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Biofilm growth occurs in a variety of random porous media in a range of industrial
processes; prediction of its growth and subsequent influence on hydrodynamics is hence
desirable. In this study, we present the first numerical 3D pore-scale model of biofilm
growth in porous media, based on a lattice Boltzmann simulation platform complemented
with an individual-based biofilm model (IbM). We use it to explore the coupled interaction
between nutrient mass transport, biofilm growth, and hydrodynamics. Biofilm is shown to
be very effective at reducing the permeability of porous media, particularly under nutrient
limited conditions. We conclude with a direct comparison of 3D and 2D biofilm growth
simulations in porous media and show the necessity of performing the simulations in 3D.
© 2008 American Institute of Chemical Engineers AIChE J, 55: 494-504, 2009
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Introduction

Microorganisms such as bacteria attach to a variety of sur-
faces, such as metals, plastics, stone, or tissue, and embed
themselves via an extracellular polymeric substance (EPS) by
which they form spatially heterogeneous structures collec-
tively called biofilms. Such biofilm growth within porous
media is of particular importance in a variety of industrial
scenarios such as biofilm-mediated soil filtration, biofilm
growth during oil recovery,! paper manufacturing and food
processing operations,” membrane biofouling,® bioremedia-
tion processes, and biofilm growth in water treatment and
heat exchange systems.4 Because of the importance of bio-
film growth in random porous media, a variety of experimen-

tal studies have appeared in the literature,”' aimed primar-
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ily at improving our understanding of the interaction of bio-
film growth and porous media hydrodynamics. To
complement and extend such studies, suitable 3D modeling/
simulation of biofilm growth in such complex support struc-
tures is desirable.

A variety of 1D, 2D, and 3D models of general biofilm
growth have been developed and reported in the literature
(see Wanner et al.'* for an overview). Because of the spatial
heterogeneity of both biofilms and the support structure pro-
vided by the porous media, 3D modeling is very desirable.
Biofilm growth models reported in the literature generally
feature simplifications (usually justifiably introduced to
improve computational speed) that make them unsuitable for
porous media applications. Often the influence of hydrody-
namics is excluded and/or biofilm is modeled as a 2D sys-
tem. These models enable studies of the impact of antimicro-
bials,15 biofilm detachment mechanisms,16 biofilm struc-
ture,'” and biofilm pattern formation,'® albeit on a flat
support structure. A variety of 2D and 3D models have
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appeared in the literature' "' that include hydrodynamics and

simulate biofilm growth on a flat surface. Direct coupling of
mass transfer and hydrodynamics with biofilm growth in porous
media has only been reported for 2D support structures.”* %2

Here we present a 3D numerical simulation of biofilm
growth within a random porous medium that includes coupled
hydrodynamics, nutrient mass transport, and their interaction
with biofilm growth. The lattice Boltzmann (LB) method was
used to solve the coupled hydrodynamics and subsequent mass
transport equations of dissolved nutrients (e.g., oxygen),
because of its proven high performance in simulating these
processes in any arbitrary complex geometry.23 The fluid ve-
locity, pressure, and solute concentrations fields calculated
with LB were then coupled with an individual based biofilm
growth model (IbM)z‘Fz(’ and, as such, are an extension of an
algorithm previously used for 2D cellular automata biofilm
growth models.!” To the best of our knowledge, this is the first
report of a 3D model of biofilm growth in porous media. This
modeling platform is used to quantify permeability reduction
in response to biofilm growth and highlight the necessity of
using 3D simulations of the biofilm growth.

Model Formulation

The computational domain is a box with liquid inlet on one
face, liquid outlet on the opposite face, and the other faces
being non-periodic solid wall boundary conditions. The micro-
scale model for the porous medium contains three phases: the
liquid in the pore space, the biofilm growing on the solid car-
rier, and the solid carrier particles (e.g., sand). Because the
solid phase is assumed neither permeable to the transported
solutes nor to liquid, model equations are written for only two
computational sub-domains: pore liquid and biofilm.

