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Predicting the solute dispersivity in porous media is complicated by the known scale dependency of dispersion
processes. In this study, we combined three complementary methods to investigate solute dispersivity at different
length scales. The applied methods included 36-cm long column experiments, extremely large three-dimensional
(3D) X-ray image-based pore network simulations, and Darcy scale modelling. We used X-ray imaging to extract
the information on pore structures needed to construct a very long, 36-cm, pore network model. Doing so, for the
first time, a direct comparison of the pore-scale model to the large experimental observations was performed. The
longitudinal dispersivity was found to increase with length, with the rate of increase being lower at higher flow
velocities. Results have shown that a pore network, which matches pore connectivity distribution and pore size
distribution of a sub-sample of the column, is able to reproduce the experimentally observed solute breakthrough
curves. Pore-scale modelling provided the extent of pore velocity variations corresponding to various locations
along the experimental column as well as the one dimensional (1D) Darcy scale model. We have found that even
in homogenous porous media immobile pores exist, with low velocities compared to the average velocity, which

creates local concentration maximals.

1. Introduction

Solute dispersion in porous media has been the focus of many sys-
tematic studies in various fields of hydrology, geophysics, petroleum
engineering, chemical engineering, soil physics, and agricultural engi-
neering (Bijeljic et al., 2013; Delgado, 2006). Dispersion plays a key
role in subsurface transport by affecting the migration of contami-
nants, the mixing of salt and fresh water (Nick et al., 2013), and re-
lated processes. Over the past decades, solute dispersion phenomena
have been widely investigated theoretically, experimentally, and nu-
merically from the pore scale to the column scale and the field scale
under both saturated and unsaturated conditions (Agrawal et al., 2020;
Bunsri et al., 2008; Diinser and Meyer, 2016; Estabragh et al., 2013;
Harvey and Gorelick, 1995; Kohanpour et al., 2020; McDaniel et al.,
2015; Raoof and Hassanizadeh, 2013; Sherman et al., 2018; Toride et al.,
2003; Zhen et al., 2016). The degree of solute spreading has been found
to be closely related to the water flow velocity distribution within and
between pores, the divergence and convergence of flow paths within
the porous medium, and molecular diffusion (see "Theory of solute dis-
persion in porous media" in Supplementary Materials) (Delgado, 2006;
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Harvey and Gorelick, 1995). Furthermore, dispersivity is known to be a
scale dependent parameter, which increases with the length scale, pro-
viding subsurface solute transport studies with a great challenge.
Transport of solutes at the field scale involves difficulties due to
the inherent uncertainty in subsurface hydraulic and transport param-
eters. Subsurface heterogeneity at the field scale of aquifers is one of
the most uncontrolled parameters that has a significant effect on solute
transport, particularly for reactive solutes (Nick et al., 2011; Pu and
Fox, 2015; Slimene et al., 2015). Although column scale experiments in
the laboratory allow much more control over the experimental condi-
tions, they are generally still too macroscopic in nature to directly ob-
serve the contribution of the underlying pore-scale processes on flow,
solute transport and spreading. Nevertheless, investigating these under-
lying processes at the microscopic or pore scale offers a unique way
to study the scale dependency of continuum-scale transport parame-
ters. Such scale dependency cannot be easily captured by an effective
medium Darcy approach (Bultreys et al., 2016; Xiong et al., 2016). For
this reason, pore scale information can be valuable for understanding
solute dispersion at the larger length scales (Delgado, 2006). Several
studies indicate that pore scale modelling allows to relate the macro-
scale dispersion coefficient to the pore size distribution and velocity
distribution within a porous medium (Bultreys et al., 2016; Xiong et al.,
2016; Parvan et al., 2020). among existing methods, pore network mod-
elling (PNM) has been increasingly used to simulate results from labora-
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tory experiments and to improve our understanding of underlying pore-
scale processes (Bodla et al., 2010; Delgado, 2006; Kohne et al., 2011;
Porta et al., 2016; Varloteaux et al., 2013). They are now widely used
in the geosciences and related fields to study capillarity and multiphase
flow (Bultreys et al., 2015; Zhou and Helland, 2016) non-reactive and
reactive contaminant transport (Acharya et al., 2007; Delgado, 2006;
Kohne et al., 2011; Varloteaux et al., 2013), mineral dissolution and pre-
cipitation processes caused by CO, sequestration (Algive et al., 2010;
Nogues et al., 2013; Raoof et al., 2012), electrokinetic transport in
charged porous media (Li et al., 2014; Zhang et al., 2015a) as well as
colloid and virus transport (Seetha et al., 2014; Zhang et al., 2015b),
among other applications.

