in the absence of concentration or the so-called os-
motic dispersion is observed when transport takes place in a
fully developed nonsymmetrical macroscale velocity field due
to heterogeneities in the form of layering a porous medium.
Also, it is shown that a zero-dispersion flux of a tracer (dis-
persion barrier) may be expected, which again has roots in
the coupling of nonsymmetrical macroscale velocity field and
tracer transport.
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The dispersion discussed in our work originates from the
velocity gradient (shear dispersion) as is in the Taylor dis-
persion theory [1]. It is well established that the dispersion
originated from shear scales is proportional to Pe? [1]. How-
ever, the hydrodynamic dispersion in porous media discussed
by Gelhar and Axness [35] is the macroscopic consequence
of several physical and chemical processes [36], including
motion of a chemical species in tortuous flow paths in pore
space, velocity gradient in the pore level, porous media het-
erogeneity, molecular diffusion, variation in thermophysical
properties of the fluid, and solid-fluid interaction such as ad-
sorption and desorption [36].

V. SUMMARY AND CONCLUSIONS

We studied dispersion in stratified porous media using the
generalization of the Taylor dispersion theory. First, the fully
developed Stokes flow of a Newtonian and incompressible
fluid is described by coupling the Darcy-Brinkman equations
in the lower and upper porous media subject to the conti-
nuity of velocity and shear stress at the interface between
two porous layers to obtain the velocity distributions. Next,
the advection-diffusion equations in the lower and upper
strata are coupled using the continuity of tracer concentra-
tion and mass flux at the interface between two strata to
address the tracer transport. Then, the reduced-order models

for advection-dispersion tracer transport are derived using
the Reynolds decomposition and averaging techniques, which
give the matrix of coefficients of the advection term and the
dispersion tensor. The evaluation of the resultant dispersion
tensor, tracer concentrations, and dispersive and advective
fluxes reveal that several transport phenomena of uphill advec-
tion and dispersion, dispersion barrier, and osmotic dispersion
may be developed due to the presence of an interface between
the two porous media with different physical properties. We
found that the dispersion has a tensorial characteristic even
for a simple two-layer homogenous porous medium. The ten-
sorial nature of dispersion in a stratified porous medium was
found to originate from the coupling through the interface and
the Stokes flow in the two porous layers. Application of the
Taylor dispersion theory to a limiting case of Darcy flow in a
stratified porous medium suggests that only a cross-diffusive
flux between the two layers leads to mixing and proves the
absence of Taylor dispersion. The results suggest that the
mixing observed in field scale may not necessarily originate
from Taylor dispersion and could be due to the modified ad-
vection terms and cross-diffusive flux between the two layers.
It was demonstrated that the Taylor dispersion theory can be
generalized to obtain dispersion in stratified porous media.
The proposed model along with the findings of this study can
pave the way for the development of the dispersion tensor in
multilayered porous media.
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APPENDIX A: MODEL REDUCTION AND SPECIAL CASES

1. Reynolds decomposition and averaging methods

The Reynolds decomposition, which is a technique to split
the average and fluctuation components of a variable [33], can
be used to write the nondimensional velocities and tracer con-
centrations in porous layers 1 and 2, respectively, as follows:

1 0
u(z) = iy +uy(z) = h—/ wdz + u)(z), (AD)
1 J—h
P
ur(2) = iy + uh(z) = h_ / urdz + u5(2), (A2)
2 J0
cilx,z,t) =¢1(x, 1) + i (x, 2, 1)
0
= cdz + cj(x, z, 1), (A3)
1
e (x,z,1) = Er(x, 1) + ch(x, 2, 1)
hy
= c2dz + ch(x, z,1), (A4)
2

where i, ilp, €1, and ¢, are the nondimensional average ve-
locities and tracer concentrations in porous media 1 and 2,
respectively, and u}, u}, ¢}, and ¢} are the fluctuation compo-
nents. The averages of the fluctuation components are zero,
based on the Reynolds decomposition [33]:

1 /0 1 hy 1 0
— dz = — / u/dzz—/ cdz
hy J_p, “ hy 2 h J o, !

