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In this work, we investigate particle deposition efficiency in porous media by way of pore-scale computational
fluid dynamics simulations. First, we show how to employ a novel methodology of algorithmic generation of
porous media to build the computational domain for our simulations, representing a realistic random packing
of monodisperse spheres. Then, we focus on the effect of gravitational settling on particle deposition,
comparing our results with the well-known simplified theoretical laws, showing how pore-scale numerical
experiments can improve the prediction accuracy of these laws but, most of all, help gain fundamental insights
in the physical mechanisms at work.

1. Introduction

In recent years, access to clean water has become one of the most urgent environmental issues, and is
relevant on a global scale. Remediation of groundwater systems from anthropogenic contamination is thus the
focus of many studies. Among these, a very promising line of research is the injection of micro- and
nanoscopic zero-valent iron (ZVI) in contaminated sites (Muradova et al, 2016), as iron particles have been
shown to be particularly effective in the deactivation and removal of several species of contaminants,
especially in the particularly problematic dense non-aqueous phase liquids (DNAPL) category.

In order to engineer an effective intervention in contaminated sites, full knowledge of the nature of transport of
ZVI particles is paramount. To this end, computational fluid dynamics studies offer an exceptional tool to
predict the dispersion and length of migration of the injected particles, before their deposition on the solid
matrix of the porous medium. CFD is indeed a consolidated methodology for the study of the fluid dynamic
behavior in both arranged and random packed systems (Haddadi et al., 2016, Mitrichev et al., 2016), and it
provide a precise assessment of pore-scale phenomena; this enhanced knowledge is then transported, via
appropriate up-scaling procedures, to readily employable macro-scale models (Pereira et al., 2014).

The problem of colloidal particle deposition has often been tackled from simplified theoretical perspectives
(Levich, 1962, Yao, 1971, Rajagopalan and Tien, 1976). While the classical approach allows the detailed
study of all the interactions involved in deposition processes (namely Brownian deposition, steric interception,
and gravitational settling), the geometric model underneath is the single spherical collector, which practically
conceals (or better, does not allow to take into account) the important role played by the realistic structure of
the porous medium. Thus, neither the pore-scale effects of grain shape and size distribution, nor the meso-
scale effect of geometric heterogeneity can be explored with this traditional approach. Nevertheless, recent
works have tried to improve this description with CFD simulations on simplified models or small random
packings (Ma et al., 2010, Johnson and Hilpert, 2013) to better represent the solid matrix at the pore scale.
The aim of the present contribution is to put forward some preliminary results that help to advance this line of
research. This study thus considers three different realizations of realistic random packings in order to explore
particle transport under the simultaneous action of Brownian deposition and gravitational settling.
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We used the open-source code OpenFOAM to perform CFD simulations. First, the fluid flow field is solved in
steady-state conditions in laminar regime, then particle transport and deposition are studied solving the
classical advection-diffusion equation, under a broad range of operating conditions.

Finally, corrected constitutive equations for the prediction of particle deposition due to Brownian diffusion and
gravitational settling are formulated.

2. Theoretical background

In this work we will approach the study of fluid flow and colloid transport at the pore-scale, identifying and
solving in the CFD code the relevant transport equations.

A number of simplifying hypotheses have been employed. Since the main application in sight of this study is in
the field of groundwater remediation, the fluid has been considered Newtonian and incompressible; moreover,
we limit this study to the saturated zone (i.e., the inter-granular zone is entirely occupied by water). Hence, the
relevant transport equations for fluid flow are the stationary Navier-Stokes equation and the mass balance law,
which read:

p(VU)U; = —Vp + uAU; (1)
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where p is the fluid density (kg m'3), Uy is the fluid velocity (m s'1), p is the pressure (kg m’” s'z) and y is the
fluid dynamic viscosity (kg m™” s™). As is customary for the solution of continuum fluid transport problems, the
boundary condition Ur = 0 is imposed on the surface of the grains, while the driving force for the motion of the
fluid results from setting a pressure difference between two opposing sides of the domain. Note that the
applied pressure difference represents the pressure head.

