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Abstract

Plume dilution and reactive mixing can be considerably enhanced by helical flows occurring
in three-dimensional anisotropic porous media. In this study, we perform conservative and
reactive transport simulations considering different anisotropy structures of a single inclusion
with the objective of exploring the effect of the inclusion’s geometry and orientation on the
patterns of twisted streamlines and on the overall dilution and reaction of solute plumes. We
analyzed one hundred different scenarios by varying key parameters such as the angle of the
anisotropic structures with respect to the average flow velocity, the spacing between
alternated heterogeneous zones of coarse and fine materials, the permeability contrast
between such matrices, and the magnitude of the seepage velocity. Entropy conservation
equations and entropy-based metrics for both conservative and reactive species were adopted
to quantify dilution, reactive mixing and their interactions with the helical flow patterns in the
considered three-dimensional anisotropic setups. The results allowed identifying optimal
anisotropic configurations maximizing mixing and reactions, and yielding enhancement
factors up to 15 times the outcomes of analogous simulations in homogeneous media.
Furthermore, the effects of compound-specific diffusive/dispersive properties of the
transported species were found to be relevant for both plume dilution and reactive mixing in

helical flows.

Keywords: anisotropy, helical flow, entropy, dilution; reactive mixing
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1. Introduction

The interplay between physical mixing processes and (bio)chemical reactions is of crucial
importance for solute transport in natural flows, as well as in engineered systems (e.g.,
Stroock et al. 2002; Weiss and Provenzale 2008). Reaction kinetics are often rate-limiting in
well mixed systems, such as in turbulent flows (e.g., Ottino 1989), whereas mixing controls
chemical and biological reaction rates under poorly mixed conditions. The latter is typically
the case for creeping flows and mixing-controlled reactive transport in porous media (e.g.,
Tartakovsky 2009; Willingham et al. 2008). A number of studies have investigated solute
transport and mixing in porous media setups at different scales: from microfluidic
experiments and pore-scale simulations (e.g., Acharya et al. 2007; Crevacore et al. 2016; de
Anna et al. 2014; Hochstetler et al. 2013; Icardi et al. 2014; Jimenez-Martinez et al. 2015;
Rolle et al. 2012;) to field-scale investigation and modeling studies of transport in aquifer
systems (e.g., Amos et al. 2011; Cirpka et al. 2012; Liedl et al. 2005 and 2011; Prommer et al.

2009; Rolle et al. 2013a; Tuxen et al. 2006; Zarlenga et al. 2013).

The heterogeneity of porous formations has been recognized as the key feature for solute
transport and mixing (e.g., Sanchez-Vila et al. 2006). For instance, the role of flow focusing in
high-permeability inclusions and its effect on mixing and reactions in saturated porous media
has been extensively studied in both two-dimensional and three-dimensional experimental and
modeling setups (e.g., Bauer et al. 2009; Castro-Alcala et al. 2012; Cirpka et al. 2011; de
Barros et al. 2015; de Dreuzy et al. 2012; Herrera et al. 2010; Fox et al. 2016; Muniruzzaman
et al. 2014; Werth et al. 2006; Ye et al. 2015a). Compared to heterogeneity, the anisotropy of
porous formations has received considerably less attention in the study of flow and transport
(e.g., Di Dato et al. 2016a and 2016b; Pedretti et al. 2014; Ursino 2004; Zarlenga and Fiori
2015), particularly for the study of mixing and reactive processes. In modeling studies in

three-dimensional anisotropic porous media, Hemker et al. (2004), Hemker and Bakker (2006)
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and Stauffer (2007) showed the existence of whirling streamlines which can considerably
affect solute transport. The link between complex three-dimensional flow topology in
heterogeneous anisotropic porous media and mixing has been addressed in a few recent
modeling works (Bennet et al. 2017; Chiogna et al. 2014, 2015 and 2016; Cirpka et al. 2015).
Also experimentally, only a limited number of studies have addressed the effects of
anisotropy structures on flow and transport in porous media (e.g., Theis 1967; Ursino 2001;
Ye et al. 2015b and 2016). The work of Ye et al. (2015b) provided first experimental evidence
of helical flow in porous media: helical flow, entailing twisting streamlines, was obtained in a
laboratory flow-through setup packed to obtain a spatially heterogeneous and anisotropic
permeability. The outcomes of such experimental study motivate the model-based

investigation of mixing enhancement in helical flows performed in the current investigation.

