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Biofilm growth is a complex phenomenon that couples species transport and reactions with fluid flow dynamics.
Simulating these processes in complex geometries remains challenging due to the different time and space
scales, as well as the associated computational cost. biofilmFoam is a toolbox based on OpenFOAM that
couples advection-diffusion equations with source terms (related to the reactions involved) with the dynamics
of the surrounding fluid. This framework provides an efficient basis for performing reliable simulations on any
domain or for building more complex models.
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1. Motivation and significance

Biofilms represent a significant portion of microbial life and have
been extensively studied for over a century, both in the laboratory and
in their natural environment. However, there are still many open ques-
tions regarding their development [1], spanning from the attachment
phase to the maturation and dispersion phases. Therefore, modeling
biofilm growth remains a challenge, both in terms of understanding
the phenomena involved and the influence of the environment. Various
models have been proposed in the literature [2], which can be classified
into two main categories, continuum and discrete approaches.

These approaches differ significantly in their overall conceptual
framework. Continuum models are based on the population-averaged
behavior of microorganisms, treating biomass as a whole and describ-
ing its evolution with partial differential equations. In contrast, discrete
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models focus on the actions and interactions between individual sub-
units, from which the biofilm’s evolution emerges, employing methods
such as cellular automata or agent-based models.

Continuum models are often used to describe the macroscopic be-
havior of biofilms [3], such as their growth kinetics or their response
to environmental changes [3-6]. They are well suited for simulating
large-scale systems. On the other hand, discrete models (based on
cellular automaton models or individual-based models) allow for a
more detailed description of biofilm structure and dynamics. They can
account for the variability of microbial behavior, and the influence
of local environmental conditions on biofilm development [7-10].
However, they may require more experimental data for calibration
and validation. Hybrid approaches have also been proposed, combining
continuum and discrete models to take advantage of their respective
strengths [11,12].
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Fig. 1. Architecture of the biofilmFoam package.
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Fig. 2. Schematic of the sequential algorithms. The gray boxes are only present in the
biofilmPimpleFoam solver, coupling biofilm spreading and hydrodynamics.

Creating a single biofilm model that accurately represents all pos-
sible evolution scenarios and complex interactions with micro-environ
ments is challenging. However, developing a unified environment that
resolves fluid flow coupled with biofilm development is intriguing. We
opted for a continuum growth model which allows a relatively straight-
forward coupling with fluid dynamics, also solved using a continuous
model.

2. Software description
2.1. Mathematical model

The original model proposed by [4] distinguishes between fluid 2,
domain and biofilm domain 2, (2 = Q2 U Q). The density-diffusion

modeling of biofilm growth is defined as
dc

E+u~Vc=V-(dl(m)Vc)—f(c,m) (@D)]
[é]

a—':’ =V - (dy(m)Vm) + g(c, m) )
where c(t, x) is the nutrient concentration, m(t, x) is the biomass density,
u is the fluid velocity, d;(m) (with i = 1,2) are diffusion coefficients,

f(c,m) is the nutrient consumption rate and g(c,m) is the biomass
production rate. Eq. (1) describes the transport and consumption of
nutrients, with a diffusive coefficient that varies with biomass con-
tent. Note that only diffusion occurs in the biofilm phase, as there is

no flow. Eq. (2) describes the evolution of biomass density and the
production term g(c,m) also contains a wastage term. The definitions
of consumption rate, production rate, and diffusion coefficients are
reported in Appendix A. All the numerical values used for the biofilm
model parameters are reported in Appendix B.

In addition, the flow modeling of the surrounding hydrodynamics
is performed using a Darcy-Brinkman approach [13], following

1 (dpu (L - Koty B
¢< or +V <¢uu>>_ Vp+¢Vu ku 3
V-u=0 (€]

where ¢ is the porosity, p is the fluid density, p is the pressure field, u
is the dynamic viscosity of fluid and k is the permeability. Due to the
Darcy drag term in Eq. (3), the Navier—Stokes equations tend to Darcy
equation in the biofilm phase, where is defined the permeability. One
of the main challenges in numerically solving the system of Egs. (1)—(4)
is the significant disparity in time scales between the rapid changes in
flow structure and the slow growth of biomass.

The classical CFD approach uses a Courant number to ensure the sta-
bility of the Navier-Stokes equations. However, this method results in
very small time steps relative to the simulation times needed to observe
biomass evolution, making the simulations prohibitively expensive.

However, if we consider a pre-established flow within a given
geometry with stationary boundary conditions, changes in velocity
and pressure fields are solely related to biomass growth. Under these
conditions, it is possible to set up a time step management system based
on time truncation error estimates applied to the biofilm variables,
¢ and m, similar to what is done in [14]. It is important to note
that the stability and reliability of simulations performed with abrupt
variations in flow properties, independent of biofilm evolution such as
pump stop for example, are not guaranteed with this approach. In this
case, assuming a separation of time scales between flow and biofilm,
it is possible to calculate the new hydrodynamic steady state before
modeling the biofilm growth.

