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ABSTRACT

This study integrates microfluidic experiments and mathematical modeling to study the impacts of
biofilms on flow in porous media and to explore approaches to simplify modeling permeability with
complicated biofilm geometries. E. coli biofilms were grown in a microfluidic channel packed with a sin-
gle layer of glass beads to reach three biofilm levels: low, intermediate, and high, with biofilm ratios (8;)
of 2.7%, 17.6%, and 55.2%, respectively. Two-dimensional biofilm structures and distributions in the porous
medium were modeled by digitizing confocal images and considering broad ranges of biofilm permeabil-
ity (kp) (from 10~ m? to 10-7 m?) and biofilm porosity (&,) (from 0.2 to 0.8). The overall permeability
of the porous medium (k), the flow pathways and the overall/local pressure gradients were found to be
highly dependent on B, and k, but were moderately impacted by ¢, when the biofilm levels were high
and intermediate with k,>10"1" m2. When biofilm structures are well developed, simplified biofilm ge-
ometries, such as uniform coating and symmetric contact filling, can provide reasonable approximations

of k.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Bacteria can deposit and grow in nature and in engineered
porous environments. After initial attachment to the surface of
porous media, bacteria can excrete extracellular polymeric sub-
stances (EPS) and develop biofilms in the presence of moisture and
nutrients. EPS play a significant role in the formation and structure
of biofilms while protecting cells from environmental stresses and
antimicrobial compounds (Benioug et al., 2017; Wang et al., 2019).
The presence and growth of biofilms can modify the physical and
chemical properties of porous media, such as surface roughness,
chemical composition, hydrophobicity, and surface charge (Liu and
Li, 2008; Redman et al., 2004; Walker et al., 2004). Moreover, the
growth of biofilms in pore spaces and on grain surfaces changes
the flow paths, pressure gradients, and flow velocities inside the
porous medium (Carrel et al.,, 2018a; Nivala et al., 2012). However,
it has been challenging to conduct controlled experiments and to
mathematically simulate how biofilm formation and growth influ-
ence the hydrodynamics in porous media.

Traditionally, biofilms have been modeled as an impermeable
domain in porous media. In such models, no water can enter
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biofilms, and contaminants can only enter biofilms via molecular
diffusion (Bottero et al., 2013; Eberl et al., 2000; Peszynska et al.,
2016; Pintelon et al., 2009; Taylor and Jaffé, 1990). Such a mod-
eling approach is based on the assumption that the permeabil-
ity of biofilms is similar to that of EPS, which are considered
to have negligible permeability (Billings et al, 2015). However,
some experimental studies, have demonstrated that the struc-
ture of biofilms is, in fact, very heterogeneous, with many pores
and channels present (Flemming et al., 2019; Radu et al., 2012;
Stoodley et al., 1994; Seymour et al., 2004), and the permeabil-
ity of biofilms is higher than that of EPS (Jafari et al., 2018;
Stoodley et al., 1994). A pioneering work (Seymour et al., 2004)
used magnetic resonance measurements to sample flow within
biofilms in porous media and provided evidence that the physi-
cal characteristics of biofilms, such as biofilm porosity and biofilm
permeability, can strongly affect the flow dynamics and trans-
port of solutes (Carrel et al., 2018; Davit et al, 2013). Another
study (Thullner and Baveye, 2008) showed that only when biofilms
were considered permeable could computer models reasonably
predict the reduction in hydraulic conductivity caused by biofilms.
Pintelon et al. (2012) conducted a systematic study on the influ-
ence of biofilm permeability on the overall biomass growth and
showed that non-zero biofilm permeability should be included in
all biofilm models. Deng et al. (2013) investigated the effect of
permeable biofilms on macroscale and microscale flow in porous
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media. They developed a model that predicted bulk permeability
based on biofilm permeability and the biofilm volume ratio, which
demonstrated a significant effect of biofilm permeability on shear
stress distribution.