Most or all of PNM studies thus far have been used to simulate fluid
flow and/or solute transport processes in natural and engineered porous
media at relatively small spatial scales, generally from a mm to at most
a few cm (Mehmani and Balhoff, 2015; Yang et al., 2016). Few if any
studies exist where the models have been applied to larger length scales
(e.g., 30 cm or larger) due to limitation of imaging techniques to ac-
quire large 3D pore networks and the required computational times to
simulate the governing equations of flow and transport in the resulting
media. Simulating pore scale processes on larger length scales should
help to improve our understanding needed to explain the dependency of
scale-variant transport parameters on travel distance and various pore
scale properties (e.g., coordination number and pore size). Moreover,
the results would significantly help to develop macroscale constitutive
relationships suitable as inputs for continuum scale models for a wide
range of applications as explained earlier.

1.1. Pore-scale modelling

Various pore scale computational methods have been developed to
study flow and transport through porous media. Some directly simu-
late transport on the complex pore geometry and some simulate using
a conceptualized pore network that retains the same topological struc-
ture of the media (Yang et al., 2016). The first type of model is typi-
cally referred to as direct numerical simulation which includes standard
computational fluid dynamics, for example, lattice Boltzmann method
(Chen et al., 2018; Zhou et al., 2020; Parvan et al., 2020), smoothed
particle hydrodynamics (Tartakovsky et al., 2016; Ye et al., 2019), or
finite element methods to directly solve the pore-scale governing equa-
tions (Agrawal et al., 2020). The second presents the pore space as a
connected network with geometrically simplified pore bodies and pore
throats and applies a Eulerian description (e.g., Raoof et al., 2013) or a
Lagrangian method (e.g., Bijeljic et al., 2004) to obtain transport though
the media over time. This method intends to maintain the topology
of the actual pore space but does not represent the geometric details
of individual pores/throats to gain computational efficiency (Dong and
Blunt, 2009; Raoof and Hassanizadeh, 2010; Yang et al., 2016).

1.2. X-ray tomography (CT scan)

To provide accurate results, a pore scale model should be able to re-
produce the main geometric and topological features of the real porous
medium, including the pore-size distribution and the connectivity be-
tween pores (Arns et al., 2004; Raoof and Hassanizadeh, 2010). The
need for accurate pore structure makes non-destructive 3D imaging tech-
niques, such as X-ray micro-computed tomography (micro-CT), valuable
tools for quantifying the internal structure of porous media in three di-
mensions (Cnudde and Boone, 2013; Vaz et al., 2014; Wildenschild and
Sheppard, 2013). The combination of 3D imaging together with image
analysis provides the necessary information for pore scale modelling
(Fig. 1).

X-ray micro-CT imaging is being used increasingly to investigate the
internal structures of a large variety of porous objects including ge-
omaterials (Boone et al., 2014; T. Bultreys et al., 2015; Cnudde and
Boone, 2013; Griggs et al., 2015; Pereira et al., 2016). One of the most
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common applications of X-ray tomography in subsurface research is the
extraction of pore networks from micro-CT images of soil and rocks to
allow investigations of pore-scale flow and reactive transport processes
(Blunt et al., 2013; Boone et al., 2014; Bultreys et al., 2015a; Cnudde and
Boone, 2013; Griggs et al., 2015; Pereira et al., 2016). Dynamic imag-
ing experiments using micro-CT are now being used to investigate in-
situ pore-scale processes at the mm to cm scale (Bultreys et al., 2015b;
Menke et al., 2015). In this study, we use micro-CT together with image
analysis techniques to extract a representative pore network of labora-
tory column-scale experiments, and to use the resulting pore network to
simulate flow and tracer (CaCl,) transport through the column.

1.3. Objectives

In this study, we intend to explore solute transport and dispersion us-
ing three different methods: column transport experiments, continuum-
scale modelling, and pore-scale modelling. We performed a series of
36-cm long sand column transport experiments under saturated condi-
tions to obtain solute breakthrough curves at several locations along
the flow path, from which we calculate hydrodynamic dispersion coef-
ficients using continuum scale modelling. At the same time, a represen-
tative part of the same sand sample was imaged using X-ray micro-CT
to directly extract the pore network and to obtain the geometric and
topological properties of the pore space. Since micro-CT has a sample
size/resolution trade-off that significantly hinders direct imaging of the
entire 36-cm sand column at the required resolution, the statistical prop-
erties of the accurate image-based pore network of the representative
sample were used to construct a very large pore network model with a
size equal to the sand column experiment (i.e., a 36-cm long pore scale
domain). Fluid flow and solute transport were subsequently simulated
in the large network to obtain both the 3D distribution of solute within
the domain and the breakthrough curve of solutes at several locations
identical to the experiments (11, 18, 25, 36 cm). This allowed us to di-
rectly compare solute dispersion processes based on the experimental
data, continuum scale modelling, and pore network simulation.

