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1 Background

Pore-scale modelling is now a well-established progressive
research field, which has significantly contributed to funda-
mental understanding of flow and transport in porous media
in the last five decades. Examples can be (and not limited
to) reservoir engineering [1–4], environmental hydrogeol-
ogy [5], paper and pulp industry [6], fuel cells [7], biology,
and medical science [8].

The first pore-scale model was developed by Fatt in 1956
[9], who simulated the capillary pressure curve as a func-
tion of saturation using a pore-network model. After this
legendary work, pore-network models, mainly dominated
by quasi-static pore-network models, were developed and
applied to reservoir engineering and hydrogeology prob-
lems. The pore-network modelling opened up a new horizon
in understanding the constitutive relations for two-phase
flow such as capillary pressure and relative permeabil-
ity curves [10, 11], and at a later stage exploring the
transport phenomena in porous media [12]. With further
technological developments in micromodel and X-ray imag-
ing facilities and computational infrastructures, quantitative
pore-network models were further developed [13]. Almost
all pore-network models for different applications share
the common principles: they require analytical or semi-
analytical solutions for a given specific research problem at
the pore scale, meaning that the domain geometry requires
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to be well defined. That implies that the idealization of pore
space to interconnected simplified geometries is inevitable.

To alleviate this restriction of pore-network models,
direct numerical modelling techniques are employed where
the equations are solved numerically on the original pore
space without any geometrical idealization. The most com-
monly used method is lattice Boltzmann (LB) modelling.
However, there are several other methods such as smoothed
particle hydrodynamics (SPH), level set (LS), volume of flu-
ids (VoF), and density functional method (DFM), which can
handle the numerical simulation within the exact geometry.

2 Focus of this special issue

This special issue presents reviews of three major direct
numerical methods, namely LB, SPH, and DFM, to sim-
ulate complex processes in porous media. Liu et al. [14]
reviewed simulation of single-phase and multiphase multi-
component flow at pore level using the LB method. They
reviewed different LB methods, discussed their advan-
tages and disadvantages, and concluded that one method
cannot be necessarily the most preferred one. In another
review paper by Tartakovsky et al. [15], the SPH method
as a Lagrangian method based on a meshless discretiza-
tion of partial differential equations is discussed. They
present the Navier-Stokes and advection-diffusion-reaction
equations, implementation of various boundary conditions,
and time integration of the SPH equations, and they dis-
cuss applications of the SPH method for modelling pore-
scale multiphase flows and reactive transport in porous
and fractured media. In another review paper by Dinariev
and Evseev [16], applications of density functional theory
(DFT) in compositional hydrodynamics are presented. This
method has not been used intensively in the porous media
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community. However, it has the flexibility to incorporate
complex processes and fluid rheology in the simulation,
although the parameterization would be a challenge. The
basic idea is representation of the entropy or the Helmholtz
energy of the mixture as the functional depending on the
molar densities of chemical components (density func-
tional). The hydrodynamics is governed by local conserva-
tion laws of chemical components, momentum, and energy,
while constitutive relations and boundary conditions are
introduced in accordance with the explicit form of the
density functional.

Finally, a true benchmarking work for the single-phase
transport problem is presented. Oostrom et al. [17] present
steady-state single-phase transport in micromodels and
quantify the steady-state lateral dispersion. Two different
lattice Boltzmann models, two different pore-network mod-
els, a full CFD model, and a continuum-scale model were
employed to predict the lateral dispersion coefficient under
single-phase steady-state conditions. Results show that in
some cases pore-network models can closely predict the
experimental data and in one case the lattice Boltzmann
methods do similarly. However, the bottom line is that at
least in this test none of the direct methods shows any
superiority to pore-network models, although they are com-
putationally by orders of magnitude more expensive.

3 Which pore-scale modelling technique to be
used? Balancing efficiency, performance, and
robustness

Evolution of pore-scale models is mainly interlinked with
advances in computation and imaging technology. Pore-
network modelling as the precursor of pore-scale modelling
has been criticized from three aspects;

(a) There is no unique solution for idealization of pore
geometries; depending on the level of complexities,
different shapes can be assigned to pore bodies and
pore throats.

(b) Governing equations are simplified to derive (semi)
analytical equations to explain the pore-level physics.

(c) The pore space and the mathematical formulations
have discontinuities. The pore space is usually split
into pore bodies and pore throats, which cannot be
straightforward or even possible for highly porous
materials such as metallic foams. The global equations
are usually amended by local relations, which are not
necessarily continuous. This causes numerical issues
and instabilities.

Based on this background, several researchers have ques-
tioned the predictive capability of pore-network models.
Although on one hand in the existing case studies [17–19]

pore-network models have shown satisfactory results com-
pared to the direct numerical methods, on the other hand no
systematic comparative study for two-phase flow has been
done to pinpoint weaknesses and strengths of each method.
Moreover, direct numerical methods have usually diffuse
fluid-fluid interfaces and show significant sensitivity to
the parameterization. Although the employed equations in
direct methods are not simplified compared to pore-network
models, they may require a tedious large parametrization
space. Direct methods require significant computational
resources to be able to simulate a meaningful physical
size of a porous medium to present a macroscopic picture
of a process, although with recent advances in CPU and
GPU-based parallel computing, this problem has been less
restrictive if many realizations and sensitivity analysis are
not required.

It is now a fact that pore-scale modelling has established
its role as a valuable technique that enhances the integrity
between experimental and modelling studies. Computa-
tional and theoretical studies embraced with high-resolution
X-ray microtomography imaging have provided a seamless
research platform that can provide an in-depth understand-
ing of complex flow and transport in porous material.
This integrity has flourished in recent years as these tech-
niques have been applied to more complex problems such
as enhanced oil recovery, where fluid-fluid and fluid-solid
interactions play the central role.

The limited available case studies show that each method
has some pros and cons which do not allow having a
firm choice for the most accurate pore-scale model. While
for simple single- and two-phase systems pore-network
models seem still reliable and fast for parametrization,
screening, and hypothesis testing, the thermodynamic-based
pore-scale models can be used for more complex systems
where phase change or thermodynamics of the system are
important. It should be emphasized similar to the work
by Oostrom et al. [17] that other systematic collaborative
studies to compare the predictive capabilities of different
numerical models for two-phase flow and more complex
problems should be done. Having the same basis and
same level of available data for different methods will cre-
ate the basis for a justified comparison between different
methods.
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