To produce an accurate model, it is crucial to correctly ac-
count for the effects of biofilms on hydrodynamics in porous me-
dia. Previous studies that considered biofilms to be permeable are
mostly theoretical (Landa-Marban et al., 2020; Pintelon et al., 2012;
Qin and Hassanizadeh, 2015; Radu et al., 2012; Thullner and Bav-
eye, 2008). A few experimental works studied permeable biofilms
by imaging slices of bioclogged columns (Abbasi et al., 2018;
Deng et al., 2013). Such images may not accurately represent the
overall porous medium because only a small domain of the porous
medium can be imaged for the columns, and the porous struc-
ture is highly random at the column scale. As columns are some-
times referred to as ‘black boxes,’ correlating the hydrodynam-
ics of the pore space with biofilm distribution is very difficult
and often inaccurate in such systems. Recently, microfluidic chan-
nels have been widely used to study biofilms in porous systems
(Pousti et al., 2019; Subramanian et al., 2020) because they can
provide a unique platform to control liquid flow at a scale compa-
rable with typical biofilm dimensions in porous media. Although
microfluidic channels can be useful tools to explore the spatiotem-
poral properties of biofilms in porous media (Valiei et al., 2012),
most microfluidic-based biofilm studies have focused on qualitative
observations of channels without porous media (Gottschamel et al.,
2009; Kim et al., 2013; Mosier et al.,, 2012). Few works have
attempted to mathematically simulate the influence of biofilms
on the hydrodynamics in porous microfluidic channels based on
experimental observations (Aufrecht et al, 2019; Singh and OI-
son, 2012).

Complicated  biofilm  structures evolve  over time
(Ghanbari et al., 2016; Hung et al, 2013), making it challeng-
ing to model the ever-evolving biofilms. Various approaches
have been used to simplify the geometry of growing biofilms for
modeling of the flow and transport in biofilm-clogged porous
media (Ezeuko et al., 2011; Peszynska et al., 2016; Pintelon et al.,
2009). In modeling studies, it has been a common practice
to simplify biofilm geometries as a uniformly-coated layer on
porous media (Abbasi et al., 2018; Cunningham and Mendoza-
Sanchez, 2006). Some studies have proposed conceptual models
in which biofilms mainly fill in the gaps between porous medium
grains (Jaiswal et al., 2014; Vandevivere, 1995). These simpli-
fications can reduce the time needed for image analysis and
facilitate repeatability; however, these approaches are sometimes
questioned for accuracy (Boudarel et al., 2018). Little is known
about how different simplified biofilm geometries impact the
permeability of porous media with evolving biofilm structures.

The goal of this study is to utilize a microfluidic channel to
compare multiple approaches in modeling the impact of evolving
biofilms on the flow in porous media. We aim to answer the fol-
lowing research questions: (1) how does biofilm growth impact the
flow and overall permeability of porous media; (2) how do biofilm
properties affect the flow fields, pressure gradient, and permeabil-
ity of porous media; and (3) how well can simplified biofilm ge-
ometries pave the way in predicting the permeability of porous
media?

In the present study, E. coli biofilms were grown in a mi-
crofluidic channel that was densely packed with uniform glass
beads. Confocal microscope images were collected at three differ-
ent biofilm growth stages in the microfluidic channel, and digitized
images were used as inputs to simulate water flow in the biofilm-
covered porous medium. We estimated the overall permeability of
the biofilm-covered porous medium by solving the Navier-Stokes
equations for flow in the pore spaces and a Forchheimer-corrected
version of the Brinkman equation for flow inside biofilms. Biofilm
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properties, including biofilm porosity and biofilm permeability,
were altered to examine their effects on the overall permeability
of the porous medium. Finally, we evaluated two simplified models
of biofilm geometries (i.e., uniform coating and symmetric contact
filling) to pursue a possible abridged approach in modeling real
biofilm geometries.

2. Materials and methods
2.1. Microfluidic channel and pumping system

A p-slide I 0.6 Luer (ibidi GmbH, Martinsried/Munich, Ger-
many) microfluidic channel (length = 50 mm, width = 5 mm,
height = 0.6 mm) was packed with 0.5-0.6 mm diameter bar-
ium titanate solid glass microspheres (Cospheric, USA) with a high
density of 4.16 g/cm3. The p-slide 1 0.6 Luer microfluidic chan-
nels has a thin (180 pm) polymer coverslip bottom that has an
optical quality comparable to glass (refractive index of 1.52 and
Abbe number of 56) and is suitable for culture under flow and
high-resolution microscopy. A computer-controlled pump system
(ibidi GmbH, Martinsried/Munich, Germany) containing an ibidi air
pump, fluidic unit, and perfusion set (length 50 cm, ID 0.8 mm,
10 mL reservoirs) was used to create a unidirectional and contin-
uous medium flow. Fig. 1 illustrates the experimental setup. The
packed channel and perfusion set were autoclaved before the ex-
periments. After the removal of air bubbles, the flow rate and pres-
sure were set at 1 mL/min and 17.4 mbar, respectively, via the ibidi
PumpControl Software.