2. Materials and methods
2.1. Experimental column

Fig. 2 shows a schematic of the experimental setup used in our study.
A glass cylinder of 36 cm length and 9.0 cm internal diameter was used
to construct the experimental column, which contained stainless steel
lids with a port at its inlet and outlet faces. Three measuring probes at
depths of 11, 18 and 25 cm were placed along the column to obtain so-
lute concentrations utilizing the measured electrical conductivity (EC).

The column was packed with a well-sorted filtered sand originating
from a river bed in Papendrecht, the Netherlands (Filtersand, Filcom,
Netherlands). The filter sand had an average grain size (i.e., the Dg
value) of 0.50 mm, with the grain size varying mostly between 0.43 and
0.63 mm. Selected properties of the sand sample are given in Table 1.
The columns were packed and provided a porosity value of around 0.38.
The porosity was calculated gravimetrically. After packing, the sand
columns were flushed with CO,, for a period of four hours to replace air
from the soil pore spaces (due to high solubility of CO, in water respect
to air), thus ensuring as water saturated as possible conditions. Next, the
sand column was gradually saturated by water from the bottom using a
peristaltic pump (Ismatec, Switzerland).

We established constant flow rates, ranging from 2.0 to 5.3 cm?
min~!, by adjusting the hydraulic head at the top of the sand column
using a small water container. After reaching fully saturated steady state
flow conditions, we applied a pulse input of a solute using a low con-
centration (0.05 M) of CaCl, (Sigma-Aldrich). Dynamic measurement
of soil moisture, temperature, and EC were carried out over time using
several 5TE sensor (See "Measurements" in Supplementary Materials).
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Fig. 1. 3D and 2D rendering of the segmented pore structure (red) on top of the original CT data (grey). The segmentation was performed using a K-means clustering

algorithm, whereas the 3D render was constructed in VGStudio.
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Fig. 2. Schematic figure of the experimental setup and sand columns
used in this study.
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2.2. Micro-CT imaging of sand samples

A sand sub-sample was taken from the experimental column using a
plastic tube of 5 cm long and 1.5 cm inner diameter with sharp edges.
To prevent any displacements of sand grains, the sample was partially
saturated. This resulted in the adhesion of sand particles. The three-
dimensional pore structure of the subsample was measured with the
HECTOR micro-CT scanner at UGCT, Ghent, Belgium (Masschaele et al.,
2013). The sample was scanned with an accelerating voltage of 100 kV
and a target power of 10 W. 2400 projections (1 s illumination each)

were reconstructed using Octopus Reconstruction software (Inside Mat-
ters, Belgium), resulting in a 3D dataset with a voxel size of (8.3 pum)
(Nick et al., 2013).

2.3. Pore network modelling (PNM) of flow and transport in a saturated
sand column

To directly compare the breakthrough curves obtained experimen-
tally with PNM results, a pore network must be constructed with the
same length as the experimental columns (i.e., 36 cm in this study).
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Table 1
Properties of the sand used in this study.

Parameters Value

Density (g/cm?®)  2.58
pH (1:1 water) 7.00

Grain shape Subrounded & Subangular
TOC (%) 0.05
D5, (mm) 0.50
D;o (mm) 0.43
C, 1.10
C. 1.01

1D, ,: effective diameter of sand.

2Dg,: medium diameter of sand.

3C,: the coefficient of uniformity.

4C,: coefficient of curvature.

5TOC: Total Organic Carbon in dry sample.
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Fig. 3. Pore size distribution obtained from micro-CT 3D imaging.

It is not feasible to scan the complete 9.0 cm diameter experimental
column since this would require lowering the micro-CT scan resolution
and lead to less accurate pore structures. Even if the desired resolution
could be maintained, scanning a 36-cm long column at a voxel pitch of
8.3 um would require an extremely long scanning time and result in an
impractically large micro-CT dataset. For this reason, we extracted the
pore network from the imaged sub-sample and used this to construct an
equivalent network for the entire 36-cm column that was statistically
identical to the imaged sample.