Colloidal particles are modeled in an Eulerian framework, solving for their concentration. The one-way
coupling hypothesis is employed, stating that the flowing fluid (and external forces) will affect the motion of the
particles, but not the vice-versa. In this case, the reference pore-scale description of the solute concentration
transport is the advection-diffusion equation, which reads:

%+U, Vc=DAc, 3)

where c is the particle concentration (kg m'3) and U, is the particle velocity (m s'1); D is the molecular diffusion
coefficient of the particles (m2 s'1), which can be estimated with the aid of the Stokes-Einstein equation:
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where kg is the Boltzmann constant, T is the temperature (K) and r, is the particle radius (m). We emphasize
that U, is assumed here to be solenoidal. In the simplest case, U, coincides with the fluid velocity Ur.
However, when sedimentation has to be considered, U, is implemented as the sum of the fluid velocity and
the particles’ settling velocity, the latter defined as:

2
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where p, is the density (kg m'3) of the transported particles. To obtain the steady-state solution for the colloidal
deposition problem, a boundary condition of constant unitary concentration on the domain inlet was set, while
the concentration at the surface of the grains was set equal to zero. This last condition represents the well-
known “perfect sink condition” (Tien and Ramarao, 2011), which gives a good description of the conditions
in a filtration process at its early stages (i.e., when particle straining and filter loading are minimal) and when
physico-chemical conditions are favorable to colloidal attachment.

2.1 Colloidal deposition

Under the perfect sink condition, colloidal deposition has been widely (theoretically and numerically) studied
(Levich, 1962, Yao et al., 1971, Elimelech et al., 1995, Yao et al., 1971, Nelson and Ginn, 2005, Ma and
Johnson, 2009), and the most used description of the process sees it happening in two phases. First, the
transport of the particles from the bulk of the fluid to the collector surface is quantified by the deposition
efficiency no, which is defined as:
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__ flux of particles reaching the collector
Mo = Cond} ’ (6)
4

where the denominator represents the flux of particles moving towards the collector by advection; q is the
superficial (Darcyan) velocity (m 3'1), Co is the inlet concentration (kg m-3) and dy is the grain diameter (m).
Secondly, the attachment of the particles to the surface of the grains, depending on the balance between
grains-collector repulsive and attractive forces, is quantified by the attachment efficiency a, which can assume
values between 0 and 1. Then, the total colloidal deposition efficiency n can be expressed as the product
between these two terms, i.e. n = ano. As mentioned earlier, we explore the case of favorable clean-bed
filtration, hence a = 1. This method can nonetheless be successfully employed also in cases where 0 < a < 1,
see for example (Boccardo et al., 2017).

The deposition efficiency no depends on the contribution of three different mechanisms, namely Brownian
diffusion, steric interception, and gravitational settling. Prieve and Ruckenstein (1974), positing an additive
synergy between them, wrote no = nst+ni+ne. The first summand, relevant for sub-micron sized particles,
brings particles in contact with the collector via their random motion due to molecular diffusion. Interception is
a steric effect which causes particles to collide with the collector due to their finite dimension, and is stronger
the larger their size with respect to the solid grains. Lastly, gravitational settling takes into account the
additional force moving colloids towards the collectors due to gravity.

While in our earlier numerical works we investigated Brownian deposition in a variety of porous media models
(Boccardo et al., 2014, Crevacore et al. 2016 (a), Boccardo et al., 2017), the purpose of this work is to explore
the effect of gravity on particle deposition. In the formulation by Yao et al. (1971) of the three mechanism
efficiencies, the influence of gravity was described as:

e = Usettl/q =N;, %)

where User is the magnitude of the particle settling velocity, already written in Eq(5), and the ratio between this
velocity and the fluid superficial velocity takes the name of gravity number, Ng.

In this work we aim to show that Eq(7), while constituting an useful indication, usually fails to take into account
many important features of the system under investigation. Furthermore, we will show how detailed pore-scale
simulations can correct and improve the estimation of ng.