The objective of this work is to systematically analyze and assess the effects of anisotropy
structures on dilution and reactive mixing enhancement in three-dimensional twisting flows in
porous media. We consider a single macroscopic anisotropic inclusion, obtained with
alternating slices of fine and coarse materials, embedded in a homogeneous porous matrix.
We design twenty-five different configurations by changing the geometry (i.e., the orientation
angle and the width of the alternating slices of low and high hydraulic conductivity) of the
macroscopic anisotropic inclusion resulting in helical flows within the three-dimensional
domain. Simulations of steady-state flow and transport were carried out with a recently
proposed three-dimensional modeling approach to compute twisted flows in anisotropic
media (Cirpka et al. 2015), which was validated with experimental data from high-resolution
flow-through experiments (Ye et al. 2015b). The simulations were performed considering
different seepage velocities, as well as different permeability contrasts between the fine and
coarse porous media. Dilution and reactive mixing enhancement for conservative and

mixing-controlled reactive transport are quantified by considering entropy balances and
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entropy-based metrics of mixing for both conservative and reactive species. For the reactive
transport simulations in the different configurations of helical flow, we compute the critical
dilution index (i.e., the amount of dilution necessary to completely degrade a
mixing-controlled reactive plume) and we compare the results with the analytical expression
for a three-dimensional homogeneous porous medium. Finally, we explore the effect of
compound-specific diffusion in advection-dominated helical flows and its impact on mixing

of conservative and reactive solute plumes.
2. Flow and Transport Modeling

2.1 Governing equations

The governing equation for steady-state flow in porous media is obtained by combining the
continuity equation with Darcy’s law:

V-(a(x)= V- (~K®)V4(x)=0 (1)
where q [LT'] is the specific discharge vector, K [LT'] is the hydraulic conductivity tensor, x

[L] is the vector of spatial coordinates, and ¢[L] is the hydraulic head.

The advection-dispersion equation describes solute transport in porous media. For
steady-state reactive transport such equation reads as:
v-Ve-V-(DVc)=r )

where v [LT™] is the seepage velocity vector (i.e., v =q/0), 0 [-] is the porosity, ¢ [ML™] is the
concentration, D [L*T™'] is the hydrodynamic dispersion tensor, and » [ML>T"'] is the reaction
rate which equals to zero for conservative solute transport. For steady-state transport of
continuously emitted plumes, the transverse component of the dispersion tensor is of key
importance (Cirpka et al. 2011). In this work we describe the transverse dispersion coefficient,

D, [L*T™'], with the non-linear, compound-specific parameterization proposed by Chiogna et
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Pe+2+452) , in which D, [L°T"] is the pore diffusion

al. (2010) i.e., D, :Dp+Daq[

coefficient, Pe=vd/D,, [-] is the grain Péclet number, v [LT™] is the magnitude of the seepage
velocity, d [L] is the grain diameter, D,, [L*T™] is the aqueous diffusion coefficient, J [-] is
the ratio between the length of a pore channel and its hydraulic radius, and £ [-] is an
empirical exponent that accounts for the degree of incomplete mixing within the pore
channels. Values of 0=5.37 and f=0.5 were taken from the study of Ye et al. (2015c), which
compiled experimental data on transverse dispersion from a number of two-dimensional and

fully three-dimensional flow-through experiments in porous media with different grain sizes.

In the reactive transport scenarios, we considered a simple instantaneous bimolecular reaction
(i.e., faA + fB — f.C), such that the reaction is completely mixing-controlled. Here f;, f», and f;
are the stoichiometric coefficients of the reaction, which were set to unity in this study.
Species A represents the plume of continuously emitted contaminant, whereas species B is a
reactant presented in the ambient water. Assuming the same diffusive properties for the two
reactants, a virtual conservative compound X [-], denoted as mixing ratio, can be used to
describe the reactive transport problem (Cirpka and Valocchi 2007). X represents the
volumetric ratio of the source-related solution in the mixture with the ambient solution. The

critical mixing ratio, X, [-], is the value of X at which the concentrations of both reactants

amb
X = Jd

are zero. X 1s defined as X, = - —, where ¢%™ [ML”] is the concentration of
Jocs 1.

species B in the ambient water and ¢/ [ML™] is the concentration of species A at the inlet
source. The concentrations of the different reactive species can be obtained from the
distribution of the conservative mixing ratio. For instance, the concentration of reactant 4 (i.e.