2.2. Biofilm cultivation

E. coli Strain K-12 MG1655 was used as the model bacteria in
this study. A volume of 0.9 mL bacterial stock was added to 150 mL
of autoclaved Luria-Bertani (LB) broth base solution and was then
placed on a shaker for 22 h at 23 °C to reach the late-log phase.
Then, the bacterial solution was pipetted into the packed channel
under a biosafety cabinet, and the channel was put aside for 12 h
to allow initial bacterial attachment. Next, the channel was con-
nected to the pumping system under the biosafety cabinet, and
10 mL of 1/8 strength, autoclaved LB broth was used as the model
flow in the microfluidic device under a unidirectional flow mode.

2.3. Experimental observations and image analysis

A Nikon A1R laser scanning confocal microscope (Nikon Corpo-
ration, Japan) was used to image the biofilms and porous medium
inside the microfluidic channel. The confocal microscope images
had 2343 x 2323 pixels with a resolution of 2.47 yum/pixel. More
information is provided in the supplementary materials about the
staining procedure and confocal laser scanning microscopy. In all
the preliminary tests (data not shown), the biofilm growth was ba-
sically following the same trend of evolving except in the 1 cm ad-
jacency of the inlet and outlet. Therefore, a 5 mm x 5.6 mm area
(noted by a red rectangle in Figure S1) was chosen as the constant
imaging frame for all further imaging sessions. This region of the
microfluidic device was selected to accommodate the specifics of
the microscopy method, avoid interference from the inlet/outlet of
the device and ensure a balanced biofilm distribution. The refer-
ence point used for each imaging calibration is also shown in Fig-
ure S1.

Based on preliminary tests (data not shown), 15, 36 and 61 h
of net feeding were required for biofilms to reach low, interme-
diate, and high levels in the channel, respectively. At these three
time points (hereafter, referred to as day 1, 2, and 3), the mi-
crofluidic channel was taken off the line. FM 1-43 (Invitrogen
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Pump .

Fig. 1. The experimental setup; an ibidi pump system is used to create a volume-controlled flow in the microfluidic channel packed with glass beads, which is later visualized

under a Nikon Ti2 confocal microscope.

Molecular Probes, USA), a lipophilic styryl dye with peak exci-
tation and emission wavelengths of 510 and 626 nm, was used
to stain the biofilms without affecting the viability of the cells
(Bahlmann et al., 2001; Dahal et al., 2018).

The raw ND2 confocal microscopy images were analyzed us-
ing FIJI (https://fiji.sc/), which is an open-source image process-
ing package based on Image] (1.52p, National Institutes of Health,
USA). AutoCAD 2019 software (Autodesk, USA) was used to edit
and prepare the geometry of the biofilm-covered porous medium
as DXF files for computational fluid dynamics models. Finally, the
porosity of the porous medium (¢) and the biofilm ratio (8;) were
estimated by the color thresholding feature of FIJI. ¢ was calcu-
lated as the percent ratio of the pore area to the total area, and 8,
was defined as the percent ratio of the area covered by biofilm to
the pore area.

2.4. Modeling

COMSOL Multiphysics 5.3a (COMSOL Inc., Sweden) was used
to model the flow in the channel. A free and porous media
flow (fp) interface was used to solve the Navier-Stokes equations
Egs. (1) and (2) in the fluid domain of the pores for a single-phase
incompressible steady-state flow:

p@Vyu= V.[-pl+u(Va+ (Vu))] 1)

Vu=0 (2)

where p is the density of the fluid (1000 kg/m3), u = [u, v]is the
velocity vector for 2D simulation in the free flow domain, p is the
dynamic viscosity of water (0.001 Pa.s), and p is the pressure.

In this work, biofilms were considered a porous medium, and
water flow through the biofilm domain was simulated simulta-
neously as the flow in the fluid domain of the pore space. The
Reynolds number in this study was estimated as 15, which is
higher than the upper limit of Darcy’s law. In the case of a bio-
clogged porous medium, the growth of biofilm results in an al-
teration in flow conditions in sporadically distributed locations,
and thus, a turbulent contribution of the resistance to flow must
be considered. The flow of water inside the biofilm domain was
therefore simulated using a Forchheimer-corrected version of the
Brinkman equation Eqs. (3) and (4):