3. Numerical details

In this work, the porous medium structure is described with random packing arrangements of mono-dispersed
spherical grains. The geometrical model is obtained by using Blender, an open-source software for digital
graphics, following the procedure sketched in Figure 1. Grains are packed within a cylindrical container. To
obtain the geometries presented in this work, 7,800 grains having a diameter of d,=100 um have been packed
in a container 1.86 mm high and with cross-section diameter of 2.15 mm. Grains are at first located above the
container, displaced on grids on different levels. A small perturbation is added to the grains position, to ensure
randomness of the final grains displacement. Grains are then free to fall under the effect of gravity, which is
the only active force, while the friction exerted by the surrounding domain (air) is neglected. Grains are treated
as non-deformable bodies. Hence, they cannot compenetrate each other and the only interactions considered
are instantaneous collisions and sliding. These interactions are respectively governed by the restitution
coefficient (i.e. the ratio of the kinetic energy before and after collision) and the friction factor (depending on
the roughness of the grains), both chosen such that the resulting bulk porosity lies in an admissible range for
realistic porous media (Boccardo et al.,, 2015, Augier et al., 2010). The system reaches its mechanical
equilibrium when the forces balance each other out and grains are thus fixed.

To be used in CFD simulations, different cubic samples were then extracted from the bulk of the cylindrical
container, being aware that wall effects (due to the presence of the container itself) are negligible for distances
(from the cylindrical wall inwards) greater than ~5d,. Three different cubic cuts were then extracted from three
different geometric realizations, all composed of ~350 grains, with length L of the side of the cube being equal
to 700 um.

For the CFD simulations, the main axes of the cubic domain are aligned with a Cartesian frame of reference,
and the two faces orthogonal to the x-axis are identified as inlet and outlet.

The OpenFOAM software (version 3.0.1) is used for the meshing process as well as for the solution of Eqs(1-
3). A body-fitted mesh is adopted, where a greater level of refinement is prescribed close to the grain surface
to guarantee a satisfactory description of the flow and concentration boundary layers. In particular, the
meshing strategy used is the one described in previous works (Crevacore et al., 2016 (a), Crevacore et al.,
2016 (b), Boccardo et al., 2015), where mesh-independence analyses were also presented.
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Figure 1:Scheme of the random packing generation with monodispersed grains.

Table 1: Operating conditions

Re dp (nm) User(ms™)  Ng Pe
2.58 10™ 897 2.8510° 0.35 588
3.3310™ 897 2.8510° 0.30 686
4.00 10™ 897 2.8510° 0.25 823
5.00 10* 897 2.8510° 0.20 1,026
6.70 10™ 897 2.8510° 0.15 1,374
1.00 10 897 2.8510° 0.10 2,060
1.00 10™ 634 1.4310° 0.05 1,456

The simpleFoam solver is used to solve the fluid flow equations Eqs(1-2), while scalarTransportFoam was
used to solve the particle transport and deposition problem of Eq(3).

For the flow field simulations, the fluid considered is water at room temperature. The applied pressure drop is
such that the resulting Reynolds numbers (Re = pdyq/u) span falls in the laminar regime. Velocities are thus
compatible with environmental applications. These very same operating conditions are used also for the
simulation of particle Brownian deposition and gravitational settling, as reported in Table 1, where the Péclet
number reads Pe = U L/D, given L the domain length (m) in the main flow direction (in our case the x-axis).

As we aim to model nZVI particles, p, is chosen equal to 7,874 kg m.

In order to obtain the values of ng, for each operating condition two different simulations are run. First, only the
Brownian diffusion mechanism is present (via the diffusive term in Eq(3)) and the particle velocity is set equal
to that of the fluid: from this simulations the value of no = ng is obtained. Then, parallel simulations are
performed, adding the effect of gravitational settling. This is done by setting the particle velocity in Eq(3) equal
to Up = UrtUsen, thus considering the effect of the gravitational pull on the denser particles; again, a value of no
was extracted. It has to be noted that, generally, we considered the gravitational pull to act in a direction
orthogonal to the main fluid flow direction, in order to represent the situation more commonly encountered in
colloidal dispersion transport in sub-surface water. In order to expand on the classical representation of this
phenomenon, we also consider the case of gravity acting parallel to the flow direction. The comparison
between the two cases will be expanded upon in the next Results section. From these last runs, remembering
the additive relation between the three mechanisms, ng is obtained as ng = ne-ns (since we do not model the
effect of steric interception in our simulations).