¢4) and product C (i.e. c¢), can be computed as:
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2.2 Numerical model

The flow-through domain has dimensions of 1.5 m % 0.35 m X% 0.35 m (length x width x
height) and represents a hypothetical intermediate scale fully three-dimensional laboratory
setup. The domain was discretized into 183750 cells, with the cell size of 0.01 m in each
direction. The flow-through system was described as a confined aquifer. Flow was solved
applying a cell-centered finite volume method. Constant flow boundary conditions were set at
the inlet and at the outlet of the flow-through domain. Injection and extraction of solutions at
the inlet and outlet of the flow-through setup was simulated with 49 cells representing
injection and extraction ports. No-flow was imposed at the other boundaries of the system. A
particle tracking algorithm based on Pollock’s scheme (1988), was used to compute the
streamlines, using 60025 particles released at the inlet. Steady-state transport was simulated
with the method recently proposed by Cirpka et al. (2015), solving for advective transport
along the streamlines and dispersive mass exchange in the transverse direction. At each cross
section perpendicular to the longitudinal direction x, transverse dispersion was computed by
Finite Volume approach on Voronoi polygons for each streamline. To simulate continuous
injection, a constant mass flux was set at the inlet whereas no flux conditions were set at the
top, side, and bottom boundaries. The plumes of conservative tracer or reactant A were
injected at the central inlet port, whereas pure water or a solution containing reactant B was

injected from the surrounding inlet ports.

As shown in Figure la, a heterogeneous anisotropic inclusion was inserted in the otherwise
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homogeneous matrix. The hydraulic conductivity of the matrix was 2.5x10” m/s. The
inclusion had a dimension of 0.90 m x 0.12 m X 0.12 m. The inclusion consisted of two layers
with alternating angled slices of coarse and fine porous media (Figure 1b). In order to achieve
macroscopic anisotropy, the direction of the angled slices were opposite between the two
layers. Figure 1c shows a 2-D view of the bottom layer: the angle between the slices and the
flow direction is indicated by « [°], whereas s [L] represents the spacing of the slices. The fine
material of the inclusion (i.e., indicated by a blue color in Figures 1b and Ic) had the same
permeability of the matrix, whereas the coarse material (i.e., yellow in Figures 1b and 1c) had
a higher hydraulic conductivity of 3.06x10 m/s or 3.03x10™'m/s, resulting in a permeability
contrast (keons [-]) of 12.5 or 121, respectively. The grain diameters of the materials were
directly related to their permeability according to the relation of Hazen (1892), i.e., K=(Cd),

where C=100 m™ s, Porosity was set as 0.4 for both the fine and coarse porous media.

(a)
!

Zz

Dimension: 1.5X0.35X0.35 m?

) Inclusion Dimension: 0._9_><0.12><0.12 m3"

L ns |
(c) | S :
o ] |
T I//,//
y //’1/ 1
X+ i

Fig. 1 Geometry of the 3-D setup: a) overview of the domain; b) anisotropy structure of the

inclusion; c¢) top view of the bottom layer of the inclusion, the top layer has an identical
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structure but an opposite direction of the slices. Yellow color: high permeability medium,;
Blue color: low permeability medium; a: angle between the slice and the main flow direction;

s: distance between the slices.

Different anisotropy structures were designed by varying «, s, and kcyu, but maintaining
identical total volumes of high- and low-permeability materials, as well as the position of the
inclusion, which was aligned with the central injection port and started at 0.20 m in the x
direction. Fifty different heterogeneous anisotropic structures were constructed with the
parameters values of «, s, and k.., listed in Table 1. Notice, that when « equals to 0 or 90

degrees, the heterogeneous inclusion becomes macroscopically isotropic.

Table 1 Values of ¢, s and k., used for the construction of the inclusion.

Parameter Value

a 0°, 11.25°,22.5°, 45°, 90°

s 0.03m, 0.05m, 0.10 m, 0.15m, 0.25 m
Keontr 12.25, 121

The simulations were performed at average seepage velocities of 3 m/d and 0.3 m/d, thus
resulting in 100 scenarios. For conservative transport a solute with the same aqueous
diffusivity as fluorescein (DanO.48X10'9 m?/s) was used. In selected cases, focusing on the
compound-specific dispersion effects in helical flows, multitracer transport simulations were
run considering an additional solute with the diffusivity of oxygen (Dg,q,=1.97X10'9 m’/s).
Species with the aqueous diffusivities values of fluorescein and oxygen were also considered
for the evaluation of the compound-specific behavior during mixing-controlled reactive

transport.