%uf = V‘[—pl - %(VUf + (Vuf)T>] — Brug|ug]| (3)
V.Uf =0 (4)

where ¢, is the biofilm porosity, k; is the biofilm permeability
(m?2), up = [up, vf] is the Darcy flux vector, and S is the Forch-

heimer coefficient that is defined as Eq. (5):
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_ 0&Cs
Vo

where C; is the dimensionless friction coefficient and is calculated
by Eq. (6) as follows:

1.75
= (6)

\/ 1508b3

The Brinkman equation accounts for fast-moving fluids in
porous media with the kinetic potential from fluid velocity, pres-
sure, and gravity driving the flow, which often describes transitions
between slow flow in porous media that is governed by Darcy’s
law and fast flow in channels described by the Navier-Stokes equa-
tions. The Forchheimer equation amends the Brinkman equations
with forces opposed to the flow direction, i.e., the momentum sink,
which adds a correction for turbulent drag contributions. In COM-
SOL Multiphysics, this extra drag is applied as fy.

A constant flowrate boundary condition was applied to the in-
let of the domain, and a constant pressure boundary condition
was applied to the domain outlet. A no-slip boundary condition
was applied to the glass bead surfaces and walls of the channel.
A physics-controlled mesh sequence type with extra fine element
sizes discretized the entire computational domain into approxi-
mately 350,000 mesh elements. At the end of the simulation, the
average pressures of the inlet and outlet were calculated based on
the simulated pressure distribution. The difference between the in-
let and outlet average pressures was used to estimate the overall
permeability of the porous channel based on Darcy’s law (Eq. (7)):

(5)

1LQ
k=% Ap (7)
where k is the permeability of the porous medium (m?2), L is
the length between the inlet and outlet boundaries (m), Q is
the discharge through the porous medium (m3/s), and A is the
cross-sectional area (m2). In the simulations in this study, Q was
1.67 x 10~8 (m3/s) as set in the experiments by the pumping sys-
tem computer and L was 5.6 mm.

Biofilm properties, including k, and &, are critical parameters
to model water flow through the biofilm domain. Determining the
exact values of k;, and ¢}, is challenging due to the heterogeneity of
biofilm structures and technical limitations. A wide variety of val-
ues for k;, and &, have been reported in the literature. For instance,
(Picioreanu et al., 2018) considered values of 0.6 and 10~1> m? for
&p and ky, respectively. Deng et al. (2013) used a range of 0.6 to
0.9 for &), while changing the value of k;, from 10~15 to 0.5 x 10—°
m?. In this work, we also considered a wide range of &), (from 0.2
to 0.8) and k, (from 10~1> m? to 10~7 m?) values to evaluate how
these biofilm properties influence the flow and permeability.
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Due to the small size of the microfluidic channel and very low
range of pressure, measuring the physical pressure drop before and
after the microfluidic channel was impossible. However, the in-
trinsic permeability of the domain (k;) was estimated using the
Kozeny-Carman equation (Eq. (8)):

3d2
ki = 7@ 5
180(1 — @)
where d is the average diameter of the beads that is 0.5 mm.
With an average ¢ of 0.3 for the porous media, k; is estimated as
765 x 10~11 m2, Later in Section 3.1, Table 1, the estimated val-

ues of k; for each day is presented alongside the modeled k of the
porous domain without biofilms.

(8)

2.5. Simplified biofilm geometries

In this study, two geometry simplification approaches, namely,
“uniform coating” and “symmetric contact filling,” were evalu-
ated for their ability to approximate the equivalent permeability
of biofilm-covered porous media. The 8, values in the segmented
simplified models were set at the same level as those determined
experimentally from confocal images. After simplifying the biofilm
shapes and distribution, water flow in a porous medium with sim-
plified biofilm geometries was simulated using the same modeling
approach described above.

In the uniform coating approach, biofilms were distributed as a
uniform layer on each bead while maintaining the same S, value
obtained in the experiments on each day. For this purpose, the area
covered by biofilms was divided by the number of beads in each
image. The resulting value for each day was then used as a ref-
erence to manually create the outer layer on each bead based on
the size of that bead, which was then scaled up via AutoCAD by a
factor of 1.00687, 1.03871, and 1.14697 for day 1, day 2, and day 3
images, respectively. It should be noted that for day 1, the uniform
biofilm coating on the beads had a negligible thickness.

The symmetric contact filling approach assumes that the
biofilms are formed in contact areas of the porous medium that
are narrower and have higher local flowrates. Based on the porous
medium geometry, 0.035 mm was set as the threshold for the dis-
tance of beads in contact areas. The 8, on each day obtained from
the experiments was symmetrically distributed between the con-
tact areas in the porous medium that were closer than 0.035 mm.