To do so, the micro-CT scan was first segmented by automatically
selecting a grey-value threshold using a K-means clustering algorithm.
Spurious noise voxels were removed using a majority filter in Octopus
Analysis (Brabant et al., 2011). The pore network domain was then ex-
tracted using a grain-recognition based network extraction algorithm
using the eCore software (FEI, Norway) (Bakke and @ren, 1997).

To construct the larger and stochastically representative pore net-
work, we targeted key geometrical and topological parameters of the
sand pack, i.e., the pore size distribution, the pore connectivity distri-
bution, and the pore throat lengths. These are the major controlling pa-
rameters for flow and solute transport and should therefore be the same
for the larger-scale stochastic network as the direct image-based net-
work. For the pore sizes, a large number of pore body and throat sizes
were generated by applying the same pore size distribution obtained
through imaging (Fig. 3). The pore coordination number distribution
obtained from the image-based network was replicated in the stochastic
model using the multi-directional random structure pore network de-
veloped by Raoof and Hassanizadeh (2010). This method uses an initial
pore network with a high pore coordination number, and then elimi-
nates pores to obtain a network with a desired average and distribution
of the pore coordination number that matches the measured values from
the image-based model.

A saturated flow field was established in the pore network by im-
posing different pressures on the opposing inlet and outlet boundaries
of the network. All other boundaries parallel to the overall flow direc-
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Fig. 4. Example of interconnected pore bodies and pore throats. Node j is the
upstream node.

tion were assumed to be no-flow boundaries. Fig. 4 shows a schematic
representation of pore bodies interconnected by means of pore throats
within the network, with flow occurring from pore body j towards pore
body i through pore throat ij. Such pore space discretization provides
a computationally efficient way to solve flow and transport in porous
media compared to the direct numerical solution of governing transport
equations in complex pore structures (Fathi et al., 2017).

We assumed that discharge, g;;, through a given pore throat can be
prescribed by the Hagen-Poiseuille equation (Li et al., 2014; Raoof et al.,
2012):

4= g B = P) ¢))

where g;; is the volumetric discharge through pore throat ij, R;; is the
radius of the pore throat, y is the dynamic viscosity, and P; and P; are
pressures at pore bodies i and j, respectively. We assumed incompress-
ible steady-state saturated flow such that the sum of discharges of all
pore throats connected to a pore body must be zero:

Zj
Ya;=0  j=12..z ©)
Jj=1

where z; is the coordination number of pore body i. Combining
Egs. (1) and (2) for all pores leads to a linear system of equations with
a sparse, symmetric, positive-definite coefficient matrix, which can be
solved for the pore body pressures. The flow velocities in all pore throats
can be calculated using Eq. (1).

Considering the network as a REV, the average pore water velocity
0 is given by:

oL _o9
Vv,  pA

b= 3
in which Q is the total flux (being the sum of fluxes through all pore
throats at the inlet or outlet boundary of the network), L is the network
length, V; is total fluid volume in the network, ¢ is porosity, and A is the
cross-sectional area of the sample perpendicular to the flow direction.

Solute transport through the pore network was calculated for both
pore bodies and pore throats and considering advection and diffusion
processes. Calculations were done by considering each pore element
(i.e., the pore bodies and pore throats) as a control volume. The esti-
mated pore velocities using Eq. (3) were used in calculations of the ad-
vection term in the solute transport equations. The solute concentration
in a given pore body, i, was obtained using (Li et al., 2014; Raoof et al.,
2012):

de; _ N - (e <)
Vit = 2 diciy = Qici + Y DoAyy—— @
i= =

i
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where V; is the volume of pore body i, Q; is the total volumetric volume
rate going out of the pore body i, A; is the cross sectional area of the
pore throat, Dy is the ionic or molecular diffusion coefficient, c; is the
concentration in pore body i, ¢; is the concentration in the pore throat
between pore bodies i and j, [; is again the length of that throat, and
N ,’,f' is the number of pore throats flowing into the pore body i.

Assuming that pore body j is the upstream node and pore body i
the downstream node, the solute concentration in pore throat ij can be
obtained using (Raoof et al., 2012; Li et al., 2014):

dc;; ci—c¢ii)+ (¢ —c;
Vijd_;j =q;(¢c; —cij) + Do&y(“”,#) (5)

i

Eq.s (4) and (5) were solved using a fully implicit method embedded
in the PoreFlow package developed by Raoof et al. (2013). To obtain
solute breakthrough curves, flux-averaged concentrations at selected
distances were obtained by averaging concentrations over the network
cross-section at successive times.