2.3 Entropy balance and metrics of mixing
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Approaches based on the Shannon entropy have been developed and applied in different fields
of geosciences and engineering (e.g., Bianchi and Pedretti 2017; Cabeza and Karunanithi
2008; Kitanidis 1994; Singh 1997). In particular, for solute transport in porous media such
approaches are powerful tools to quantify the dilution of solute plumes (e.g., Aquino and
Bolster 2017; Beckie 1998; de Barros et al. 2015; Dentz et al. 2011; Kapoor and Kitanidis
1996; Kitanidis 1994; Paster et al. 2015; Rolle and Kitanidis 2014; Thierrin and Kitanidis
1994; Ursino 2001). Considering a flux-related framework, the transport equation of the
entropy density of a conservative solute reads as (Chiogna et al. 2011):

1
V-V(=p,In py)-V-(DV(=p, In p,))= o Vp, DVp, (5)
o

c
IQ cq .dA

where Py = [TL™] is the flux-weighted probability density function of the solute

mass, and g, [LT'] is the specific-discharge in x direction. The term on the right hand side of

Eq. 5 represents a positive source of entropy due to dilution.

It is also interesting to consider the governing transport equation for the entropy density of a
reactive species, which can be written as (Chiogna et al. 2012):

.1
V-V(=p,In p,)=V-(DV(~p, In p,))=~(1+1n p,)r +p—VpQTDVpQ ©)
0

%) 0’
Po —l&VCTDVC)}’ _

where the reactive term  is defined as 7 = ( 5
oc r Oc

Comparing Eq. 5 and Eq. 6 it can be noticed that an additional term on the right hand side
appears for the reactive transport case. This term represents the contribution of reactive
mixing, which can act as a sink in the entropy transport. The balance between entropy sources

and sinks provides relevant insights on the interplay between dilution and reactive processes.
The flux-related dilution index, Ep, is an entropy-based metric of mixing that has been

10
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proposed to quantify dilution of conservative plumes continuously emitted from a
contaminant source (Rolle et al. 2009). This quantity represents an effective volumetric
discharge that transports the solute mass flux at a given cross-section along the main flow
direction and has been applied as metric of mixing in experimental and modeling studies (e.g.,
Ballarini et al. 2013; Cirpka et al. 2015; Rolle et al. 2013b). Mathematically, the flux-related
dilution index is defined as the exponential of the Shannon entropy, in analogy to the

volumetric dilution index introduced by Kitanidis (1994) for a solute slug:

Ey(x)=exp (— [ (5o (6. 3. 2)n py(x. y.2)lg, (x. 3. Z)dA) (7)

where (21is the cross-section perpendicular to the longitudinal direction x.

The rate of increase of the natural logarithm of flux-related dilution index corresponds to the
rate of increase of the entropy in the mean flow direction x (i.e., integration of Eq. 5 over 02
for a conservative solute) and reads as (Chiogna et al. 2011, 2012):

% = LPLQVpQTDVdeQ (8)

The flux-related dilution index and its rate of increase can also be computed for a reactant. In
this case, Ep(x) is no more a monotonically increasing function with the travel distance but its
trend is determined by the balance between the entropy source and sink terms due to dilution
and reactive processes (Eq. 6). For reactive transport, an additional metric of mixing that is
considered in this study is the critical dilution index (i.e., CDI [L*T™']). The CDI is defined as
the mixing amount required for the complete degradation of a reactive plume (i.e., species 4
in our study) undergoing an instantaneous bimolecular reaction (Chiogna et al. 2011). The
value of the CDI is equal to the flux-related dilution index of a conservative plume at the
distance L from the source (i.e., CDI = Eo(L)), where L [L] is the length of the reactive plume.
Analytical expressions can be derived for the CDI/ in homogeneous domains. A simple

first-order approximation for the CDI in a three-dimensional system was derived in a previous

11
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study (Ye et al. 2016) and reads as:

