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a b s t r a c t

The Lattice Boltzmann (LB) model and X-ray computed tomography (CT) have been increasingly used in
combination over the past decade to simulate water flow and chemical transport at pore scale in porous
materials. Because of its limitation in resolution and the hierarchical structure of most natural soils, the
X-ray CT tomography can only identify pores that are greater than its resolution and treats other pores as
solid. As a result, the so-called solid phase in X-ray images may in reality be a grey phase, containing sub-
stantial connected pores capable of conducing fluids and solute. Although modified LB models have been
developed to simulate fluid flow in such media, models for solute transport are relatively limited. In this
paper, we propose a LB model for simulating solute transport in binary soil images containing permeable
solid phase. The model is based on the single-relaxation time approach and uses a modified partial
bounce-back method to describe the resistance caused by the permeable solid phase to chemical trans-
port. We derive the relationship between the diffusion coefficient and the parameter introduced in the
partial bounce-back method, and test the model against analytical solution for movement of a pulse of
tracer. We also validate it against classical finite volume method for solute diffusion in a simple 2D image,
and then apply the model to a soil image acquired using X-ray tomography at resolution of 30 lm in
attempts to analyse how the ability of the solid phase to diffuse solute at micron-scale affects the beha-
viour of the solute at macro-scale after a volumetric average. Based on the simulated results, we discuss
briefly the danger in interpreting experimental results using the continuum model without fully under-
standing the pore-scale processes, as well as the potential of using pore-scale modelling and tomography
to help improve the continuum models.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Numerical modelling of water flow and solute transport in soils
plays an important role in many areas ranging from design of
remediating strategies for contaminated soils and aquifers to cal-
culating uptake of water and solutes by plant roots. While practical
modelling relies on continuum approaches using a volumetric
average to phase out the detailed pore geometries, it is the invisi-
ble processes occurring at pore scale of micron(s) that underpin the
phenomena measurable at macroscopic scales (O’Donnell et al.,
2007). Understanding the pore-scale processes is hence essential
to improving continuum models and has received increased inter-
est since the 1950s (Blunt et al., 2013; Fatt, 1956; Reeves and Celia,
1996; Zhang et al., 2008). Because of the opaque nature of soils,

however, the early pore-scale models were mainly based on ideal-
izations by approximating the complicated pore geometry in soils
with a regular lattice network encompassing spherical pore bodies
linked by cylindrical pore throats with each pore or throat occu-
pied by one fluid (Blunt, 2001; Celia et al., 1995; Fatt, 1956).

The advent of tomography technologies over the past decade,
particularly the X-ray micro-computed tomography (lCT), neutron
tomography and focused ion beam/scanning electron microscopy
(FIB/SEM), has made non-intrusively visualizing the interior struc-
tures of opaque materials at a resolution of a few nanometres fea-
sible (Oburger and Schmidt, 2016; Wildenschild et al., 2002; Zhang
et al., 2014). This, together with the development in computational
fluid dynamics, especially the Lattice Boltzmann (LB) method
(Chen and Doolen, 1998) and the smooth particle hydrodynamics
(Tartakovsky et al., 2007), has created a renewed interest in
pore-scale modelling in a wide range of areas including fuel cells
and carbon sequestration (Chen et al., 2009; Gao et al., 2012;
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Huang et al., 2011; Pot et al., 2015). Over the past two decades,
tremendous progresses have been made in developing LB models
for simulating water flow and solute transport at pore scale in por-
ous materials (Ginzburg, 2005; Kang et al., 2007; Knutson et al.,
2005; Zhang et al., 2008; Zhang and Lv, 2007). However, most of
these models were based on binary images assuming that fluids
and chemicals can only move in the void phase and the perceived
solid phase as impermeable.

Most soils are naturally hierarchical with their pore sizes rang-
ing from less than one micron (for inter-aggregates pores) to mil-
limetres (for intra-aggregate pores). In imaging such soils using
lCT, one can only identify the pores which are greater than the
image resolution, while treats smaller-scale pores as solid (Luo
et al., 2010; Ma et al., 2015; Peng et al., 2014). Thus, the so-
called solid in the X-ray images is in all probability a ‘grey’ phase,
perhaps containing substantial connected pores capable of con-
ducting fluids and solute. How to deal with such images has been
an interest in pore-scale modelling, and modified LB models have
been developed to simulate fluid flow in them. One approach is
simply to add an extra force to the standard LB model to describe
the resistance caused by the solid matrix in the grey phase to fluid
flow (Kang et al., 2002). Another approach is to modify the bounce-
back method by partly bouncing back particles to describe the
resistance of the solid matrix in the grey phase to fluid movement;
the portion of the particles being bounced back is related to the
permeability of the grey phase (Walsh et al., 2009; Zhu and Ma,
2013). A comparison of different approaches available in the liter-
ature for simulating fluid flow in images consisting of grey phase
was given in a recent review by Ginzburg (2016).

In contrast to fluid flow, research on solute transport in images
acquired using tomography is limited. The available LB models for
solute transport include the single relaxation-time (BGK) model
(Zhang et al., 2002a, 2002b), the multiple relaxation-time (MRT)
model (Yoshida and Nagaoka, 2010) and the two relaxation-
times model (TRT) (Ginzburg, 2007; Vikhansky and Ginzburg,
2014). In simulating chemical transport in heterogeneous media
where the diffusion coefficient is spatially variable, the BGK model
solves it using a spatially variable relaxation-time parameter
(Sukop and Cunningham, 2014; Zhang et al., 2002b). In contrast,
the MRT and TRT model could solve this heterogeneity by tuning
some of its free parameters (Ginzburg, 2007; Ginzburg and
d’Humieres, 2007; Ginzburg et al., 2010).