I
T
The following expressions can be derived for the nondi-

mensional average velocities in strata 1 and 2 using Eqgs. (7),
(8), (A1), and (A2):

chdz = 0. (AS)

A B

ity = —— sinh(hy) + ——[1 — cosh(mh)] + 1, (A6)
nih nmh

- A2 . B2

il = —— sinh(nhy) + ——|[cosh(nhy) — 114+ 1. (A7)
n2h2 n2hy

2. Derivation of reduced-order models for advection-dispersion
tracer transport

If ¢; and ¢, from Eqs. (A3) and (A4) are substituted into
Egs. (13)—(20), the following equations can be derived:

ac,  ac) 4P lal) +p ac
—_— —_— Citu— clu—
ar | ot M x 1
82_ 82 / 82 /
S R (A8)
x2 ax2 072

D122 4 D122 4 ey, 22 4 ey, 2
— —2 + Peyup— + Pesuy —=
127 127 2y oty
%6, 9%, 3%,
_ , A9
o e 972 (A9)

¢(x, 1 =0)+cj(x,z,1 =0)

=&(x,t =0)+ & (x,z, 1t = 0) = 8(x), (A10)
¢1(x = 00,1) + ¢ (x = 00, z,1)
= G(x = 00,1) + ¢y(x > 00,7, 1) =0, (A11)
ach(x,z=—hy,t
awz=-hb _, (A12)
0z
ci(x, 1) + ¢y (x,2=0,1) = &a(x, 1) + 5 (x, 2 = 0,1),
(A13)
oc\(x,z=0,t) 9ch(x,z=0,1)
D ! =2 , Al4
12012 2z Py (A14)
ach(x,z=ho,t
dowz=mh1)_, (A15)
0z

Averaging Eqs. (A8) and (A9) with the aid of Eqs. (AS),
(A12), and (A15) results in

9¢, Lp 9¢; o p dcy  9%¢; 1 dcj(x,z=0, t)
—_— e i) — eiu
ot P ox x T a2 'y 3z
(A16)
dCo dCo rrA
D1/28_ +P€2M28— +P€2M28—
92 10 ,z=0,t1
_ e g ), (A17)
8x2 h2 aZ

Subtraction of Eqs. (A16) and (A17) from Egs. (A8) and
(A9), respectively, leads to
ac) 4 Pey( ) ¢ + P ac) P Bc1
— e — i) — eju;— — Pejuj—
o 1@ — iy 141 o 11 Py
. a2, 3%¢] 1 3ci(x,z=0,1)
a2 a2 dz '
ach C ac)y 3C
D1/2_ + PGQ(uz — uz)— + Pezuz— — Pezuz—
ot ax ax
_ 82c2 n 82c2 1 8c2(x,z =0,1)
S 2 0z '

The exact Eqs. (A18) and (A19) are now subjected to
the three following assumptions adopted by Taylor [1] and
Fischer et al. [4] on the tracer transport.

(i) dcy /0t ~ 0 and Dy ,,d¢} /0t ~ 0 indicate a quasisteady
state condition, which can be considered after passing suf-
ficient time from the tracer introduction at the inlet of the
stratified porous media if the fluctuation components in the
transversal direction in strata 1 and 2 are smoothed out by the
transversal diffusion. This infers that ¢, > ¢} and ¢, > ¢,
where the average tracer concentrations in layers 1 and 2
become much larger than the fluctuation components. There-
fore, the fluctuation components in the transversal direction
in porous layers 1 and 2 are negligible. For timescales in the

(A18)

(A19)
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order of magnitudes of the diffusion times across strata 1 and If assumptions (i)—(iii) are used, Egs. (A18) and (A19) will
2, which are H 12 /Dy and H22 /D, respectively, this assumption reduce to
can be taken into consideration.

(ii) ¢} and ¢}, which are the fluctuation components in P ac 1 dcj(x,z=0,1) 3%c) A20
layers 1 and 2, vary slowly. This infers that Peju;dc)/0x =~ e1(u u]) + h 9z T 92 (A20)
Pe u;dc|/0x and Pesuydc) /0x ~ Peyuydc) /dx. ) 5,

(i)  Pej(u; — it)d¢/dx > 8¢} /dx> and Pes(uy — Pes(ur — @ )@ _ 1ok z=01) 3¢ (A21)
12)02/dx 3> 92c)/3x> show that the longitudinal diffusion 2T T h 3z 922
can be ignored compared to the longitudinal advection
in porous layers 1 and 2. Therefore, the impact of the If Eqs. (A20) and (A21) are integrated twice with respect

longitudinal diffusion is not considerable, and the tracer  to z and the resulting expressions are subjected to Egs. (AS),
transport in strata 1 and 2 is mainly controlled by the (A12), and (A15) to find the constants of integrations, ¢} and

longitudinal advection and the transversal diffusion. ¢, will be derived as follows:
J
2 2 = 2 /
, Z h 1 h B up — 1 dC Z h aCl(x,ZZO,l)
=l=-— 1—a)— Pe;— = | A22
i |:<2 5 + = )( i) <2 +Z>Tl1+ 7 oy + 2hl+z+ 3 PP (A22)
2 2 . 2 /
, Z hy 1 _ hy B, up—1 9¢Cy Z hy\ dcy(x,z2=10,1)
=|=—-—=+=5)Ud- ——z])—= Pe, — - - | A23
“ [(2 6 +n§)( ”2)+<2 et e T U, T oz (423)