3. Results and discussion
3.1. Experimental domain analysis

Fig. 2 presents the biofilm levels on days 1, 2, and 3 in the same
imaging area of the microfluidic channel. Figs. 2(a) and (b) show
the brightfield and fluorescence views, and Fig. 2(c) shows the final
digitized and segmented images obtained with AutoCAD and FIJI. It
should be noted that the flow direction was from right to left. As
shown in Fig. 2, the biofilm levels increased over the course of 3
days. In this study, biofilm attached to glass beads and biofilm in
the void space were not differentiated in the model and were as-
sumed to have the same permeability and porosity. Table 1 sum-
marizes the §, values and porous media characteristics analyzed
with FIJI, in addition to the values of k; from the Kozeny-Carman
equation and k of the modeled domain without biofilms. B, in-
creased from 2.7% on day 1 to 17.6% and 55.2% on day 2 and day
3, respectively, while the porosity of the system remained nearly
constant, with a less than 5% difference. Based on these values of
@, k; was estimated using the Kozeny-Carman equation. Interest-
ingly, the k values we got from modeling the domain in each day
without the presence of biofilm, are very close to the estimated
values of k; by the Kozeny-Carman equation as shown in Table 1.

Table 1

Porous medium characteristics.

k without biofilms (m?)

k; (Kozny-Carman)(m?)

Br (%)

2.7

@ (%)
30.8

Area covered by fluid (mm?2)

Area covered by the beads (mm?)  Area covered by biofilm (mm?)

Total area of the image (mm?)

Time

3.79E-11

8.47E-11

8.448
6.117

0.233

19.434
20.474
19.028

28.115
27.896
28.008

Day 1

1.23E-11

4.85E-11

17.6

26.6

1.305
4.961

Day 2
Day 3

4.71E-11

9.96E-11

55.2

32.1

4.020
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Day 1

5.6 mm
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Day 3

5.6 mm

Fig. 2. Images of the microfluidic channel under brightfield microscopy (a) and fluorescence microscopy (b); segmented images (c) based on the fluorescence images.

3.2. Modeling results

3.2.1. Simulated flow fields

Fig. 3 shows the field of flow velocity normalized by the max-
imum velocity of each simulation in the porous medium with dif-
ferent biofilm levels. The simulations were for three k; values of
10~° m2, 10-'2 m?2, and 10~ m?, while &; remained at 0.6. It
should be noted that the quantitative analysis of flow pathways is
beyond the scope of this paper. However, we show that the flow
paths at different growth stages depend on the biofilm properties.

When k, was 10715 m?2, the biofilm was nearly impermeable.
Because liquid hardly flowed through the thick biofilm structures,
it had to change flow pathways. When the kj value increased to
1012 m2, water could still not easily flow through the biofilm
structures, but the flow pathways changed. In contrast, when the
k, value was increased to 102 m?, biofilms nearly lost their re-
sistance to water penetration and showed a minimal effect on the
flow.

The impacts of biofilms on the flow paths in bioclogged porous
media have been discussed in the literature (Franklin et al.,
2019; Morales et al.,, 2010; Rubol et al., 2014). In this regard,
Bottero et al. (2013) investigated the dynamics of preferential flow
paths in porous media with development of biofilms. Their results
showed that under constant liquid flow at the inlet, a quasi-steady
state permeability was reached, and they concluded that shear
forces alone could lead to the formation of preferential flow paths
that maintain their location in time. Although they accounted

for attachment, growth, decay, lysis, and detachment of biofilms,
all their results concerning flow paths and solute transport were
based on assignment of a no-slip wall to biofilms in their model
based on a paper published in 1991 (Fowler and Robertson, 1991)
suggesting that the permeability of biofilms is in the range of 10-16
m? (i.e., impermeable). Our results demonstrate that the flow paths
at different growth stages clearly depend on the biofilm perme-
ability. Qin and Hassanizadeh (2015) reported that biofilm perme-
ability had a large impact on biofilm growth and flow pathways
when the biofilm level was high but had minimal impact at a low
biofilm level. Qin and Hassanizadeh (2015) used a pore-network
model in their simulation, which largely simplified the geometry in
pore spaces even though they assigned a non-zero permeability to
the biofilms. In our simulations, we observed significant impacts of
biofilm permeability on the flow pathways, even with a 8, of 2.7%
(i.e., day 1). The impact was intensified under higher biofilm cov-
erage (i.e., days 2 and 3). Moreover, our simulations incorporated
real biofilm geometries in the porous medium. Therefore, our ap-
proach is more sensitive for capturing the impact of biofilms on
flow pathways.