The model needs to describe hydrodynamics through the
porous structure, mass transfer of solute nutrients, and subse-
quent biofilm growth. This initially necessitates solution of
the equations of continuity (Eq. 1) and the Navier-Stokes
momentum balance (Eq. 2) in 3D, for an incompressible
Newtonian liquid flowing through the pore space or the po-
rous medium:

Vu=0 )]

Gu +uVu = — lvp +vW2u, 2)
ot o
with u, the local velocity vector, p the pressure, p the local
density, and v the kinematic viscosity of the liquid. All simu-
lations were run with a constant flow rate during biofilm
growth, which was imposed by a constant inlet velocity and
constant outlet pressure boundary condition (see Table 1 for
velocity values). At the biofilm-liquid and at the solid-liquid
interfaces, no-slip wall conditions (u = 0) are assumed.

Mass transport of nutrient solutes includes advective trans-
port coupled with Fickian diffusion and a reactive source/
sink term, r:

ICs
8[‘ +uVCs — DVCy = 1, 3)

where C; is the local concentration of the species s (e.g., a
nutrient for the micro-organisms, referred to as a “sub-
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Table 1. Simulation Parameters Used

Inlet Inlet Substrate
Velocity Concentration Gmax
Simulation ugy (m/s) Cyo (kg/m3) (1/day)  Geometry
Sim1 1.0 X 107* 1.0 X 1072 10 Geoml
Sim2 1.0 X 107 3.0 x 107% 10 Geoml
Sim3 10X 1074  30x10* 10 Geom?2
Sim4 1.0 X 107* 1.0 X 1072 5 Geoml
Sim5 50X 107° 3.0 x 107* 10 Geoml

strate”), with diffusivity, Ds. Equation 3 is applied in the
pore space sub-domain without the reaction term rg, because
we assume negligible substrate consumption by planktonic
bacteria (suspended in the liquid). In the biofilm sub-domain,
the advection term from Eq. 3 is neglected because we
assume diffusion to be the most important mass transport
mechanism in the biofilm matrix. The consumption of a sin-
gle substrate (e.g., oxygen) by the biofilm is described by
Monod kinetics?’:

c

=~ Ce 4
’S qmax,Ks+Cs ()

where C, is the local biomass concentration, ¢, the maxi-
mum specific uptake rate, and K the half-saturation coeffi-
cient for that substrate. The growth rate of biomass is then
described by:

dC,

= —Yxs ss
i r (5)

where Y, is the growth yield. The mechanism of biofilm
accumulation, which leads to C,, from the growth of individ-
ual microorganisms with mass m, is described below. The
boundary conditions for Eq. 3 are: constant concentration in
the inlet (Cs = Cso) and zero diffusive flux in the outlet
(0Cs/0z = 0). Zero-flux (impermeability) conditions are also
applied at the solid-fluid interface. Mass flux continuity con-
ditions apply at the biofilm-liquid interfaces.

Simulation Strategy

The first computational step is to solve the hydrodynamics
using the LB method (see Figure 1). The resulting velocity
field of liquid flowing between the solid components of the
porous medium is then used to simulate the mass transport
of different chemical species (e.g., nutrients, oxygen, or
products) consumed or produced by different bacteria based
on a biomass concentration field. The resulting fields of sol-
ute concentration are thus used by the IbM model component
to simulate the growth of the biofilm. These computational
steps provide new biomass concentration fields and a new
input geometry to distinguish the biofilm sub-domain from
free liquid for the next iteration of the LB computations.

The algorithm thus decouples hydrodynamics and mass
transport from biofilm growth. This approach may be used
due to the differences in time scales of these processes.'” A
flow field adapts very rapidly to new geometries (~seconds),
whereas biofilm growth occurs on much slower time scale
(~days). For the sake of simplicity, this approach ignores
interactions between biofilm and the flow field that occur on
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Figure 1. The general algorithm combines hydrody-
namics, mass transport, biomass growth,
and biomass spreading processes.