To determine u;dc} /0x and updc’,/9x in Eqs. (A16) and (A17) and close the mathematical formulation, Eqs. (A22) and (A23)
are differentiated with respect to x to obtain dc/dx and dc}/dx:

ac’ 2 h2 1 h B -1 3%¢ 2 )\ 8%, (x,z=0,t
ﬂ=[<z— )(1 Ml)—<21+z) =Ll }P€1i+<z—+z+—l>w, (A24)
X

ox 2 6 m n 0x? 2h; 3 970x
z—f = [(%2 - h—; + )712>(1 — i) + (hz z)% + ”277; I}Pez% + (—;—; +z- %)W (A25)
Combination of Egs. (7) and (8) with Eqgs. (A24) and (A25) produces u;dc]/0x and u,dc)/0x:

where the constants Ey, F}, E,, and F; are defined, respectively, as follows:

(@ =1 _ B B
1= _IT[(Z[L‘] — Uy — 3By)nth} + 120 iy | + T‘[n%h%(ul — 1) +2(1 4+ A, — Biqihy)]
6n7hi 203 hy
+ T [@ — Dmhy + (A — BY)mhi + A 1By + By ] (A28)
1
B = o [([#1 — Unihy — 3B1)nihi + 6(A; — [ — 1])], (A29)
1
("_{2 - 1) Bz 2,0,
E2 = — 3 [(2[“2 - 1])72h2 + 3B2))7 l’l2 + 12772]121/!2] 3 [7]2]’12(1,{2 — 1) + 2(1 +A2 +B2n2h2)]
6151, 2n3hs
1
+ 2, [(@12 — Dmahsy + (A3 — B3)mahy — AsB, — B, (A30)
22
B = i [([@z — 1In2ha + 3B2)maha + 6(A; — [ — 1])]. (A31)

Substitution of Egs. (A26) and (A27) into Egs. (A16) and (A17) gives

aCy aCy 9%¢ 1 3ci(x,z=0,1) 820’1 (x,z=0,1)
— + Pejit; — 1—-EP — — FifPe)—MmMM, A32
ot +Fe ox ( e ) oxz 0z e 0z0x (A32)
a¢C, aCy 9%¢, 1 3ch(x,z=0,1) 82c/2(x, z=0,1)
Dpn— Pe"— 1 — E,Pe - — — FBPep—=———— . A33
12y T Pealam s = (1 EaPe) g Iy 9z T ox (A33)
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The last two terms on the right-hand side of Eqgs. (A32) and (A33) represent the interface between the two strata and produce
tensorial dispersion and advection. If both layers have the same permeability (k;,» = 1), these terms will disappear. As a result,
the tracer transport due to an incompressible single-phase flow of a Newtonian fluid in a porous medium with the nondimensional
dispersion coefficient of K = 1—E Pe? will be achieved. The detailed derivation of the dispersion coefficient in a porous medium
can be found in Appendix B.

It is noted that the mathematical formulation developed in this study is valid for ki, # 1, where the last two terms on
the right-hand side of Eqs. (A32) and (A33) are not zero but should be replaced by the appropriate expressions in terms of
C1, C2, and their first and second derivatives with respect to x. To replace dc}(x,z =0,¢)/9z and dc,(x,z = 0,¢)/9z in Egs.
(A32) and ((A33) by the appropriate expressions, first, Eqs. (A22) and (A23) are calculated at z = 0 (where u;(0) = A; 4+ 1 and
u3(0) = A, + 1) and then they are combined with Eqgs. (A13) and (A14):

3¢, (x, 2 = 0, 1 98, 3¢

aW =00 o 1+ 5GP B — 1,GyPe, 2L (A34)
a9z ox 0x

¢, (x, 2 = 0,1 3¢, 3¢

M =iy — Jhc + JszPez— — Jr,G1Pey ﬂ (A35)
0z 0x ax’

where the constants Gy, Ji, G,, and J, are defined, respectively, as follows:

Gl=<_h_%_|_i)(1_,;l)_ﬁ&+ﬂ (A36)
6 2m n
3
J=—- (A37)
: h1 + Dy b2

3 hy By Az
Gr=|~5 T )d-m)+5—+5. (A38)