The applied pore network provided a total of 328,725 pores. This
included 1461 pores in the x direction, along the sample length and the
flow direction. At the cross-sectional plane (i.e., y and z directions) we
have considered 15 x 15 pores which provides an area of 13.7 mm?. This
cross-sectional size was chosen based on the representative elementary
volume (REV) size tested on the sample to provide stable values for
porosity and permeability.

The computational time needed to get a full set of BTCs for each
simulation using a fully implicit method (Raoof et al., 2013) was around
12 days using a parallelized program (shared memory multiprocessing
using OpenMP architecture) on 6 cores under Linux OS.

3. Results and discussion
3.1. Breakthrough curves

The experimentally observed BTCs at four different depths are shown
in Fig. 5 in terms of normalized concentrations (C/C,) of CaCl,. BTCs
show a gaussian shape at all depths. This agrees with several studies
of tracer transport in homogenously packed columns under saturated
conditions (Lee et al., 2014; Toride et al., 2003). To describe the mea-
sured BTCs at the Darcy scale, we have assumed transport by advec-
tion and dispersion processes (see Section 1 in Supplementary Mate-
rials). Assuming a constant concentration at the inlet boundary (e.g.,
C(x =0,1) = C,,) and a semi-infinite profile (—(oo t) = 0), the analyti-
cal solution for the tracer distribution within the 1D column subject to
a step increase of the inlet concentration from zero to C, is given by:

c=¢, [1erfc<;;i’> lexp( ) erfe <;‘\;ﬂ)] 6)

where t is the time of sampling after the step change in the input concen-
tration, and erfc is the complementary error function. We fitted Eq. (6) to
the measured concentration BTCs to determine pore velocity, v, and the
solute dispersion, D, from which the solute dispersivity, 4, was calcu-
lated as D = D, + Av", where D, is an effective diffusion coefficient
[L2T-1], A is the (longitudinal) dispersivity [L] which is assumed to be
an intrinsic soil property for saturated flow, and n is a parameter. Here,
we assumed the contribution of the molecular diffusion at high values
of Péclet number (P,>10) is negligible and the empirical constant n in
hydrodynamic dispersion equation is equal to one. The CXTFIT pro-
gram was used to fit Eq. (6) to obtain the transport parameters (see
"Theory of solute dispersion in porous media" in Supplementary Mate-
rials) (Toride et al., 1995). Fig. 5 shows excellent agreement between
the macroscale BTC’s and the experimental data. Results of the fitting
parameters are provided in Table 2. R-squared values for regression of
the observed data versus predicted data in all experiments was very
high and around 0.98. Results of macro scale model at different loca-
tions show that the estimated dispersivity values increase with travel
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Fig. 5. Comparison of measured and simulated breakthrough curves (contin-
uum scale model) and the PoreFlow pore scale results at four different depths
(11, 18, 25, 36 cm) of the column. a): First experiment with velocity of 0.077 cm
min~!, b): Second experiment with velocity of 0.145 cm min~', and c) Third ex-
periment with velocity of 0.197 cm min~!. R-Squared for regression of observed
vs predicted results for CM and PNM was about 0.98 and 0.961, respectively.
For BTCs under v = 0.145 cm min~?, the standard errors of residuals from fitting
to the experimental data were equal to 0.0022 and 0.0031 for CM and PNM fits,
respectively. A video clip of a simulation with velocity of 0.14 ¢cm min~! is pro-
vided in Supplementary Materials showing 3D distribution of concentrations as
well as BTCs at three different locations.

distance to reach to asymptotic values at around a distance of 25 cm.
Furthermore, dispersivity values slightly increase with the pore water
velocity reduction (Fig. 6). However, the dispersivity at a short distance
increases more over the travel distance when the velocity is smaller.
These results are consistent with several earlier experimental studies us-
ing repacked soils showing dependency of the dispersivity on travel dis-
tance and pore water velocity (Appelo and Postma, 2004; Bandai et al.,
2017; Bromly et al., 2007; Kanzari et al., 2015; Niitzmann et al., 2002;
Toride et al., 2003).

We have calculated the dimensionless Péclet number to evaluate the
effect of molecular diffusion on the hydrodynamic dispersion. For the
macro scale model, very high Péclet number (P, > 50) values were ob-
tained. This confirms the validity of our assumption that the contribu-
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Table 2
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Estimated parameters from the experimental BTC at each depth using a single-continuum model and

a pore scale model.