CDI,,,, = EXQ—(O) exp(1) )

crit

3. Results and Discussion

3.1 Conservative transport

Different patterns of twisting streamlines caused by the different anisotropic structures were
observed in the particle-tracking simulations. Furthermore, the outcomes of the conservative
transport modeling resulted in plumes with reduced peak concentration and a monotonic
entropy increase along the main flow direction. As an illustrative example, Figure 2 shows the
results for the setup with @, s, keonr and v equal to 22.5°, 0.10 m, 12.25, and 3 m/d,
respectively. Streamlines (49 black lines in Figure 2a) traced from the central inlet port are
straight until they reach the anisotropic inclusion. At the inclusion, the streamlines are focused
due to the presence of the high-permeability medium and follow a twisting pattern induced by
the geometric structure of the inclusion. The complex three-dimensional flow due to the
macroscopic anisotropic inclusion has a remarkable impact on solute transport. In fact the
plume, continuously injected from the central inlet port, is strongly deformed, stretched and
squeezed as can be observed in two-dimensional concentration distribution maps at different
cross sections (Figure 2b). The streamlines twisting can also cause the plume to split into
different parts (e.g., x=0.65 m), each with its own peak concentration. The twisting flow
behavior deforms the material surface of the plume and favors the contact and the
diffusive/dispersive mass exchange between the plume and the surrounding clean water. This
leads to an enhancement of plume dilution that, as quantified by the flux-related dilution
index, is particularly pronounced at the location of the macroscopic anisotropic inclusion

(Figure 2c¢).
12



256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

"~ x [m]

(b) x=0.05 m x=035m x=0.65 m x=1.40 m
0 0.5 1 0 0.5 1 ] 0.2 0.4 0 0.2 0.4
0.3 (- . O~ .
0.2
E n Y da
0.1
GO 64 02 03 0 01 02 03 0 01 02 03 O 01 02 03
y [m] y [m] y [m] y [m]

Fig. 2 Flow and transport in a heterogeneous anisotropic setup (s=0.10 m, a=22.5°
keonn=12.25, v=3 m/d): a) Streamlines traced from the central inlet show a twisting pattern;
black lines: streamlines; colored surfaces: isosurfaces of hydraulic head; b) Concentration

distribution at different cross-sections; c) Flux-related dilution index along the travel distance.

Plume dilution was computed for all 100 conservative transport scenarios simulated, based on
the parameters listed in Table 1, at seepage velocities of 3 and 0.3 m/d. Figure 3 shows the
computed Ep values at the outlet of the flow-through domain. The results are visualized as
four matrices, corresponding to the two seepage velocities and permeability contrasts. Each
matrix contains the outcomes of simulations in which the angle of the slices (along the
columns) and their distances (along the rows) were systematically changed. The difference of
the anisotropy structure has a strong impact on plume dilution and leads to different values of
flux-related dilution index at the outlet. Notice that, for the setups with an angle of 90° or 0°,
the streamlines do not twist, the material surface of the plume is not significantly deformed,

and dilution is smaller compared to the anisotropic setups. The results show that, for a

13
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specified seepage velocity and permeability contrast, there is an optimal configuration of the
anisotropy structure that maximizes the dilution enhancement. For instance, in the setups with
a permeability contrast of 12.25, the maximum dilution is achieved at ¢=22.5° and s=0.10 m.
In contrast, the maximum dilution is reached for the configuration of &=22.5° and s=0.05 m

for the permeability contrast of 121.

v=3m/d 7 v=0.3m/d 3
x10 x10
(@) % 5
3.5
< 45
S £ ’ ¢
25 | || s
§ 3
g maxs 2
0 1.5 9
003 005 010 015 0.25 0.03 005 0.10 0.15 0.25
s [m] 7 s [m] 2
x10 x10
(c) % 12 (d) o0
b 10 12
N
W= * g = o 10
¥ 5225 S 225 g
< 1125 6 1125
4
0 0
0.03 0.05 010 0.15 0.25 0.03 0.05 0.10 0.15 0.25
s[m] s[m]

Fig. 3 Flux-related dilution index at the outlet of the domain for different heterogeneous
anisotropic setups: a) v=3 m/d, k.onr,=12.25; b) v=0.3 m/d, kconr=12.25; ¢) v=3 m/d, kconn=121;

d) v=0.3 m/d; keonp=121.