6 2 3

3D
Jy— 126172 (A39)

hy + hoDy g

To replace 82c’1(x,z =0,1)/0z0x and 82c’2(x,z =0,1)/0z0x in Egs. (A32) and (A33) by the appropriate expressions,
Eqgs. (A34) and (A35) need to be differentiated with respect to x:

Pez=00_ 00 04, 0p 80 6 20 (A40)
_ — —J— e e ,
dzox Vax  Tlax TR TG
32ch(x,z=0,1) 0¢, ac; 3%¢, 3%¢,
Tt R B2 o 4 hGyPe, —2 — J,GiPey — A41
20x 25, ~ g ThGPe s 216132 (A41)

Substitution of Eqs. (A34), (A35), (A40), and (A41) into Eqs. (A32) and (A33) leads to the reduced-order models for
advection-dispersion tracer transport in stratified porous media (Fig. 1):

0 (g —1F + L0,6, ) Per 2L 1 (1,FPey — L 1,Gope, | 222
-— — e — e — — e
a 11471 hl 1U1] lax 111 1 h 102 2 ax
9%¢, %, 1
(1 —ElPel +J1F1G1P€ ) a J1F1G2P€1P€2 a + Jl(Cz — C]) (A42)
X
D1p 22 4 iy + 1By + - 1Gy |Pey o2 4 1,G1Pe, — JrFyPey | 2!
-— it — ) — - e e
1/28t 2 2472 h222 23)6 h221 1= 2223)6
3%¢, 3%¢; 1
_ 2 2 _ _
= (1 — EQPCZ — J2F2G2P62)W +J2F2G1PC]P€2W — h—z.]z(CQ — C1.) (A43)

Equations (A42) and (A43) are subjected to the following initial and boundary conditions, which are obtained by averaging
Egs. (A10) and (A11), can be solved to result in ¢; and ¢;:

Ci(x,t =0)=2Ca(x,t =0) =38(x), (A44)

ci(x > 00,t) = Cr(x —> o00,t) =0. (A45)
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3. Special cases

It is valuable to list results for the special cases where the
Darcy numbers in porous layers 1 and 2 are either very small
or very large.

a. CaseI: Da] « 1, Da; « 1

Suppose the permeabilities of strata 1 and 2 or the
ratios of the effective viscosities to the fluid viscosity are
very small or the thicknesses of the layers are very large.
In that case, the Darcy numbers 1 and 2 will be much
smaller than unity (Daj < 1, Daj < 1). In this special case,
the first terms on the left-hand sides of Egs. (1) and (2),
Da; d’u; /dz* and Da,d*u>/dz?, become negligible and
Egs. (1) and (2) reduce to —u; +1 =0 and —up + 1 =0,
respectively, or in other words, the nondimensional velocities
in porous media 1 and 2 are unity, #; = 1 and u, = 1. This
implies that the velocities in both layers are constant and
equal to &, = —(ki/)(dp/d%) and iy = —(ky/p)(dp/dR),
respectively, which are known as the Darcy equation.
Therefore, the third terms on the left-hand sides of
Egs. (A16) and (A17) become zero, udc|/dx = dc}/dx =
dc|/ax =0 and urdch/dx = dcy/dx = dcy/dx = 0; the
nondimensional average velocities in strata 1 and 2 become
unity, i#; = 1 and i1, = 1; and the constants Ey, F, Gy, E, F,
and G are all zero. As a result, Egs. (A42) and (A43) reduce
to

851 861 8 C] 1
— +Pej— = — J — A46
o + e1 o + 1(62 — 1), (A46)
9c2 a6, d%*e 1 S
D2 4 pe,t 202 L p—c). (AW
125" tPar = I 2(C2 —¢1) (A47)

For this special case, the Taylor or shear dispersion is zero,
and the cross-diffusive flux between layers occurs through
the source or sink term [which is the last term on the right-
hand side of Eqs. (A46) and (A47)]. Therefore, for such a
limiting case of Darcy flow in both porous layers, the Taylor
dispersion is nonexistent, and the mixing of the injected solute
between the two layers is limited to the cross-diffusive flux
between layers. The observation suggests that the field scale
mixing between layers may not essentially originate from the
Taylor dispersion and could be due to the cross-diffusive flux
between the layers.

b. CaseII: Da] > 1,Da; « 1

Suppose the permeability of stratum 1 or the ratio of the
effective viscosity in porous layer 1 to the fluid viscosity is
very large or the thickness of layer 1 is very small. In that
case, the Darcy number in stratum 1 will be much larger
than unity (Daj > 1). In this special case, the second term
on the left-hand side of Eq. (1), u;, becomes negligible and
Eq. (1) reduces to Da; d?u; /dz*> + 1 = 0, subject to boundary
conditions u;|,—_p, = 0 and u;|,—o = 1/Day,. This leads to
ui(z) = —z*/2Da; + (1/hDay ), — hy/2Day)z + 1/Day, as
the analytical solution for the nondimensional velocity dis-
tribution in porous layer 1. Therefore, the nondimensional
average velocity in layer 1 using Eq. (Al) becomes i =
h3/12Da; + 1/2Day ».