In the past, we have developed a BGK model to simulate solute
transport in unsaturated soils where the dispersion coefficient var-
ies with water content (Zhang et al., 2002b). It is worth pointing
out that these models require the dispersion coefficient to be spa-
tially continuous. For solute transport in X-ray images encompass-
ing pores and permeable grey phase, its diffusion coefficient has an
abrupt change across the pore-solid interface. When applying the
BGK models to such images, the discontinuity of the diffusion coef-
ficient at the pore-solid interface could give rise to significant
errors. To overcome this problem, we propose a modified LB model
in this paper based on the partial bounce-back approach to simu-
late chemical transport in 3D soil images acquired using tomogra-
phy. The method naturally reduces to the standard bounce-back
method when the grey phase becomes impermeable and to the
standard streaming step for solute in the void space. We derive
the relationship between the parameter introduced in the partial
bounce-back method and the diffusion coefficient for solute mov-
ing in both the void space and the grey phase, and demonstrate
its improvement in comparison with the available BGK models.
We then apply the model to a soil image acquired using X-ray
tomography at resolution of 30 lm in an attempt to elucidate
how the ability of the grey phase at micro-scale to diffuse chemi-
cals could affect the average solute transport behaviour at
macro-scale after a volumetric average. In particular, we analyse

the danger in interpreting experimental data using the continuum
approaches without fully understanding the pore-scale processes,
and the potential of using the tomography and pore-scale models
to help improve the macroscopic continuum models.

2. The model

Both water flow and chemical transport were simulated using
the LB models. The model for water flow was based on the stan-
dard single-relaxation approach and its detailed description is
available in the literature (Ginzburg, 2016; Zhang et al., 2005,
2008; Zhu and Ma, 2013). Here, we focus on chemical transport
assuming that the detailed water velocity at pore scale had already
been obtained. Like other LB models, the proposed LB model con-
sists of a collision step and a streaming step in each time step.
The collision takes place at time t and is to calculate

f ci ðx; tÞ ¼ f iðx; tÞ � s f iðx; tÞ � f eqi ðx; tÞ� �
; ð1Þ

where f iðx; tÞ is the particle distribution function – the probability of
finding a particle at location x and time t moving with velocity fi,
f eqi ðx; tÞ is the equilibrium distribution function, and s is a
relaxation-time parameter controlling the rate of f iðx; tÞ approach-
ing f eqi ðx; tÞ.

The streaming step is to move the collision result calculated
from Eq. (1) to location xþ fidt at the end of each time step, dt. Dur-
ing the streaming step, if there is no solid barrier between x and
xþ fidt, the streaming moves the particle distribution function at
the end of each time step to become f iðxþ fidt; t þ dtÞ ¼ f ci ðx; tÞ.
In contrast, if impermeable solid is present within
ðxþ fidt=2; xþ fidtÞ but absent in ðx; xþ fidt=2Þ, the bounce-back
method is often used to treat the impermeable solid by bouncing
the in-coming particle towards the solid back to where the particle
emanates at the beginning of the time step, i.e.,

f iðxþ fidt; t þ dtÞ ¼ f cî ðxþ fidt; tÞ, where the subscript î represents
the opposite direction of i, i.e., f̂i ¼ �fi.

For chemical transport in images acquired using tomography
where the solid (i.e., the grey phase) is in reality partly permeable
but deemed solid due to the aforementioned restrictions in lCT,
we propose the following partial bounce-back method to describe
the resistance caused by the permeable solid phase to chemical
transport:

f iðxo þ fidt; t þ dtÞ ¼ nsf
c
î ðxo þ fidt; tÞ þ ð1� nsÞf cî ðxo; tÞ; ð2Þ

where 0 6 ns 6 1 is a parameter with ns ¼ 0 representing the chem-
ical in the pores, and 0 < ns representing the chemical in the grey
phase. When ns ¼ 1, the grey phase becomes impermeable and
Eq. (2) reduces to the standard bounce-back method.

The interest in solute transport is concentration. We hence fol-
low Zhang et al. (2008) assuming that the particle distribution
functions move in seven directions with velocities f0 ¼ ð0;0;0Þ,
f1;3 ¼ �ðdx=dt;0;0Þ, f2;4 ¼ �ð0; dx=dt;0Þ and f5;6 ¼ �ð0;0; dx=dtÞ,
where dt and dx are time step and the side length of the 3D voxels
respectively. For ease of analysis, in what follows we will normal-
ize the space by dx and the time by dt. The equilibrium distribution
function associated with each velocity is defined as follows:

f eqi ¼ ciðeþ 3:5UaeiaÞ=7;
Ua ¼ sua

s� 2ns½ð1� 0:5sÞ þ nsðs� 1Þ� ; ns < 1;

Ua ¼ 0; ns ¼ 1;

ð3Þ

where e is the porosity of the grey phase (e = 1 for the void space,
and e = 0 when the solid phase becomes impermeable), ua is the
bulk water velocity component in the xa direction (equivalent to
the Darcy flow rate in the grey phase), and ei ¼ fidt=dx. The mass
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