Continuum model (CM)  Pore network model (PNM) Ay A

Flow L vy A Vv, Ay

(cm® min~')  (cm) (cm min~!)  (cm) (cm min~!)  (cm)

1.9 11 0.079 0.0377 0.0794 0.1136 -0.0004 -0.0759
18 0.0743 0.0921 0.0791 0.1244 —-0.0048  -0.0323
25 0.0787 0.1211 0.0794 0.1235 -0.0007  -0.0024
36 0.076 0.1313 0.0813 0.1241 —-0.0053  0.0072
?Mean  0.077 0.0955 0.0798 0.1214 —-0.0028  -0.0259

3.9 11 0.1449 0.0344 0.1361 0.1092 0.0088 -0.0748
18 0.1449 0.0828 0.1355 0.1209 0.0094 —-0.0381
25 0.1449 0.1028 0.136 0.121 0.0089 —-0.0182
36 0.1449 0.1187 0.1389 0.121 0.006 —-0.0023
Mean 0.1449 0.0847 0.1366 0.118 0.0083 —-0.0333

5.3 11 0.1969 0.0411 0.1984 0.1146 -0.0015  -0.0735
18 0.1969 0.0706 0.1977 0.1257 —-0.0008  -0.0551
25 0.1969 0.0914 0.1984 0.1252 -0.0015  -0.0338
36 0.1969 0.1011 0.2032 0.1262 -0.0063  -0.0251
Mean 0.1969 0.0761 0.1994 0.1229 —-0.0025  -0.0468

2 : Mean value within column; v; and v,: are the velocity calculated from a continuum model (CM)
and pore network model (PNM), respectively; A; and 4, are the dispersivity calculated from a CM
and PNM, respectively; Av: velocity difference between the CM and PNM; A A: dispersivity difference

between the CM and PNM.
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Fig. 6. Normalized dispersivity values of the continuum model (CM) obtained
as a function of depth (L) for three different velocity values. Dispersivity values
were normalized relative to the dispersivity at a depth of 11 cm.

tion of the molecular diffusion is negligible, and the empirical constant
n is equal to one. Results also showed that with an increase in the Pé-
clet number and/or velocity, the longitudinal dispersion coefficient in-
creased. These results are consistent with earlier studies (see Fig 1, Sup-
plementary Materials).

3.2. Pore network results

The process of generating a larger pore network having a size equal
to the 36 cm-column experiment was explained in Section 2.3. For initial
and boundary conditions, we have considered similar situations as those
applied to column experiments. The macroscopic 1D model uses one av-
erage velocity for each experiment. The corresponding pore scale mod-
els is, however, three-dimensional where different pores have different
velocities. The average of pore velocities should be equal to the macro-
scopic 1D velocity in order to compare the two different-scale models.
To obtain target average velocities we have assigned different pressures
at the inlet and outlet faces of the pore network model and calculated
the steady-state flow by solving Egs. (1) and (2) using PoreFlow (to ob-
tain velocity values of 0.077, 0.145, and 0.197 cm min~!). Similar to
the experiments, the initial concertation of the pores was set to zero
in the pore network model. A pulse injection of solute was stimulated
by setting the pore concentrations at the inlet face of the network to
C/Cy = 1.0 for a period of time followed by injecting solute-free water