Suppose the permeability of stratum 2 or the ratio of the
effective viscosity in layer 2 to the fluid viscosity is very
small or the thickness of layer 2 is very large. In that case,
the Darcy number in stratum 2 will be much smaller than
unity (Daj < 1). In this special case, the first term on the
left-hand side of Eq. (2), Day d?u,/dz?, becomes negligible
and Eq. (2) reduces to —up + 1 = 0 or, in other words, the
nondimensional velocity in porous medium 2 is unity, u; =
1. This implies that the velocity in layer 2 is constant and
equal to &t = —(kp/p)(dp/dx), which is known as the Darcy
equation. Therefore, the third term on the left-hand side of
Eq. (A17) turns to zero, updc,/0x = 9c¢,/dx = 83/8)( =0,
the nondimensional average velocity in stratum 2 becomes
unity, it; = 1, and the constants E;, F3, and G, are zero.

If the generalized approach introduced in Sec. II is used,
Egs. (A42) and (A43) become

% + ( —JJ1F + : J1G1)Pela_ +J1F1Pela—
at hy a 0x
= (1 — E\Pej + J1F161Pe%)E + lJl (© — 1),
8x2 hl
(A48)
Dl/za8 +Pez% + ( hl JzGlpel)aa;1
_¥e 1,
= W b 2(C2 — ¢1), (A49)

where the constants J; and J, are defined by Eqgs. (A37)
and (A39), respectively, and the constants E;, Fj, and G| are
defined, respectively, as follows:

o h?
= (A50)
30240Da;  120Daj,
hy w
Fi = - , (A51)
24Da1/2 720Da1
ht n?
G = L _ L. (A52)
720Dal 24Da1/2

c. Case III: Da] K 1, Daj > 1

If the permeability of layer 1 or the ratio of the effective
viscosity in layer 1 to the fluid viscosity is very small or the
thickness of layer 1 is very large, it results in Da} < 1. In this
special case, the first term on the left-hand side of Eq. (1),
Daj d?u;/dz?, becomes negligible and Eq. (1) reduces to
—u; + 1 = 0 or, in other words, the nondimensional velocity
in layer 1 is unity, u; = 1. This implies that the velocity in
layer 1 is constant and equal to &ty = —(k;/u)(dp/dXx). There-
fore, the third term on the left-hand side of Eq. (A16) turns to
zero, u,d¢} /dx = dc| /dx = dc/dx = 0; the nondimensional
average velocity in layer 1 becomes unity, #; = 1; and the
constants E;, Fi, and G, are zero.

If the permeability of layer 2 or the ratio of the effective
viscosity in layer 2 to the fluid viscosity is very large or the
thickness of layer 2 is very small, it results in Da} >> 1. In this
special case, the second term on the left-hand side of Eq. (2),
Uy, can be ignored and Eq. (2) reduces to Da, d?uy/dz* +
1 = 0. Subject to boundary conditions us|.—o = Da;;; and
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Uz |,=p, = 0, it will lead to uy(z) = —z%/2Da, + (hy/2Da, — velocity in layer 2 using Eq. (A2) becomes i, = h3/12Da, +
Day/»/hy)z + Day ;. Therefore, the nondimensional average Day/2.

|
If the generalized approach introduced in Sec. II is followed, Eqs. (A42) and (A43) will become

851 3C1 1 BCQ 8 Cq 1
— +Pe;— ——J1G,P — + —J1(Cy — 1), AS53
o + Pe; ™ +< PR ez) o = a2 hl 1(C2 —C1) (A53)