For both pure-Brownian and sedimentation runs, the total deposition efficiency no is evaluated following the
packed-bed filtration equation (Logan et al., 1995):

_
Mo = Zaws 8)
2 & dg

where Cout and Cy are the outlet an inlet concentrations (kg m™) and ¢ is the medium porosity.

4. Results

As mentioned, for each of the operating conditions found in Table 1, simulations with only Brownian deposition
are run and compared with simulations where both Brownian and sedimentation mechanisms are present. The
difference between these two cases is made evident in Figure 2, which shows the concentration contour plots
in a central section of the domain, parallel to the fluid flow direction, in one of the geometries explored (Pe =
588). The great impact of gravity deposition is readily apparent.
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Then, to compare our numerical results with the theoretical law from Yao et al. (1971), the sedimentation
deposition efficiency is compared with the gravity number Ng (the only parameter influencing ne in the
theoretical description of this process). The behavior of ng as a function of Ng is shown in Figure 3 (left), for
the three geometrical realizations considered.

Figure 2: Contour plots of (a) Brownian versus (b) Brownian + sedimentation deposition mechanisms.

Considering all the data in Figure 3 (left) as an aggregate, we can write an equation for a single ng - Ng
relationship, which reads:

¢ = 0.61N; — 0.03, )

which differs from the Yao’s theoretical law, ne = Ng, especially in the range of very low gravity numbers,
where the behavior appears to be non-linear. Moreover, both the differences of the CFD results compared
with the theoretical law and among the three cases themselves could be explained by the inadequacy of the
gravity number to provide a full description of the sedimentation mechanism. Indeed, this evaluation of n¢ via
only the Ng parameter lacks the contribution of (for example) grain diameter and porous media tortuosity.
Another feature of great influence in the study of gravitational settling is the orientation of the gravity force with
respect to the main flow direction. The theoretical law was written based on a model where the two directions
were thought of as orthogonal to each other; as such, it fails to take into account all other cases. To perform a
preliminary exploration of this issue, we conducted another set of simulations, and compared the difference in
deposition efficiency between the case of gravity orthogonal and parallel to the fluid direction. The results are
shown in Figure 3 (right).

Considering the two result sets independently, we can write two equations for the two cases, which read:

Ng = 0‘71NG —0.04 y (10)
7e = 0.33N, — 0.003 (1)

both again quite different from the theoretical predictions. Now, in the case of the parallel-acting gravity the
colloidal particles have a smaller residence time in the domain with respect to the orthogonal case, as the
magnitude of the particle velocity is greater. Thus, lower values of deposition efficiency are observed in this
case, identifying in the angle between gravity and the flow direction another parameter of great impact on the
estimation of total deposition efficiency.
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Figure 3: Deposition efficiency by sedimentation versus gravity number. On the left: three different geometric
realizations, with gravity acting orthogonally to the fluid flow direction. On the right: difference between the
gravity vector being orthogonal or parallel to the main flow direction.
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5. Conclusions

In this work, an important physical insight has been gained by clearly highlighting a point of failure of the
classical laws for the prediction of deposition efficiency in the case of gravitational settling. While offering a
correction to the coefficients in the original formulation, these results clearly indicate how the classical laws do
not offer a good description of the underlying phenomena. As an example, it has been shown that, when
ignoring the very noticeable effect of gravity orientation with respect to the fluid direction, salient differences
emerge looking for predictions of deposition efficiency. Consequently, these differences are relevant when
trying to apply the same theoretical law to different scenarios, such as subsurface contaminant transport with
respect to industrial water filtration.
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