3.2.2. Pressure distribution

Fig. 4 depicts the local pressure gradient normalized by the
maximum pressure in each simulation with different biofilm lev-
els. The overall pressure difference in the 5 mm x 5.6 mm area
is presented in Figure S3. In all simulations, normalized pressure
was higher at the inlet (right) than at the outlet (left). The overall



S. Karimifard, X. Li, C. Elowsky et al.

Water Research 188 (2021) 116536

0 01 02

03 04 05

06 07 08 09 1

Fig. 3. The sensitivity of flow fields to the different k, values used in modeling via COMSOL Multiphysics for different biofilm levels (&, was kept constant at 0.6).

pressure gradient is higher on day 3 for all three k; values com-
pared to earlier days. On each day, the overall pressure gradient
is higher with lower k; values. These results are expected accord-
ing to Darcy’s law, and reflected by higher k on day 1 than the
other days, and higher k with higher k; values. Furthermore, lo-
cal pressure differences around and inside biofilms lead to changes
in shear stress that eventually could play a significant role in
biofilm detachment. In Fig. 4, a fixed area (designated with red)
is enlarged to illustrate local pressure differences under various
biofilm permeabilities. The areas were picked based on the amount
and the location of the biofilm to better illustrate how the lo-

cal pressure gradient in evolving biofilms is affected by B, and
kp.

Fig. 4 illustrates the pressure gradient on day 1 across a biofilm
structure that bridged two glass beads under different kj values.
When k;, was 10-1° m?, the nearly impermeable biofilm signifi-
cantly affected the local pressure in biofilm adjacencies. The pres-
sure dropped almost five times across the biofilm, and the pres-
sure gradient inside the biofilm was very high. When kj, was in-
creased to 10-'2 m?, the pressure dropped gradually inside the
biofilm structures. When the kj, value reached 10~ m?, the biofilm
showed a minimal effect on the pressure distribution. Interestingly,
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Fig. 4. The sensitivity of local pressure gradients to the different k, values used in modeling with COMSOL Multiphysics for different biofilm levels

(ep was kept constant at 0.6).

as the biofilm grew thicker on day 2 and day 3, the pressure in-
side the biofilm was more gradually attenuated than it was on day
1. These simulations explain why thinner biofilms that are bridg-
ing the particles in a porous medium in the early stages of biofilm
development are more susceptible to detachment due to abrupt al-
terations in local pressure and shear stress.

For all three days, the pressure drops in the designated areas
were clearly impacted by k;, values. On day 1 and day 2, when k;,
values decreased from 10~° m? to 101> m?, the pressure gradient

in the designated areas increased substantially. In day 3, large pres-
sure drops in the vicinity of biofilms was observed and the pres-
sure gradient increased when k;, decreased from 10~° m? to 10-12
m?; however, further decreasing the k; from 10~12 m? to 10~ 15 m?
did not significantly affect the normalized pressure drop and dis-
tribution. This is because the denser and more evenly distributed
biofilms present on day 3 had already clogged most pore spaces
and allowed very little water flow to permeate; thus, the further
decrease in the k;, value did not have a significant impact on wa-
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Fig. 5. The sensitivity of normalized k to k, and &, for different biofilm levels on
days 1, 2 and 3 of the modeled experiments.

ter flow. Our results suggest that §; and k;, are crucial parameters
to consider when predicting the behavior of biofilms, such as de-
tachment, in porous systems.

3.2.3. Impacts of biofilm properties on the overall porous medium
permeability

Fig. 5 illustrates the sensitivity of the overall permeability k to
biofilm permeability k, The very left points in all the graphs in
Fig. 5 represent nearly impermeable biofilms (k,=10"1> m?2), and
as kj, increases, the biofilm becomes more permeable. The highest
kp value of 10-7 m? indicates very permeable biofilms. For each
simulation, the final simulated values of k were normalized to the
k of the original porous medium without any biofilms.