D 852+ it + o> + 1JG P 9 J,F>P —851—(1—EP JF>G,P )8252——11(‘ C1) (A54)
— i — e — e = e5 — e Ccy — C1),
1/2at 2 202 h222 28x 262 28x 2F¢; 242072 2) 7552 h22 2 1

where the constants J; and J, are defined by Eqs. (A37) and (A39), respectively, and the constants E,, F>, and G, are defined,
respectively, as follows:

ho Da?,, h?
Ep=——t 122 (A55)
30240Da3 120
3 Day nh
F= 2 —2h (A56)
720Da, 24
]’l4 Da1/2h2
Gy=—2— — 2, A57
>~ 720Da, 24 (AS7)

d. Case IV: Daj > 1, Da; > 1

If the permeabilities or the ratios of the effective viscosities of both layers are very large or the thicknesses of layers are
very small, it results in Daj > 1, Daj > 1. In this special case, the second terms on the left-hand sides of Eqgs. (1) and (2),
u; and u,, become negligible and Eqs. (1) and (2) reduce to Da; d?u;/dz> + 1 = 0 and Da, d’u,/dz*> + 1 = 0, respectively.
Subject to Egs. (3)—(6), they will lead to u;(z) = —zz/ZDal + (hp — hy)z/2Day + hihy/2Day and ux(z) = —zz/ZDaz + (hy —
hy)z/2Da; + hihy/2Da, as the analytical solutions for the nondimensional velocity distributions. Therefore, the nondimen-
sional average velocities using Eqs. (Al) and (A2) become it} = h%/lZDal + hihy/4Da; and iy = h%/]ZDag + hihy/4Da,,
respectively. Following the generalized approach introduced in Sec. II, Eqs. (A42) and (A43) will become

% (@ =0 F+ 06y )P 22 (1 FPer — —1,GoPes | 22
C1— € — — (&
ot 1171 h] 1Y1 1 ax 1471 1 h 1U21¢C2 ax
9%¢ 3%¢, 1
(1 — EIPGI +J1F1G1P€1) a J]F1G2P€1P€2 8 + Jl(Cz — C]) (ASS)
ac (&) 1 86‘2 1 861
Dijp— + iy + L + —JGy |Pey— + | —— L GiPey — LhPey | —
at hy ox h, ox
) 9%, e 1
= (l — E2P62 — JzFQGzPCZ) 3 + J2F2G1P61P€28— — h—]z(Cz — Cl), (A59)
2

where the constants J; and J;, are defined by Eqs. (A37) and (A39), respectively, and the constants E|, Fy, Gy, E», F>, and G, are
defined, respectively, as follows:

E (3 — hih 9h h3 — Dayityhy + 15Dayi h (A60)
= — — u u 5
1 720Da% o8 2 — —hihy 1 1U1hy
h2
F = ~720Da (h1 — 15hy), (A61)
a
h% 7 1
G = —a 2401’[1 16h1h2 + 3u1Da1 (A62)
1
h 3h3 9
Ey=——2 — hyh3 — =h*hy — Dayityhy + 15Dayiizhy |, A63
2 720Da§<28 1 g alir Ny + alir Ny ( )
h2
F = 720D (15h; — hy), (A64)
1 1
Gz = —a —mhz 16h1h2 + §M2Daz . (A65)
2
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FIG. 9. The physical model for tracer transport in the porous
medium.

APPENDIX B: DISPERSION COEFFICIENT IN A
SINGLE-LAYER POROUS MEDIUM AND SPECIAL CASES

1. Physical model and assumptions

Figure 9 shows the tracer transport in a porous medium
of thickness H and length co. The porous medium’s inlet and
center are the origins of the longitudinal and transversal direc-
tions (or the X and Z directions), respectively. Therefore, the
porous medium occupies the domain 2 € [-H/2, H/2]. The
physical properties of the porous medium such as permeabil-
ity and porosity, and the physical properties of fluid, such as
density and viscosity, remain constant. The permeability and
porosity of the porous medium are k and ¢, respectively. The
fluid is Newtonian incompressible single-phase and flows in
the porous medium under a fully developed laminar condition
with the velocity distribution (z).

2. Derivation of velocity distribution

The fully developed Stokes flow in the porous medium
can be described by the Darcy-Brinkman equation, which
is the second-order linear ordinary differential equation, in
nondimensional form as follows:

d’u
Da— —u+1=0, ze(-1/2, 1/2), (B
dz?
where wu =i/ —[(k/u)dp/dX)], z=2%/H, and Da=
(e/m)(k/H?), in which @ is the velocity in the porous
medium, u is the nondimensional velocity, u is the fluid
viscosity, i, is the effective viscosity in the porous medium,
p is the pressure, dp/dx is the pressure gradient (which is
constant and drives the flow in the longitudinal direction), z
is the nondimensional transversal coordinate, and Da is the
Darcy number.