The initial values of the flow velocity field, u, and nutrient
concentration, Cj, are relaxed iteratively to pseudo-steady
states. After this, biomass concentration C, changes in the
biofilm-related algorithm steps. Because the biofilm geom-
etry has changed, the whole cycle is iterated. The computa-
tional duration of one iteration for a 120 pixel® porous
media was ~10 h on a single processor.

similar time scales; such as shear induced biofilm deforma-
tion, filamentous streamer formation,28 or biofilm detachment
(the shear rates simulated are too small to effect detachment
in any case). Inclusion of such interactions will be the sub-
ject of future work.

Lattice Boltzman method

The single value relaxation Bhatnagar-Gross-Krook LB
method® was used to simulate the 3D pore scale flow field.
The method models the hydrodynamics of a fluid on a meso-
scopic scale, where fluid kinetics are described by probability
distribution functions fi(x,f) of the location of particles, x.
These functions move with a velocity, ¢;, on a discrete lattice
(with Ax the distance between nodes) through a discrete
evolving time, Ar. The collision of particles is governed by
relaxation of f(x,/) towards equilibrium, f;(x.?):

A et 1) = fi(% 1) = = () 9% 0), ©)

where 7 is the Bhatnagar-Gross-Krook3O relaxation parameter
and the equilibrium function depends on the local particle
density, p, and particle momentum, pu, for each lattice direc-
tioni (i = 1,2,3...19)

p=>_fix0 )
pu = Zf,-(x, 1)c;. 8)

The particle momentum in Eq. 8 allows the calculation of
the local velocity values, u. © depends on the lattice kine-

matic viscosity,
1 1
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The corresponding equilibrium function reads”!
U p.wx, 1) = pA; + p(Bicu + Ciciu® + Du®)  (10)

A;, B;, C; and D; are constant coefficients and the equations
of continuity (Eq. 1) and Navier-Stokes (Eq. 2) can be gener-
ated from the equations above for certain values for these
constants (dependant upon lattice geometry) by applying a
Taylor expansion to the left hand side of Eq. 6 and a Chap-
man-Enskog expansion to its right hand side.””~* In this
study, a nonslip boundary condition at the fluid solid inter-
face is implemented; the method is second-order accurate
and computationally inexpensive.*?

The mass transport LB method is based on the model pro-
posed by FIekaSy34 and each chemical species s is tracked
using a similar form to Eq. 6:

Lty — £ 1), (1)

fis(x+e,t+1) —fis(x, 1) = e
where x is the relevant relaxation parameter and depends on
the species’ diffusivity

D:u4m_9 (12)

The equilibrium function is defined as:
[id(Cou,x,1) = Cs(Jis + Eic; - ). (13)

Jis and E are constant coefficients. Each species is consid-
ered a fully miscible solute able to be advected and diffused
within the carrier solvent (but only diffused and not advected
within the biofilm). Again by Taylor and Chapman-Enskog
expansions of the time dependent Eq. 11 using the equilib-
rium distribution, Eq. 13, one can obtain the macroscopic
advection-diffusion reaction equation (Eq. 3).

More details on the LB method used in this study and on
its experimental and analytical validation can be found in the
literature for both the hydrodynamics®>>® and the mass
transport components. !

Individual based biofilm growth model (IbM)

Although the LB method is based on a discrete grid, the
individual-based biofilm model uses continuous Cartesian
space in 3D. Individual and immotile cells are assumed to be
spheres of variable properties (e.g., volume, mass, kinetic
properties). They undergo growth, division and spreading (as
outlined in Figure 1). Initially cells are inoculated by place-
ment at random positions on the substratum surface (the sup-
port grains). The cells consume nutrients and grow according
to Egs. 4 and 5. If the biomass exceeds a defined maximum
biomass, the cell divides into a mother and a daughter cell,
each consisting of a fraction of the initial total cell mass,
close to 0.5 but uniformly randomly chosen. After division
cells are spread out to maintain a minimum distance between
cells.>*2® The overlapping radii, Ry = k. X Ro + Rg — d.,
between two neighboring cells A and B with radii R5 and Rg
is calculated using the Euclidean distance, d., between the
center position of A and B. The shoving parameter, k.,
enables the adjustment of the minimum distance between
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Figure 2. A simulation of the shoving principle for a small colony of 17 overlapping cells in 2D.