As shown in Fig. 5, normalized k was very sensitive to changes
in k. For all three levels, the overall permeability was the smallest
when biofilms were impermeable. On day 1, when biofilms were
considered nearly impermeable (10-1> m?2), the normalized k value
was reduced to only half of the original k without the biofilm pres-
ence. On days 2 and 3, the normalized k value approached zero
when biofilms were defined as impermeable. As biofilm permeabil-
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ity increased, the overall permeability for all three biofilm ratios
also increased. As an example, the impacts of k;, on normalized
k are elaborated with a fixed ¢}, value of 0.6. In the lowest biofilm
level (day 1), normalized k was reduced from 0.98 to 0.49 when k;
decreased from 107 m? to 10> m2, respectively. On day 2 with
an intermediate biofilm level, for the fixed &, value of 0.6, normal-
ized k dropped from a maximum of 0.87 for a k;, of 10~7 m?2 to
a minimum of 0.0006 for a k, of 10~ m2, On day 3 with a high
biofilm level, the effect of B, in the pore space outweighed the ef-
fect of k;, because the porous medium was very clogged. Even for
the highly permeable biofilms with k;, values of 10-7 m?, the max-
imum normalized k value was only 0.65 for the fixed &), value of
0.6.

In this study, we showed that ¢, had a minimal effect on k
when biofilm levels were low in the system and when k, was
also low. Fig. 5 shows when the kj;, values were smaller than 10~ 11
m? changes in &, values in the range of 0.2 to 0.8 had a negli-
gible effect on normalized k in all three biofilm levels. However,
when the k;, values were higher than 10~!! m2, the effect of g
became obvious, especially on days 2 and 3. For instance, on day
2, with a k;, of 10~ m?2, the normalized k changed from 0.63 to
0.9 for gj, values of 0.2 and 0.8, respectively. Under the same con-
ditions, the difference became even greater on day 3, when nor-
malized k could be as low as 0.22 for an ¢}, of 0.2 and as high as
0.63 for an g, of 0.8. However, a previous study (Deng et al., 2013)
claimed that k is almost insensitive to ¢, and neglected the effect
of &5, in the development of a predictive equation for k. We believe
the discrepancy between our study and that work is due to differ-
ent modeling approaches, domain sizes, and ranges of k, and ¢
tested. That work (Deng et al., 2013) used the Brinkman equation
for the biofilm domain, while we used the Forchheimer-corrected
version of the Brinkman equation. Additionally, they sampled a
0.45 mm x 0.45 mm domain from a column study, while our sim-
ulation domain was 5 mm x 5.6 mm. Moreover, the ranges of kj
and ¢, were 1071 to 5 x 10~ m? and 0.6 to 0.9 in that study,
while in our study they were 10~15 to 10-7 m? and 0.2 to 0.9,
respectively. The effect of &, in our simulation can be explained
by Eq. (3). Decreasing k;, gradually drives the equation towards
Darcy’s law, in which ¢, is typically not a very sensitive parameter,
while with an increasing k;, the equation gradually moves towards
the steady-state form of the Navier-Stokes equations. Determining
the exact values of k, and ¢, are beyond the scope of this paper.
However, the sensitivity of flow to &, in porous media highly de-
pends on B; and k,. Depending on the experimental conditions,
biofilms may form structures with different porosities and perme-
abilities. The wide ranges and various combinations of k, and ¢
used in the present study, which resulted in significantly differ-
ent permeabilities, flow fields, and pressure distributions, illustrate
the importance of accurate determination of biofilm properties for
modeling the hydrodynamics of biofilm-covered porous media at
different stages.

We successfully generated a series of realistic 2D models of
porous media with evolving permeable biofilms based on confo-
cal images of continuous biofilm growth in porous media inside a
microfluidic channel. In most available theoretical studies, biofilms
are arbitrarily distributed in pore spaces or on grains, and small
modeling domains are typically used (Cunningham and Mendoza-
Sanchez, 2006; Qin and Hassanizadeh, 2015; Tang and Liu, 2017).
The use of digitized confocal images allowed us to consider ac-
tual biofilm geometries in simulating the flow and permeability
of porous media. Deng and co-workers (Deng et al., 2013) gener-
ated 2D models of biofilm-filled porous media based on confocal
images. However, their domain size was only 0.45 mm x 0.45 mm
with 1024 x 1024 pixels, and the domain contained 20 glass beads
(whole or partial) with a size of 0.1 — 0.15 mm diameter. In our
study, the domain size is 5 mm x 5.6 mm with 2343 x 2323 pix-
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Fig. 6. Simplified biofilm geometries and distribution via (a) uniform coating,
and (b) symmetric contact filling.

els and the domain has 93 glass beads with an average size of
0.5 mm.

Similar to the limitation of any other 2D models, our model
cannot simulate the impact of biofilm on flow in the vertical di-
mension. However, our images were based on MaxIP pictures that
included all biofilms in the entire vertical space of the channel,
such that the complexity of biofilm morphology in the vertical di-
rection was somewhat preserved throughout the whole domain.