Equation (B1) is subject to the no-slip condition at the

bottom (z = —1/2) and top (z = 1/2):

Ul=—12 =0, (B2)

ul,=12 =0. (B3)

The following analytical solution for the nondimensional
velocity distribution in the porous medium can be derived by
solving Eq. (B1) subject to Eqs. (B2) and (B3):

u(z) =Acosh(nz) +1, ze[-1/2,1/2], (B4)
where the constant A is defined as follows:

A = —sech), (BS)
where A = /2 = H/2k.

3. Governing equation for advection-diffusion tracer transport

The tracer transport in the porous medium can be de-
scribed by the advection-diffusion equation, which is the
second-order nonlinear partial differential equation, in nondi-
mensional form as follows:

ac S dc 3% ¥’

— +Peu— = — + —,

ot ox  ox? 072

x € (0,00), z€(—1/2,1/2), t >0, (B6)
where c¢=2¢/c*, x=%/H t=Di/H*>, and Pe=

—[(k/u)dp/dX)IH/D¢, in which ¢ is the tracer
concentration, c¢ is the nondimensional tracer concentration, ¢*
is the reference tracer concentration, x is the nondimensional
longitudinal coordinate, 7 is the time, ¢ is the nondimensional
time, D is the molecular diffusion coefficient, and Pe is the
Péclet number for fluid flow in the porous medium.

Equation (B6) is subject to the instantaneous injection of
the tracer at + =0 (as a pulse) at the inlet of the porous
medium (x = 0), zero tracer concentration at infinite distance
from the inlet (x — 00), and no-mass flux at the bottom
(z =-1/2) and top (z = 1/2) of the porous medium:

clx € (0, 00),z € (—=1/2, 1/2),t =0] = 8(x),  (B7)

clx > 00, z€(—1/2,1/2),t >0]=0,  (B8)

dclx € (0, 00),z=—1/2,1 > 0]
0z N
dclx € (0, 00), z=1/2,1t > 0]
0z

0, (B9)

=0. (B10)

4. Reynolds decomposition and averaging methods

The Reynolds decomposition, which is a technique to split
the average and fluctuation components of a variable [33],
can be used to write the nondimensional velocity and tracer
concentration, respectively, as follows:

1/2
u(z)=ﬁ+u/(z)=f udz + u'(2), (B11)
-1/2
12
c(x,z,t) =¢(x, 1) + ¢ (x, z,t)=/ cdz +c'(x,z,1),
—1/2
(B12)

where # and ¢ are the nondimensional average velocity and
tracer concentration, respectively, and «’ and ¢’ are the fluctu-
ation components. The averages of the fluctuation components
are zero based on the Reynolds decomposition [33]:

12 1,2
/ Wdz = / cdz =0.
—1,2 —1,2

The following expression can be derived for the nondimen-
sional average velocity using Egs. (B4) and (B11):

(B13)

. 2A
it = — sinh(n/2) + 1. (B14)
n
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5. Derivation of reduced-order model for advection-dispersion
tracer transport

If ¢ from Eq. (B12) is substituted into Egs. (B6)—-(B10), the
following equations can be derived:

ac  ac +Pe ac 4P ¢ 9% N 9%c’ N 9%c’ (B15)
— + — 4+ Peu— +Peu— —_—t —,
at ot dx ax o2 | ox2 | 8z
cx,t =0)+c'(x,z,t =0) =), (B16)
c(x = 00,t)+c'(x = 00,2,1) =0, (B17)
oc'(x,z=—1/2,¢
cxz 20 _ (B18)
0z
oc'(x,z=1/2,¢
oz =1/2.) _ (B19)
0z

Averaging Eq. (B15) with the aid of Egs. (B13), (B18), and
(B19) results in

ac 4P ac 4P ac’ 9% (B20)
— eil— eu— = —.
ot ox ox  ox?
Subtraction of Eq. (B20) from Eq. (B15) leads to
ac’ + Pe( _)86 4P ac’ P ¢ 93¢ n 3%¢
— e(u — i) — eu— —Peu— = — + —.
ot ox 0x 0x ox2 972
(B21)

The exact Eq. (B21) is now exposed to three following
assumptions adopted by Taylor [1] and Fischer et al. [4] on
the tracer transport.

(1) ac¢’/dt ~ 0 indicates a quasisteady state condition,
which can be considered after passing sufficient time from
the tracer introduction at the inlet of the porous medium if
the fluctuation component in the transversal direction in the
porous medium is smoothed out by the transversal diffusion.
This infers that ¢ > ¢/, where the average tracer concentration
in the porous medium becomes much larger than the fluctua-
tion component. Therefore, the fluctuation component in the
transversal direction in the porous medium is negligible. For
the timescale in the order of magnitudes of the diffusion time
across the porous medium, which is H?/D, this assumption
can be taken into consideration.