In this example, the cell radii vary between 3.7 and 5.9 um and shoving parameter k. is unity. Cells are addressed one by one and moved
to a new position according to the shoving vector. This is repeated until all cells reach the minimum shoving distance. In the shown exam-
ple 12 shoving iterations are necessary. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.

com.]

neighboring cells (shove radius). The vector sum of all posi-
tive R, for all cells neighboring one cell is calculated and the
center of that cell is shifted in the negative direction of the
vector sum (shoving vector). This is done for all cells and
repeated iteratively until the shove radius is achieved
between all cells. Figure 2 shows a simulation of the shoving
principle for a small colony of 17 overlapping cells in 2D. In
this example, the cell radii vary between 3.7 and 5.9 um and
shoving parameter k. is unity. Cells are addressed one by
one and moved to a new position according to the shoving
vector. This is repeated until all cells reach the minimum
shoving distance. In the example shown, 12 shoving itera-
tions are necessary. For more details on the spreading algo-
rithm, the following literature**>° is recommended.

Simulation Parameters
Hydrodynamics and solute transport sub-models

All 3D simulations were done on a domain of 2400 X
2400 X 2400 ,um3 discretized on a LB matrix of 120 X 120
X 120 nodes with an isotropic resolution, Ax = 20 um. The
matrix including the discretized distribution of solid and lig-
uid in the porous medium was obtained via magnetic reso-
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nance imaging of a saturated random packing of glass
beads.** The mean size of the beads in the simulation matrix
was 400 um. Dy was the diffusion coefficient of oxygen in
water at room temperature (2.0 X 10~? m?/s) and viscosity v
was chosen for water (1.0 X 10~° m?/s). Dissolved oxygen
is often the limiting growth factor in aerobic biofilms.** The
time step, At, for both the hydrodynamic and the mass trans-
port simulations where chosen to obtain T ~ 1 and Ky ~
0.505 to have the highest possible simulation accuracy.40 The
packed bed matrix had a porosity of & = 0.59 (Geoml). A
second geometry was created by using an erosion algorithm®*?
to Geoml. The erosion algorithm converts all solid pixels
neighboring a fluid pixel into a fluid pixel. This was done to
obtain a second geometry (Geom?2) with a higher porosity, &,
= 0.72, to study the influence of packing porosity on biofilm
growth without altering the porous media structure signifi-
cantly.

Biofilm sub-model

6000 cells were randomly initialized with an initial cell
mass of 1.0 X 10~ "' g on the surface of the carrier beads.
The maximum cell mass at which cells divide was 2.0 X
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Figure 3. 3D cut away views of a typical biofilm growth simulation in porous media for 0 (a), 9 (b), 12 (c), 13.5 (d),
16.5 (e), and 18 h (f) of biofilm growth.

Bacteria are shown as green spheres. The flow field is from bottom to top and shown by black velocity vectors. The oxygen concentration
is indicated by the color scale in kg/m’. The simulation corresponds to Geom! and Siml as described in Table 1. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

10° " g (corresponding to a 7.2 um cell radius). The shoving strate was Y, = 0.5 kg biomass/kg substrate, and the half-

parameter, k., was set equal to 1.0 and the number of maxi- saturation coefficient was K, = 0.1 kg/m>. The inlet velocity
mum shoving iterations was 100. The duration of a biofilm Uy, the inlet nutrient concentration, Cyy, and the maximum
growth step was 1.5 h. The stoichiometric ratio biomass:sub- specific substrate uptake rate gn.x were varied in a series of
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Figure 4. Example of a 2D porous model system.