(i.e., C/Cy = 0.0) for the rest of simulation. During the simulation, the
concentration of pores located at the outlet of the pore network was
averaged (i.e., cross sectional average weighted by velocity of pores) at
different times to obtain the time-curve of average outlet concentration
which is compatible with the concentration measurements at the out-
let of column experiments. The resulting BTCs from PNM simulations
are shown in Fig. 5 together with the BTCs obtained from experiments
and the 1D macroscale model. In general, PNM could simulate the ex-
perimental BTCs. Transport parameters used in PNM are provided in
Table 2. Fig. 5 shows that, compared to the Darcy model, PNM provides
a less quality fit to the experimental observations. This difference can
be explained based on the scale of the two models (which determines
their mathematical formulations) and the level of complexity that they
include. Darcy scale model assumes flow and transport in the column
as 1D macroscopic processes. Consequently, it applies one (average) ve-
locity and uses a dispersion coefficient to account for solute mixing. The
dispersion coefficient is a fitting parameter and is tuned to obtain the
best possible fit (i.e., the Darcy model fit in Fig. 5). Since the column is
homogenous the fit quality is very good. The pore scale model, however,
included the complex 3D pore structure of the media and simulates flow
and transport in three-dimensional space. This model simulates the ex-
perimental observations without using any fitting transport parameter
(unlike Darcy model that uses dispersion coefficient as a fitting coeffi-
cient). As pore structures in porous media are often very complex, and
there is no assumption of 1D flow or presence of a fitting parameter, the
quality of the agreement between pore-scale modelling results and the
experimental observations may not be very good. The degree of agree-
ment depends on the ability of the chosen pore-scale model to represent
3D pore structures. It is possible to use numerical simulations which
capture details of the 3D pore structures (such as direct numerical so-
lution of the Navier-Stokes equations). However, such as simulations
are computationally very expensive and cannot be used for simulations
in long columns such as the 36-cm length column used in this study.
Pore network modelling enables simulating such a large column, how-
ever, simplifies the pore structures into a network of pore bodies and
pore throats. The quality of pore-scale BTCs are better at locations far-
ther from the inlet of the sample (Fig. 5). The generated pore network
model was macroscopically homogenous, with the pore sizes obtained
from imaging. Since the soil column was uniformly packed and carefully
filled cm by cm, the medium should be macroscopically homogenous.
Therefore, PNM tailing of short-distance BTCs may be due to its for-



M.G. Mahmoodlu, A. Raoof and T. Bultreys et al.

8.0 T T T T T T T T T T
—_ T 1 ——
. 1 1 1
= 60 - T . — 1 1 1 i
£ e T
£ 1 1 1 1 ' 1 : 1 1
1 ! 1 1 1
E 4ol P B 1 T _
Q 1 ! 1
2]
< + +||+
D
> 201 + + . . . i
oo L—=tm =t A e A o e e
’ 0 40 80 120 160 200 239 279 319 360

Distance (mm)

Fig. 7. Variations of pore water velocities at 10 different locations along the
sand column using pore network modelling. Whiskers show 9% and 91% veloc-
ity bounds. The central orange marks show the medians and the edges of the
boxes the 25th and 75th percentiles. Here, flow rate was 3.9 cm® min~!.

mulation that only one (average) pressure and concentration value is
assigned to each single pore to enable simulations of relatively large do-
mains. Although PoreFlow calculates separate concentrations for pore
bodies and pore throats to lower solute mixing, the instant mixing within
each pore element can overestimate the overall solute dispersion in the
pore network. This effect should be more pronounced for relatively short
travel times (i.e., close to the inlet) since then still larger concentration
gradients are present. As solutes percolate further into the sample and
experiences different pore spaces, concentration gradients become less
abrupt, thus reducing the averaging effect. This is likely to be the rea-
son for the better match of computed and measured BTCs obtained at
longer distances. In contrast with dispersivity values derived from the
measured BTCs, dispersivity values obtained with the PNM (0.109 cm to
0.121 cm) were almost constant with travel distance for the experiment
with flow rate of 3.9 cm® min~1.

The results obtained from Darcy model and pore-scale model are also
different. Given the applied flow velocities, the cause of solute disper-
sion in our column experiments is velocity variations which are very dif-
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ficult to be obtained experimentally in long columns. The Darcy model
provides a dispersion coefficient as an indication of velocity variations.
The pore scale model, however, provides pore-level velocity variations
within the sample and shows how different pores with different veloc-
ities contribute to solute transport. Pore-scale simulations indicate that
by relatively advection-dominant conditions, local flow velocity varia-
tions are the main cause of solute dispersion. To present velocity varia-
tions, we have averaged pore velocity values of pore throats at several
cross sections along the sample and provides the statistical information
for each location. The velocities are obtained by dividing the volumet-
ric flux of each pore throat located at the chosen cross section by its
cross-sectional area.

Fig. 7 shows the analysis of velocity variations. There is a wide range
of velocities at different cross sections of the column with some pores
having a nearly 5 times higher velocity compared to the average velocity
of the column experiments and several pores having very low velocity
values.

Our results shown that pore scale concentration values have a
slightly positive correlation with the pore coordination number. This can
be explained based on the higher connectivity of pores with larger co-
ordination numbers, and the concomitant larger water and solute fluxes
through these pores.