2.2. Software architecture

The source code supplied has the classic structure of OpenFOAM
tools, as shown in Fig. 1. The biofilmFoam solver only simulates
biofilm spreading, as in [4], while the biofilmPimpleFoam solver
takes hydrodynamic coupling into account. For each solver, several
illustrative cases are provided in tutorials folder, and initialization
and post-processing tools are also available in utilities. The online
code documentation provides details on several tutorials, along with
utilities and their respective functions.

2.3. Numerical methods

The provided solvers are standard in the OpenFOAM environment.
The equations are solved sequentially as shown in Fig. 2. Time step
management based on truncation error is available for three time
schemes in OpenFOAM: Euler, backward, and CrankNicolson.

In the illustrative cases proposed in the following, a classical second-
order centered scheme is used for spatial discretization and a second-
order backward scheme is used for time discretization.
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Fig. 3. Temporal evolutions of dimensionless nutrient concentration C and dimensionless biomass M for different one-dimensional configurations: (a) biofilm growth on a surface,

(b) biofilm growth under non-symmetric conditions, (c¢) biofilm growth under symmetric conditions and (d) merging of colonies.
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Fig. 4. Biofilm phase configurations. (left) 1% and (right) 10% of the lower side is inoculated. Two sets of parameters are used for inoculation: (b, e) high concentration and low
maximum biomass and (c, f) low concentration and high maximum biomass. These illustrations correspond to different physical times, when 30% of the domain height has been

reached.
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3. Illustrative examples
3.1. Biofilm growth

One-dimensional cases

This first set of validation cases corresponds to the illustrative one-
dimensional cases proposed in [4]. In these configurations, various
simple situations without flow are tested. The domain consists of 64
cells (with a cell size of 1.6 pm), with one or more blocks of two cells
being inoculated. The adaptive time step is limited by a truncation error
of 1 %o. The results are illustrated in Fig. 3.

For configuration 3a, the initial inoculum is located at the left
end of the domain, i.e. on a surface, and the nutrient is supplied by
pure diffusion from the right end of the domain. In configuration 3b,
the inoculum is placed at the center of the domain, and nutrients
are supplied exclusively from the right-hand side. Configuration 3c is
identical to the previous one, except that the nutrient supply is sym-
metrical, coming from both sides of the domain. Finally, configuration
3d illustrates the temporal evolution of two close but disjoint inoculum
under symmetrical nutrient supply.

The results obtained are fully comparable to the initial results [4],
although the numerical methods used are different.

Biofilm types

Still neglecting coupling with hydrodynamics, and as observed
by [4], we can evaluate the model’s ability to produce different types of
biofilm. For the cases illustrated in this section, the domain is formed of
128 x 64 x 64 cells (with a cell size of 1.89 pm). Nutrients are supplied
by the upper surface of the domain (by pure diffusion) and different
portions of the lower surface are inoculated (approx. 1% and 10%).
Inoculation is performed randomly (using inoculumGenerator), by
depositing several spots of biomass, each within a single computational
cell. Simulations are conducted until the biofilm phase reaches 30% of
the domain height the time step is limited to ensure a 1% truncation
error.

Fig. 4 reports two distinct biofilm types obtained by modifying the
model’s parameters, i.e. maximum biomass and nutrient concentration.

As observed in [4], when nutrients are limited (Figs. 4c, 4f), colonies
propagate horizontally with much greater difficulty, and colonies hardly
merge. On these hydrostatic configurations, we observe biofilm growth
patterns very similar to the original implementation, representing a
good basis for coupling with hydrodynamics.

3.2. Coupling with hydrodynamics

Two-dimensional configuration

To start with a relatively simple coupling case, we study the growth
of a biofilm between two surfaces (separated by a distance #). The
domain is formed of 512 x 64 cells, with a cell size of 1.89 pm (as for all
3D cases, in accordance with [4]). Both surfaces are inoculated in equal
proportions, nutrient concentration arrives from the left, and growth is
observed for different Reynolds numbers (here Re = pUj, 1.2/ 1). Fig. 5
shows the biofilm growth patterns after 4 days for different numbers of
Reynolds from 0.1 to 1, as macroscopic evaluations of biomass volumes
and permeabilities.

These simulations are carried out with the same inoculation con-
figuration. We observe that for Re < 1, the nutrient supply by the
fluid is not sufficient to allow uniform growth along the length and
colonies close to the inlet grow fastest. On the seven days of simulations
realized, only configurations with Re > 1 end up clogging the domain.
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Fig. 5. (a—d) Illustrations of biofilm growth after four days for the same inoculated
surface (close to 5%): (a) Re = 0.01, (b) Re = 0.1, (¢) Re = 1 and (d) Re = 10.
(e) Evolution of biomass and permeability. Dash-dotted lines represent permeability
without the biofilm phase (high) and permeability imposed in the phase (low).

Spheres configurations

In this configuration, a 200 pm diameter cylinder is filled with a
vertical array of spheres (20% smaller in diameter than the cylinder).
The flow is from the top surface, where the nutrient is at its higher
concentration. The two central spheres are contaminated (1% of their
surface). The figure shows the evolution of the biofilm development in
two flow regimes, after 2 and 5 days.