The flow field direction is from left to right and is visual-
ized by black velocity vectors (a velocity scale is shown).
Nutrient concentration is indicated by the color scale in kg/
m’. Biofilm cells are represented by green spheres attached
to the solid substratum beads shown in black. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

simulations as detailed in Table 1. Parameters were selected
for the simulations to match those commonly measured for
oxygen consumption.**

For the 2D simulations, a z-y slice was extracted from the
3D geometry, Geoml (at an x-position of 700 um). See Fig-
ure 3a for a definition of the Cartesian coordinates x, y, and
z. Inoculation was identical to Geoml as were all relevant
simulation parameters. The porosity of the 2D slice (0.58) is
very similar to that of Geom1 (0.59).

Results and Discussion
3D simulation

A sample set of simulations are presented in Figure 3, cor-
responding to Geom 1 and Siml as described in Table 1.
Figures 3a—f show cut-away views (from all 3 directions) of
the system: (a) after inoculation (0 h) and after (b) 9, (c) 12
(d) 13.5 (e) 16.5, and (f) 18 h of biofilm growth. The superfi-
cial flow direction is in the vertical axial (z) direction. Bacte-
ria are shown as green spheres, the local flow vectors are
shown using black arrows and the color scale indicates the
local dissolved O, (nutrient) content. The progression seen
through Figure 3a—f is as expected; biofilm accumulation
increases both the heterogeneity and magnitude of the veloc-
ity field whilst depleting the nutrient (O,) concentration field
and increasing its heterogeneity. Figure 4 shows a two-
dimensional closer view of a typical biofilm colony obtained
on the surface of the support beads.

From the temporally resolved 3D data, as presented in Fig-
ure 3, we are able to extract out the temporal evolution in
various macroscopic characteristics of the system for the
range of simulations outlined in Table 1. Figure 5a shows
the increase in biofilm mass in the system over time for
Sim1-5. The influence of a high inlet nutrient concentration
is evident in Siml where biomass accumulation is signifi-
cantly more rapid than in Sim2. Comparing Sim2 and Sim3
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reveals that the higher porosity in Sim3 results in a slightly
larger accumulation rate of biomass. This is a consequence
of both the larger total nutrient supply (due to the higher po-
rosity) and of the reduction in flow field heterogeneity. Com-
parison of Siml and Sim4 reveals that the simulations are
acutely sensitive to ¢nax, the maximum growth rate for the
range of conditions selected. Sim5 features a smaller input
velocity than Sim2 and consequently a slightly reduced rate
of biofilm accumulation.
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Figure 5. Development of biomass (a), normalized ¢ (b),
and Ap (c) in time during the 3D biofilm
growth simulations.

DOI 10.1002/aic 499



210
1.6 10
R
~ . Tre.
9 Qﬁ; . ~-
. 1210 &
NE \‘\::\i‘.\)&
= At
= Il R
810" | | == sme o ow
--&--8im5
--©- - Ergunt
- B— Ergun2
410 | | T2IES
0 5 10 15 20 25

Time [h]

Figure 6. Development of k with time during the 3D
biofilm growth simulation and according to
the Ergun equation (Eq. 15).

The biofilm growth shown in Figure 5a reduces the bulk
liquid pore volume, V,, in the porous media. This decreases
the porosity, ¢ = V,/(V, + Vs + V4,), where V is the volume
of solid carrier spheres and, V), the volume filled with bio-
mass (as shown in Figure 5b for Siml to Sim5) and leads to
an increase in pressure drop, Ap, determined across the simu-
lation domain (as shown in Figure 5c). We can use the re-
sultant values of Ap to extract the porous media permeabil-
ity, k, using Darcy’s equation®

QuL
=———— 14

AAp’ (14)
which depends on the total flow rate, Q, through cross-sec-
tional area, A, the dynamic viscosity, and the system length,
L.