Both the magnitude of the seepage velocity and the permeability contrast affect plume
dilution. As shown in Figure 3, for a given permeability contrast, dilution is larger at 3 m/d
than at 0.3 m/d, since transverse dispersion, which controls plume dilution, depends on the
flow velocity. Similarly, for a given value of seepage velocity, a larger permeability contrast
enhances diffusive/dispersive mass exchange between the plume and the surrounding solution,

thus resulting in stronger plume dilution.
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To illustrate the development of the plume entropy along the travel distance, we consider
selected scenarios with flow velocity of 3 m/d and k., of 12.25. The cases correspond to the
row (0=22.5°) and the column (s=0.10 m) in Figure 3a, containing the scenario with
maximum plume dilution. Figure 4 shows the flux-related dilution index and its rate of
increase along the flow direction for the selected cases. The monotonic increase of the plume
entropy is strongly affected by the geometry (both angle and spacing) of the anisotropic
inclusion. For instance, Figure 4a shows that the flux-related dilution index in the scenario
with the heterogeneous slices are inclined at 22.5° is more than double with respect to the 90°
case. The rate of increase of the flux-related dilution index (Eq. 8) is also illustrative of the
complex mixing dynamics induced by the twisting flows in the different anisotropic setups
(Figure 4c and 4d). After an initial decrease and stabilization of dInEy/dx in the homogeneous
matrix due to flow defocusing effect from the inlet port, an interesting pattern with significant
increase of plume dilution is apparent as the plume reaches the anisotropic inclusion. Several
peaks of dilution enhancement are related to the geometry of the heterogeneous anisotropic
inclusion and to the helical pattern of the streamlines. For instance, in the case of different
angles (Figure 4c), plume focusing and twisting yields more pronounced peaks of dInEy/dx
resulting in stronger dilution enhancement. Such number of peaks that can be considered “hot
spots of mixing”, associated with the occurrence of plume focusing and twisting within the
anisotropic inclusion also depends on the spacing between the alternating slices of fine and
coarse material (Figure 4d). The rate of increase of the dilution index is positive in the whole
domain since its expression corresponds to the source term in the entropy density balance for
a conservative solute (Eq. 5). The overall trend shows progressively lower rates of increase
for Ep within the anisotropic inclusion. Such behavior can be explained by the stronger
concentration gradients as the plume reaches the inclusion and their attenuation further
downstream as the plume becomes progressively more diluted. In fact, as expressed by Eq. 8,

the rate of increase of the flux-related dilution index depends on the transverse dispersion
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Fig. 4 Flux-related dilution index along the travel distance for selected setups with v=3 m/d,

keonn=12.25: a) s=0.10 m; b) a=22.5°. Rate of increase of the flux-related dilution index for

the same scenarios: ¢) s=0.10 m; d) a=22.5°.

Figures 5a and 5b show the dilution at the outlet for the setups at an average flow velocity of
3 m/d and considering a permeability contrast of 12.25 and 121, respectively. The colored
bars represent the minimum, average and maximum dilution achieved in the anisotropic
setups, while the black bar is the dilution obtained in a corresponding homogeneous isotropic
system. The average value of Ey obtained in the heterogeneous anisotropic setups are 225%
and 930% larger for the cases with a permeability contrast of 12.25 and 121, respectively,
compared to the homogeneous setup. The maximum relative differences of Ey (i.e., relative
difference between the red and black bars) are 388% and 1516% for the permeability contrast
of 12.25 and 121, respectively. Even the minimum relative differences of Ey (i.e., relative
difference between the blue and black bars) show a significant dilution enhancement (172%
and 662% for the cases with a permeability contrast of 12.25 and 121, respectively) in the

presence of a heterogeneous anisotropic inclusion.

16



329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

(@ x10 (b) ,  x10
4 Max '
Max
3
= Mean 7
- Min 5= Mean
E 5 E
o e} Min
(11] Ll
0.5
1
0 0_-

Hom Het & Aniso Hom Het & Aniso

Fig. 5 Flux-related dilution index at the outlet for the cases: a) v=3 m/d, kconn=12.25 (25
scenarios); b) v=3 m/d, k.pnn=121 (25 scenarios). Hom: Homogeneous setup; Het&Aniso:
Heterogeneous anisotropic setup with angled slices (Min: Minimal value; Mean: Mean value;

Max: Maximum value).

To investigate compound-specific effects in helical flows, multitracer conservative transport
simulations were performed considering an additional tracer with the diffusivity of oxygen.
Such simulations were run for the cases of minimal and maximum entropy illustrated in
Figure 4. Figure 6 shows the flux-related dilution index and the spatial derivative of its natural
logarithm along the flow direction for both solutes. In Figures 6a and 6b, oxygen (i.e., with
higher diffusivity) is more diluted than fluorescein (i.e., with lower diffusivity), which is
consistent with the effect shown in isotropic porous media. The entropy of the solutes
increases with a similar pattern in a specific anisotropy configuration (see Figures 6¢ and 6d).
The difference of dilution between the two solutes depends on the specific value of dInEy/dx,
particularly at the beginning of the inclusion where the plumes focus and twist within the
heterogeneous anisotropic structure and the compound-specific diffusivities control lateral

mass exchange.
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Fig. 6 Flux-related dilution index along the travel distance using two tracers with aqueous
diffusivity of fluorescein and oxygen: a) s=0.10 m; b) o&=22.5°. Rate of increase of the

flux-related dilution index for the same scenarios: ¢) s=0.10 m; d) =22.5".