In continuum scale modelling, the solute dispersive fluxes are sim-
ulated using values of concentration gradients. This leads to classical
monotonically increasing concentration values behind the BTC peak,
and to monotonically decreasing concentration values ahead of the BTC
peak (Fig. 8a). Such a 1D concentration distribution is indeed the be-
haviour of the cross-sectional average of the 3D pore scale concentra-
tions over time (Fig. 8(a) and (b)). However, remarkably, Fig. 8c illus-
trates that in contrast to the continuum scale modelling results, which
provide monotonically changing concentrations behind and ahead of
the BTC peak, there are several pores with much higher concentration
values as compared to their surrounding pores (i.e., creating locally non-
monotonic concentration variations). Our results have shown that such
pores are often those with lower flow velocity values which create a
relatively immobile liquid phase locally where the accumulated solute
slowly diffuses back after the peak concentration passes. Fig. 8 shows
that even in a homogenous porous medium several pores exist with very
low velocities. As the fraction of such pores is smaller than the fraction

Fig. 8. Profile of the average (1D) concentration along the sample
(a) obtained by cross-sectional averaging the 3D pore scale concen-
trations (b). Plot ¢ provides pore scale concentration distributions be-
hind and ahead of the BTC for concentrations ranging between the
peak concentration value and half the peak value. Here, flow rate was
3.9 cm® min~!.
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of the rest of pores within he sample, cross-sectional averaging provides
concentrations values which are monotonies (i.e., Fig. 8a).

When the fraction of the relatively immobile pores is much larger
one may choose to apply a mobile-immobile model (MIM) to simulate
solute transport at the continuum scale. In our study, the column was
packed very homogenously, and the fraction of immobile pores is low
enough to allow the use of ADE model and to prevent extra terms needed
when using MIM model. This choice is confirmed by the ability of the
ADE model to fit the experimental BTCs very well (as shown in Fig. 5).

4. Conclusions

In this study, we investigated solute transport and dispersion us-
ing three complementary methods, including i) column-scale solute
transport experiments to provide concentration measurements, ii) a 1D
continuum-scale modelling to provide the macroscopic behaviour of the
sand column and its dispersion coefficient, and iii) a pore-scale mod-
elling to obtain the underlying velocity variations within the 3D pore
structures which are responsible for the observed solute dispersion. For
the first time it was shown that pore network modelling is able to simu-
late transport in a porous media in size of tens of centimetres. This pro-
vides confidence that this pore-scale approach can ultimately be applied
to model the progress of reactive solutes along the length of shallow
unsaturated zone and especially to depths where agricultural processes
occur. The main findings can be summarized as follows:

1. We have shown that a pore network which matches both pore con-
nectivity distribution and pore size distribution of the sample is
able to reproduce the experimentally observed solute breakthrough
curves. Therefore, there is no need to image the whole sample which
is very challenging for long sample sizes such as the one used in
this study. We should note that our soil column was homogeneous
and the sub-sample used for imaging was larger than the size of the
representative elementary volume (REV) which provide statistically
stable transport parameters.

2. Ability to build a very long (36 cm) pore-scale model allowed us
to directly compare the pore-scale modelling results with the ex-
perimentally measured solute concentrations as well as the results
from continuum (Darcy) scale modelling. We found that even in a
homogenous porous media immobile pores exist with low veloci-
ties compared to the average velocity. This process created local
variations in the concentration field where several pores have much
higher concentration values as compared to their surrounding pores.
Such local concentration variations cannot be obtained when using
continuum scale models as they lead to the classical monotonically
increasing concentration values behind the BTC peak, and to mono-
tonically decreasing concentration values ahead of the BTC peak.

3. Results show that the calculated dispersivity values increase with
travel distance, as well as slightly increase with the pore water ve-
locity reduction. Pore scale concentration values showed a slightly
positive correlation with the pore coordination number. This may be
explained based on the higher connectivity of pores with larger coor-
dination numbers, and the concomitant larger fluxes through these
pores.

Findings of this work will be helpful to illustrate the underlying pro-
cesses contributing to the spread of a contaminant plume about the ad-
vective front. Such an understanding can contribute to the design of
more cost-effective and accurate treatment schemes in natural settings
by decreasing the uncertainties about the dispersion coefficient as well
as the design of engineered permeable reactive barriers through choice
of materials with optimum pore size distributions. Still, we acknowledge
that more studies are needed for these applications, including the use of
reactive solutes and more heterogeneous porous media.

Advances in Water Resources 144 (2020) 103713
Appendix. Supplementary materials

Video clip of a simulation with velocity of 0.145 cm min-1 show-
ing 3D distribution of concentrations as well as BTCs at three locations.
Note: to provide a better visualization, the model cross section in this
video is reduced to 10 x 10 pores while the domain length is kept un-
changed to represent 36 cm of the sand sample.
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