Ap can be obtained directly from the LB simulation or
estimated using the Ergun equation,” typically used to
describe the correlation between ¢ and Ap in random spheri-
cal packings with sphere diameter, d,

Ap (1 —¢)* 7 (pu2\1—¢
2P Ly i .
L 50<d2> &3 Jr4 d & (15)

The resultant evolution in the permeability, k, of the system
in response to biofilm growth and hence reduction in effec-
tive porosity, ¢, is presented in Figure 6 for all simulations
described in Table 1, as determined from the LB simulations
and as predicted by Eq. 15. The general trends of the evolu-
tion of k with time/biofilm growth is in qualitative agreement
with experimental observations for biofilm growth in packed
bed geometries.4° Agreement between the simulation and Eq.
15 is excellent with respect to no or insignificant biofilm
accumulation. As biofilm accumulated however, the simula-
tions systematically predict a smaller value of k than that
estimated by Eq. 15. Biofilm growth is an effective mecha-
nism for “clogging” up such geometries when nutrient sup-
ply is limited; this can be advantageous (e.g., formation of
subsurface barriers) or disadvantageous (e.g., fouling of bio-
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Figure 7. Change of total biomass with axial distance
into the bed in time for a higher (Figure 7(a):
Sim1) and lower inlet concentration (Figure
(7(b): Sim2).
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Figure 8. Comparison of u, distribution before and
after 21 h of biofilm growth according to
Sim1 and Geom1, as described in Table 1.
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reactors). In high velocity channels of the pore space, biofilm
growth is encouraged by the enhanced nutrient supply and
consequently flowrate through that channel is reduced due to
enhanced biofilm accumulation. Overall permeability is more

Z (um)

¥ (pm)

a:0h. 3D

X {um})

¢ 3D, 15h W™

influenced by such channels and their effective reduction in
both number and cross-sectional area means that a small
amount of biofilm growth can have a significant influence on
permeability. This is only true for nutrient limited systems,

h: 0 h, 2D

Figure 9. Comparisons of 3D simulation (Sim1) (a—e) with the 2D simulation (f-j) for the time steps 0, 6, 9, 12, 15 h

after inoculation.

For the 3D simulation the same slice is shown that was used as an input geometry for the 2D simulation. The scalebar refers to O, con-
centration (kg/m?). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 9. (Continued from the previous page)

and the effect will be reduced when shear-induced detach-
ment of biofilm is considered (as mentioned previously, this
is not relevant for the flow rates considered here). Biofilm is
consequently a potentially effective medium for reducing
permeability in fractured or very heterogeneous porous media
structures.

Figure 7 shows the change of total biomass as a function
of axial (z) distance into the simulation matrix as a function
of time for (a) a higher (Sim1) and (b) lower (Sim2) nutrient
inlet concentration. In both cases, biofilm accumulation
occurs preferentially closer to the inlet. This is in qualitative
agreement with experimental observations of biofilm growth
in a range of systems.%’47 For the lower inlet concentration
(Figure 7b), a steeper biomass gradient is established along
z, which suggests that the biomass gradient is introduced by
nutrient limitation through the bed.

Figure 8 shows the superficial velocity, u., distributions of
the flow for simulation Siml before and 21 h after inocula-
tion. Note that these distributions were calculated excluding
the solid, biofilm and ~0 velocity pixels. The velocity distri-
bution becomes more heterogeneous with biofilm growth
with increasing stagnant regions (peak around zero velocity)
and fast channels (bigger tail for higher velocities). The ve-
locity standard deviation increases from 8.64 X 10™> m/s to
1.6 X 10~* m/s. These trends are qualitatively consistent
with experimental observations.*®
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Comparison of 2D and 3D simulation

Figure 9 compares a slice from the 3D simulation (Sim1)
(a—e) with a 2D simulation on the same extracted slice (f—j)
for the times at 0, 6, 9, 12, 15 h after inoculation. Differen-
ces between the 2D and 3D simulations are immediately evi-
dent: the nutrient and velocity fields in the 2D simulations
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Figure 10. Mean velocity distributions (in y direction)
for the 3D and 2D simulation after 15 h.
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Figure 11. The development of s(u,) with time for both
2D and 3D simulations.

become significantly more heterogeneous over time when
compared with the 3D simulations. In 2D, a closed pore
neck (e.g., due to touching solids or biofilm clogging) will
immediately prevent advection in that region and the compa-
ratively much slower diffusive flux will yield low nutrient
concentration due to consumption. In 3D, the greater connec-
tivity means that a closed pore neck due to biofilm growth is
unlikely to lead to a stagnant region as nutrient advective
flow will penetrate from the third dimension. Such an event
is highlighted by the red circles in Figure 9.