3.2 Reactive transport

Reactive transport was investigated considering the same scenarios analyzed for conservative
transport. Figure 7 shows an example of mixing-controlled reactive transport in which the
plumes of the reactant 4 and product C are visualized in a heterogeneous anisotropic domain.
The simulation was performed with a critical mixing ratio of 0.05, considering a source
concentration of reactant A4 (¢’ ) of 19 and an initial concentration of reactant B (c2™) of 1
in the ambient water. The reactant 4 is not significantly consumed in the initial portion of the
domain (i.e., at x<0.2 m). When the plumes reach the inclusion, the concentration of 4
reduces drastically and the plume surfaces of both 4 and C are deformed due to the twisting
flow pattern. After the inclusion (i.e., at x>1.1 m), the flow in the matrix becomes uniform
again and also the reactive plumes have a more regular shape, as shown by the concentration

distributions in the down gradient cross-sectional planes (i.e., last two y-z cross sections in
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(b)

Fig. 7 Plumes computed for a mixing-controlled reactive transport simulation in a

heterogeneous anisotropic domain: a) reactant 4; b) product C.

Also for mixing-controlled reactive transport we considered 100 scenarios based on the
geometric parameters and permeability contrasts of the anisotropic inclusion listed in Table 1,
as well as the seepage velocities of 3 and 0.3 m/d. With the aim of analyzing the critical
dilution index (CDIJ) in the different anisotropic setups, we considered both reactants with the
aqueous diffusivity of fluorescein and with dimensionless inlet concentration of 0.3 and 1 for
reactant 4 and reactant B, respectively. This corresponds to a critical mixing ratio of 0.77 and
results in steady-state plume lengths for the reactant 4 ending within the considered
three-dimensional domain. The values of critical dilution index were calculated based on the
flux-related dilution index of a conservative tracer at the end of the reactive plume. The

results are shown in Figure 8 for the considered seepage velocities and permeability contrasts.
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The critical dilution index is very similar in all scenarios (4% relative difference) showing
that also in the case of complex three-dimensional flow in anisotropic setup the value of the
critical dilution index does not depend significantly on the heterogeneity and anisotropy of the
system. The outcomes of the numerical simulations were also compared with the theoretical
value of the critical dilution index, CDIy.,r (Eq. 9). The comparison yields satisfactory results
(average relative difference of 10%), although the first order approximation expressed by Eq.
9 (gray surface in Figure 8) tends to slightly overestimate the mixing needed for the complete
degradation of a reactive plume compared to the values computed with the numerical model.
Such discrepancy stems from the assumption of sufficiently long plumes (i.e., small X,,;) in

the derivation of the analytical expression (Ye et al. 2016).
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kc:ontr=1 2.25

kt:ontr=1 21

Fig. 8 Critical dilution index for the different heterogeneous anisotropic setups: a) v=3 m/d,
keonn=12.25; b) v=0.3 m/d, kconn=12.25; ¢) v=3 m/d, keonn=121; d) v=0.3 m/d; kcons=121. Gray
surface: theoretical critical dilution index.

Figure 9 shows the flux-related dilution index of reactant A (indicated as Ep/A]) and its
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spatial derivative in the same setups selected for the illustration of plume dilution in the case

amb

of conservative transport (Figure 4). Here ¢’/ was set to 0.9 and ci™ was kept as 1,
yielding X.,;~=0.53. Since the reaction is instantaneous and the source concentration of 4 is
low, the flux-related dilution index is decreasing in all setups indicating that the reactive sink
term dominates the entropy density balance for reactive transport (Eq. 6). This is also
substantiated by the negative values of dIlnEp/4//dx (Figures 9c and 9d). For
mixing-controlled reactive transport, a stronger dilution of conservative solute, caused by the
focusing and twisting flow (Figure 4), corresponds to a faster consumption of reactant 4 in
Figure 9. For instance, in the case of 0=22.5°, the plume of reactant 4 is almost three times
shorter than the analogous case with a=90° (Figure 9a). In fact, local enhancements of

transverse mixing directly imply reaction enhancements and shorter plumes of reactant 4.
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Fig. 9 Flux-related dilution index of reactant 4 along the travel distance for selected setups
with v=3 m/d, k.on,=12.25: a) s=0.10 m; b) a=22.5°. Rate of increase of the flux-related

dilution index for reactant A4 in the same scenarios: ¢) s=0.10 m; d) o=22.5".