For 3D configurations, the Reynolds number is defined as Re =
pqd [uAe, where q is the flow rate, d is the grain diameter, A is the
cross-sectional area and ¢ is the porosity. At shorter times, as shown
in Figs. 6a, 6¢ the biofilm evolutions are relatively similar, but this is
no longer the case at longer times. As shown in the two-dimensional
case above, after five days, when the flow is low (here Re = 0.01), the
nutrient promotes biofilm growth on the first sphere (Fig. 6b). At higher
flow rates (Re = 1), growth is uniform on both spheres (Fig. 6d).

Spheres packing

This case is built from an open-source packing of equal hard
spheres [15]. A cylinder with a height of 500 voxels and a diameter
of 100 voxels is extracted from the provided 3D image. Spheres are 50
voxels in diameter. As before, the flow comes from the top surface, and
the inoculum is distributed over the surface of the spheres over 80% of
the total height.

As shown in Fig. 7, the biofilm grows steadily from the inocu-
lated regions, and by day six, the upper part of the medium is com-
pletely clogged. These observations are comparable to those obtained
experimentally [5,16,17].
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Fig. 6. Illustration of biofilm spreading on a sphere alignment for two flow regimes:
(a, b) Re =0.01 and (c, d) Re = 1. Instantaneous configurations after (a, ¢) 2 days and
(b, d) 5 days.

For this configuration, the mesh consists of 1.3 million cells. We use
2nd-order spatial and temporal discretization schemes, and the time
step is driven by a 1% truncation error. For reference, the computation
time on a desktop machine, with an Intel®Xeon®Gold 6430 processor
(32 physical cores), is just over 5 h CPU (579s physical) for the 6
physical days.

4. Impacts and conclusions

We have developed an open-source toolbox dedicated to the simu-
lation of biofilm growth coupled with the surrounding hydrodynamics
within the OpenFOAM framework. Currently, there is one available
biofilm model [4] implemented, and our implementation reproduces
the behavior observed in the original work. The presented cases of cou-
pling with hydrodynamics are primarily illustrative of the capabilities
of the tool and should be directly calibrated against experiments.

This tool is designed for both experienced OpenFOAM users, who
can easily use the tool and adapt it to their needs, and for novice
OpenFOAM users, who can refer to the associated documentation.

The novelty of the toolbox lies in its ability to couple biofilm growth
with the surrounding fluid dynamics, all within a single tool that
offers interesting parallel efficiency. This aspect makes it possible to
investigate bio-clogging phenomena, for example, in complex hetero-
geneous media [5,16,17]. Another possible further development of the
tool is related the complexity of the growth modeling. It is possible
to implement other models, taking advantage of existing ones to start
developments, and to look at more complex configurations with for
example several species [18], or in the presence of limiting factors [19],
or based on different physics [5].
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Appendix A. Details of biofilm model

In this appendix, we provide details on the diffusion coefficients
d;(m), the nutrient consumption rate f(c, m) and the biomass production
rate g(c, m) that appear in the biofilm growth model (1)-(2).

Whereas the diffusion coefficient d; appearing in the concentration
Eq. (1) is constant, the density-dependent diffusion coefficient, related
to biomass Eq. (2), is defined by

a
dy(m) = <;> m® (A1)
max — M
with ¢, ¢ and b non-dimensional parameters, and m,,,, the maximal
biomass density.

The nutrient consumption rate f(c,m) and the biomass production

rate g(c,m) are defined by
kycm

fe,m) = o +e (A.2)
gle,m) = k3(f(c,m) — ky m) (A.3)
where the parameters k; (with i =1, ...,4) are expressed as

Hm
kl = m + mg (A-4)

with y,, the specific growth rate, Yy ¢ the substrate growth yield factor
and m, the maintenance coefficient,

ky =K, (A.5)
with K, the Monod saturation constant,
Y,
ky= X5 (A.6)
mmax
and
ky =mgm,,,, (A7)

The biofilm model version implemented in the supplied code is
a dimensionless version, based on the dimensionless variables M =
m/my,, and C = c/c,, with ¢, the maximal nutrient concentration.
The numerical values of the different parameters are synthesized in
Appendix B.

Appendix B. Numerical values

This appendix reports the numerical values used for the various
parameters of the biofilm model. Many of these parameters are constant
for all the cases studied. For the others, we give the range of values
used. All the numerical values used are reported in Table B.2.
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Fig. 7. Evolution of the biofilm growth in spheres packing, at Re = 1 and for a random initial inoculation on 1%o of the solid surface. From left to right, snapshots every 24 h,
from one to six days.

Table B.2

Numerical values for biofilm model parameters.
Parameter Unit Value
d, m/s 1.6% 107
o 571 15% 1075
Yy - 0.045
K, kg/m? [1.5,3.5]x 1073
m, 571 3%107
M kg/m? [30,90]
< kg/m? [0.6,4] x 1073
M, - 0.8
€ - [0.1,1]x 107*
a - 4
b - 4
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