Given an operation with a constant volumetric flow rate
during biofilm growth (as in the simulations conducted here),
use of a 2D simulation matrix will result in enhanced pore
space clogging and a consequential increase in velocity hetero-
geneity. This is evident at a number of locations in Figure 9.
Figure 10 shows the mean velocity as a function of transverse
position (y) for both the 2D and 3D (same slice) simulations
after 15 h for Siml conditions; the greater heterogeneity of
the 2D simulations is immediately obvious. The velocity dis-
tribution in the 3D case is remarkably homogeneous and indi-
cates that finger formation is suppressed in such systems. The
superficial velocity standard deviation, o(u,) presented in Fig-
ure 11, increases significantly faster in 2D than in 3D (note
that the system was completely clogged after 15 h for the 2D
simulation). We conclude that to accurately predict biofouling
and its effect on hydrodynamics in porous media, 3D simula-
tions are necessary. Eberl et al.'” compared 2D and 3D simu-
lations of biofilm growth on a flat support surface. Although
biofilm shape irregularities were not the same in 2D and 3D,
the correlation between nutrient supply and biofilm surface
area increase due to growth was consistent for 2D and 3D
simulations. Clearly, one cannot extrapolate these results to
the porous medium systems considered here.

Conclusions

We have presented the first 3D numerical pore-scale model
of biofilm growth in porous media. The numerical model
allows the calculation of the velocity, pressure, and nutrient
concentration fields, as well as the biomass distribution and
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porous media permeability. The qualitative trends of these
variables are in agreement with experimental observations.
Comparison of the simulation predictions of permeability as
a function of biofilm accumulation when compared with esti-
mation of this relationship using Ergun’s equation revealed
the effectiveness of biofilm accumulation at reducing the per-
meability of porous media. We have further compared 3D
and 2D simulations and shown that 2D simulations in porous
media are not capable of accurately describing the biofouling
process. Future work will focus on including a biofilm
detachment mechanism based on local shear rate and includ-
ing bacterial attachment. This will hopefully enable a system-
atic study leading to a predictive capacity of permeability
reduction due to biofilm accumulation.

Notation

A = column area (m?)
A;, B;, C;, D; =LB constant coefficients for direction i
E,=1B constant coefficients for species s
Cs = local concentration of a solute species (e.g., substrate)
(kg solute/m3 )
C, =local biomass concentration (kg biomass/m3bioﬁlm)
¢; = particle velocity
D, = diffusion coefficient of solute (m?/s)
d. = Euclidean distance (m)
[i(x,t) =LB probability function for direction i
#:4(x,t) = LB equilibrium function for direction i
K, = half-saturation coefficient (kg solute/m?)
k. = shoving parameter
k = porous media permeability (m?)
L = system length (m)
J;s=LB constant coefficients for species s and direction i
p = pressure (N/mz)
Ap = pressure drop (N/m?)
0 = volumetric flow rate (m*/s)
gmax = maximum specific substrate uptake rate (kg solute/kg
biomass s)
R, = overlapping radii between cells (m)
Ra, Rg =radii of neighboring cells A and B (m)
rs = reaction rate for solute substrate (kg solute/m’s)
t =time (s)
At = time step size (s)
u = velocity vector (m/s)
U inier = Mean superficial interstitial velocity (m/s)
Vp = pore volume (m%)
Vs = volume of solid spheres (m3 )
V}, = the volume filled with biomass (m®)
Y. = growth yield (kg biomass/kg substrate)
x = location of particles (m)
Ax = pixel (mesh) size (m)
&= porosity (m” liquid/m® total space)
K, = diffusivity-correlated relaxation parameter for species s
u = liquid dynamic viscosity (Pa s)
v = liquid kinematic viscosity (m?/s)
p = liquid density (kg/m®)
pu = particle momentum
7 = Bhatnagar-Gross-Krook relaxation parameter
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