(i1) ¢/, which is the fluctuation component of the tracer
concentration, varies slowly. This infers that Peudc’/dx ~
Peudc’/ox.

(iii) Pe(u—it)d¢/dx > 8*c’/dx> shows that the longitudi-
nal diffusion can be ignored compared to the longitudinal
advection. Therefore, the impact of the longitudinal diffu-
sion is not considerable, and the tracer transport is mainly
controlled by the longitudinal advection and the transversal
diffusion.

If assumptions (i)—(iii) are used, Eq. (B21) will reduce to

P _)85 3%
Uu—i)— = )
Ix 072

(B22)

If Eq. (B22) is integrated twice with respect to z and the
resulting expression is subject to Eqs. (B13), (B18), and (B19)
to find the constants of integrations, ¢’ will be derived as

follows:

N PP S Bl S A SRS U WY B
=|a-3 -t (5 )a - e

(B23)

To determine udc’/dx in Eq. (B20) and finalize the math-
ematical formulation, Eq. (B23) is differentiated with respect
to x to obtain dc’/dx:

ac’ 2 1—u 1 1 9%¢c
s — (= 2 )a—ay|peZE.
ox [( 03 7 (24 72 )( ”)} Cox2

(B24)

Combination of Eq. (B4) with Eq. (B24) produces udc’/dx:

5¢ 12 7 9e 952G
wl = / (u—c)dz —EPeZS,  (B25)
8)6 —-1/2 8)6 8)62
where the constant E is defined as follows:
A? 2 2( M
E = —Wli(n + 24)cosh <§>
5
—9pcosh (2 )sinh (2 - oy
2 2 2
(n? +24) _ 5n?
—_—+—@m—-1)— — —24|. (B26
3n[ e +2A2< -5 (B26)

Substitution of Eq. (B25) into Eq. (B20) leads to the
reduced-order model for advection-dispersion tracer transport
in the porous medium (Fig. 9):

ac ac 8%

— 4+ Peii— = (1 — EPe 2)

ot 0x ax2’ (B27)

where K = 1—EPe? is the nondimensional dispersion coeffi-
cient in the porous medium.

Equation (B27) subject to the following initial and bound-
ary conditions, which are obtained by averaging Eqs. (B16)
and (B17), can be solved to result in c:

e(x,t = 0) = §(x), (B28)

c(x —> oo,t) =0. (B29)

6. Special cases

It is useful to list special results for the cases of very small
and very large Darcy numbers.

Suppose the permeability of the porous medium or the
ratio of the effective viscosity in the porous medium to the
fluid viscosity is very small or the thickness of the porous
medium is very large. In that case, the Darcy number in the
porous medium will be much smaller than unity (Da <« 1).
In this special case, the first term on the left-hand side of
Eq. (B1), Dad?u/dz?, becomes negligible and Eq. (B1) re-
duces to —u + 1 = 0 or, in other words, the nondimensional
velocity in the porous medium is unity, # = 1. This implies
that the velocity in the porous medium is constant and equal to
it = —(k/n)(dp/dx), which is known as the Darcy equation.
Therefore, the third term on the left-hand side of Eq. (B20)
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becomes zero, udc’'/dx = dc’/dx = dc'/dx = 0; the nondi-
mensional average velocity in the porous medium becomes
unity, # = 1; and the constant E is zero. As a result, Eq. (B27)
reduces to 9¢/dt + Pedc/dx = 3°¢/dx?, which indicates that
the Taylor [1] or shear dispersion is zero and K = 1.

If the permeability of the porous medium or the ratio of the
effective viscosity in the porous medium to the fluid viscosity
is very large or the thickness of the porous medium is very
small, the Darcy number in porous medium will be much
larger than unity (Da >> 1). In this special case, the second

term on the left-hand side of Eq. (B1), u, becomes ignor-
able and Eq. (B1) reduces to Dad?u/dz> + 1 = 0. Subject
to Egs. (B2) and (B3), it will lead to u(z) = (1/2Da)(1/4 —
7%) as the analytical solution for the nondimensional ve-
locity distribution in the porous medium. Therefore, the
nondimensional average velocity in the porous medium us-
ing Eq. (B11) becomes & = 1/12Da. If the mathematical
approach applied in this study is used, the nondimensional dis-
persion coefficient of K = 1 + (1/144Da”)(Pe?/210) will be
derived.
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