3.3. Simplified biofilm geometries

Fig. 6 presents segmented images with simplified biofilm ge-
ometries (i.e., uniform coating and symmetric contact filling).
These images were compared with the digitized images of real
biofilms to ensure that 8, values were the same for all time points
under both simplification approaches.

Fig. 7 compares the normalized k, simulated using the simpli-
fied biofilm geometries, and modeled experiments in the full range
of k;, for four &, values. Additional simulation results based on the
simplified geometries for a full range of k, and &, are provided
in Figure S4. On day 1, with low biofilm levels in the system, the
uniform coating was so thin that the impacts of biofilm on k were
negligible. Therefore, the uniform coating method cannot be used
for low biofilm ratios. Fig. 7 also clearly indicates that the sym-
metric contact filling approach largely underestimated k for the full
range of k, and all four ¢, values, although the discrepancy seems
reduced at the higher k, and ¢, values. Based on this, the sym-
metric contact filling approach was not accurate in approximating
the actual experiments on day 1 and thus is not effective in exam-
ining low biofilm levels. The results for the intermediate biofilm
level on day 2 were very similar between the uniform coating and
the symmetric contact filling simplification scenarios. Both simpli-
fied geometries underestimated the normalized k over the range
of kj, for all four &, values The discrepancy was higher at lower ¢y,
values. When ¢, was as high as 0.8, the normalized k values es-
timated from these simplified geometries were approximately 90%
of the normalized k estimated from actual experiments.

For the high biofilm levels on day 3, estimations from both
simplified geometries significantly improved compared to those for

days 1 and 2. The symmetric contact filling approach slightly over-
estimated the normalized k values. The discrepancy seemed higher
at higher k, and lower ¢, values. For the highest k;, of 10~7 m?,
the absolute error of the symmetric contact filling approach was
0.11, 0.09, 0.07, and 0.04 for ¢}, values of 0.2, 0.4, 0.6, and 0.8, re-
spectively. On the other hand, the uniform coating method slightly
underestimated the normalized k values but with less discrepancy.
Similar to the symmetric contact filling approach, this method pro-
duced higher discrepancies at higher k;, and lower ¢, values. For
the highest k;, of 10-7 m2, the absolute error of the uniform coat-
ing approach was 0.04, 0.04, 0.04 and 0.02 for ¢, values of 0.2, 0.4,
0.6 and 0.8, respectively.

These data indicate that uniform coating and symmetric con-
tact filling, could provide a reasonable approximation of k when
the biofilm levels are high in porous media. With high biofilm lev-
els, the uniform coating method produced acceptable estimates for
all combinations of ¢, and kj values, and the symmetric contact
filling approach seemed to be more accurate when ¢, values were
higher. These findings also emphasize the importance of accurately
determining biofilm properties (such as &, and k) to simplify the
modeling and design of porous systems.

4. Conclusions

This study integrated lab experiments and mathematical mod-
eling to better understand the effects of biofilm formation, growth,
and properties on the hydrodynamics of porous media inside a mi-
crofluidic channel. Furthermore, we evaluated the possibility of us-
ing two simplified biofilm geometries (uniform coating and sym-
metric contact filling) to more effectively estimate the overall per-
meability of biofilm-clogged porous media. The main conclusions
of this study are summarized as follows:

o The presence, growth, and properties (k, and ¢;) of biofilms
clearly affect the flow fields and overall/local pressure gradi-
ents. The permeability of porous media is highly dependent on
kp,, although with high biofilm levels, the effect of 8, outweighs
the effect of kj. The effect of ¢, cannot be neglected in mod-
eling intermediate and high biofilm levels and becomes more
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obvious when the biofilm is considered to be more permeable
(kp>10"11 m?2),

Neither the uniform coating approach nor the symmetric con-
tact filling approach could predict the k accurately for the low
biofilm level on day 1 or the intermediate biofilm level on day
2, although the discrepancies decreased on day 2, especially
with higher ¢, values. However, both approaches provided im-
proved estimation of k for the high biofilm level on day 3. Thus,
simplifying the biofilm geometries by symmetric contact fill-
ing and uniform coating methods for permeability studies in
porous media can be implemented if the biofilm levels are high
in the system.

The results from the modeled experiments and simplified
biofilm geometries demonstrate the importance of accurate de-
termination of biofilm properties, such as k, and &, for perme-
ability modeling and design purposes.
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