Compound-specific effects were also investigated for mixing-controlled reactive transport.
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We considered the scenarios examined above for the conservative tracer (Figure 6) and
computed reactive transport considering reactive species both with aqueous diffusivity of
fluorescein and oxygen. Figure 10 shows the results illustrated as flux-related dilution index
of reactant A. In case of higher diffusivity, the reactant plume 1is shorter. Such
compound-specific effect is more important for the cases with less pronounced mixing
enhancement and less important when mixing enhancement is maximized. This behavior can
be attributed to more important kinematic effects and shorter residence times before complete

plume degradation in the scenarios in which the anisotropic inclusion causes a more

significant mixing enhancement (i.e., cases for a=22.5°).
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Fig. 10 Compound-specific effects on the flux-related dilution index of reactant 4 along the
travel distance. The simulations were performed with reactants with aqueous diffusivities of

fluorescein and oxygen: a) Scenarios with s=0.10 m and b) @=22.5". Rate of increase of the

flux-related dilution index for reactant 4: ¢) s=0.10 m; d) a=22.5".

4. Summary and Conclusions

In this work we have investigated the effect of anisotropy structures on conservative and
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mixing-controlled reactive transport in porous media. We have performed a large number of
numerical simulations in fully three-dimensional heterogeneous anisotropic setups. In such
setups, the geometrical configuration of macroscopic anisotropic inclusions cause complex
flow fields, entailing twisting streamlines. Our results show that the anisotropy-induced
secondary motion and the flow focusing due to permeability contrast have a major impact on
plume dilution and reaction. By constructing 25 different anisotropy structures we could
systematically investigate the effect of key geometrical parameters such as the angle
orientation of alternating slices of fine and coarse materials with respect to the average flow
velocity, as well as their spacing. The outcome of the analysis allowed identifying optimal
anisotropic configurations maximizing mixing and reactions, and yielding substantial mixing
enhancement compared to analogous simulations in homogeneous media. Entropy balance
equations and entropy-based metrics of mixing provided an adequate framework to quantify
the enhancement of dilution in the conservative transport scenarios and the enhancement of
reactive mixing when reaction between two initially segregated reactants was considered. The
analysis based on the concept of Shannon entropy also allowed us to establish a link between
the complex flow field and the key phenomena of flow-focusing and streamlines twisting with
the local increase of mixing. This was apparent for both conservative and reactive transport
scenarios. For conservative transport the interpretation is more straightforward since the
plume entropy monotonically increases along the travel distance; whereas for reactive
transport the entropy balance depends on the relative impact of a source term due to physical

dispersive mixing and a sink term entailing the effects of the chemical reaction.

This study contributes to improve the understanding of solute transport in complex fully
three-dimensional flow in porous media. 3-D features such as helical patterns of streamlines
have a strong impact on transport and mixing but cannot be observed in more conventional

two-dimensional setups. The outcomes of this work have implications for applications in both
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natural and engineered systems. For instance, sedimentological observation of aquifer
outcrops (e.g., Heinz et al. 2003) often shows more complex heterogeneous anisotropic
patterns than those considered in common realizations of heterogeneous media for simulation
of flow and contaminant transport in groundwater. In fact the latter are often based on
two-dimensional representations and typically do not consider the effect of anisotropy.
Moreover, in engineering applications it may be of interest to design devices, such as porous
media static mixers, which can induce mixing and reaction between two initially segregated
fluids and/or solutes. To this end, the outcomes of this study show the importance of the
geometry and anisotropic structures, as well as the possibility to find configurations allowing
maximizing plume dilution and reactive mixing. Further investigation is also necessary to
develop upscaling rules for conservative and mixing-controlled reactive transport in complex
flow fields. To this end, numerical flow and transport simulations in larger scales
heterogeneous anisotropic domains could help finding effective upscaled parameters and

contribute to fill the gap between laboratory and field observations.
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