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a b s t r a c t

Formation of biofilm within a porous matrix reduces the pore size and the total open space of the system,
altering the porosity and permeability of the medium. This change in the pore size distribution can be
quantified by expressing the porous structure with a proper geometrical model. A set of pertinent mul-
tispecies biofilm models is used to arrive at the dynamic biofilm thickness distribution. The obtained
results are utilized within a modified Kozeny–Carman framework to establish permeability and porosity
distribution during the biofilm formation. The biofilm thickness and the obtained permeability profile for
a special microorganism, Pseudomonas aeruginosa, are compared with available experimental data. The
potential reasons attributing to the differences between the numerical and experimental data are
discussed.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Biofilm can form in various environments on the condition that
a surface, nutrients and water are accessible. Studies show that the
principal mode of microbial existence in most natural and syn-
thetic environments is related to surface associated biofilms [1].
As such they are found in natural habitats like rivers and streams,
on the surface of plants, on teeth and oral epithelium and on the
mucosa of the digestive tract. Biofilm also exists in metal working
systems, the ship hulls and oil exploration platforms [2].

Biofilms can be useful or harmful depending on their area of
existence. They are quite helpful in bioremediation, microbial en-
hanced oil recovery and metal extraction; yet they can be damag-
ing in water pipes, heat exchangers, submarines and human
bodies. They are able to act as a barrier against antimicrobial com-
pounds, control interfacial processes, harbor pathogenic microor-
ganisms, consume pollutants and ease genetic material transport
[3]. Recently it has been noted that biofilms are engaged in about
65% of all human diseases [4]. In mining industry, methods are
developing for microbial enhanced leaching of metals from ores
and recovery of metals from solutions. Subsurface biofilms also of-
fer the potential for biotransformation of organic compounds; so
they could be used for treating contaminated groundwater sup-
plies [5].

Investigating the biofilm spatial distribution and composition of
microorganisms is necessary to understand different functions of
biofilms in different scenarios. Amongst different approaches to
study the biofilms, modeling is a necessary tool constituting the
ll rights reserved.
most pertinent aspect of research in this area [6]. Modeling enables
researchers to express and examine their hypotheses and analyze
the obtained experimental data.

Generally, there are two different approaches used in modeling
the biofilms. A more prevalent approach is to assume the biofilm as
a continuous layer. Another approach is based on considering it as
patchy aggregates that accumulate in pore throats. Some studies
show that biofilms are continuous for normalized surface loadings
greater than one, but appear to become discontinuous for values
less than about 0.25. For cases with sufficient nutrients, continuous
layer assumption better matches with reality. For the low-load
cases, it is important to distinguish between the continuous and
discontinuous biofilms in order to have a more precise prediction
for spatial distribution and permeability reduction [7]. It could be
assumed that a biofilm is composed of two different parts, i.e., base
and surface films. The base film components are packed and rather
continuous, while the surface film medium is more discontinuous
[8]. One of the very common discrete-stochastic methods used in
this field is Cellular Automata (CA), in which nutrient and biomass
are characterized by individual particles [9]. In this approach, the
biofilm is represented as a continuous layer and its properties pri-
marily change in a direction normal to the solid surface.

A number of investigations have been performed on estimating
the steady state thickness of biofilm [10–15]. In some of these
works [10,13,14], it is assumed that there is a minimum substrate
concentration that can support steady state thickness of biofilm
and below that certain amount; no steady state biofilm activity ex-
ists. Biofilm includes different phases such as liquid and solid.
Wanner and Gujer [16] developed a multicomponent but homoge-
neous model to predict biofilm growth. Later, they expanded their
model [8] to consider liquid and solid phases within the biofilm.
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Nomenclature

C concentration
d sphere diameter
D diffusion coefficient
k reaction rate constant for inactivation
K absolute permeability
L biofilm thickness
q number of contacts within a unit cell
M specific surface
r reaction term
u velocity
V bulk volume of a unit cell
Y biomass yield coefficient

Greek symbols
a arrangement packing factor
e porosity

g viscosity
k biomass detachment coefficient
l specific growth rate
l mean specific growth rate
l̂ maximum specific growth rate
n normalized coordinates
q density
r biomass exchange velocity between biofilm and bulk liquid

Subscripts
b biofilm
i microbial index
j nutrient index
m microbial phase
n nutrient phase
l liquid phase
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That model was modified to include the solid (particulate) phase
diffusive flux and the liquid (dissolved) phase advective flux. A
summary of the pertinent biofilm models studied in this work is gi-
ven in Table 1.

In this work, a set of biofilm models is utilized based on three
main processes that occur inside a film: consumption of nutrients,
nutrient transport and volume expansion of biomass. Our results
are compared with the available pertinent literature.

Biofilm growth in a porous medium and the subsequent reduc-
tion in permeability are important in a number of applications
such as water treatment, enhanced oil recovery, groundwater re-
charge and in situ bioremediation. The rate of biotransformation
is directly affected by the porous medium characteristics such
as permeability and pore velocity distribution [5]. As such, biofilm
control in porous media provides significant opportunities to im-
prove the performance of industrial and environmental processes
utilizing prescribed biofilm growth and distribution. An efficient
use of this phenomenon by engineers requires an understanding
of the relationship between the hydrodynamic properties of
porous medium and the temporal and spatial distribution of the
Table 1
Summary of pertinent biofilm models

Generalized governing equation oD
ot þr � j ¼ R

D ¼
D1
D2
D3

2
4

3
5 ¼ qmem

elCn

el

2
4

3
5 ¼ Microbial phase concentration

Nutrient phase concentration
Liquid phase porosity

2
4

3
5

j ¼
j11 þ j12
j21 þ j22 þ j23
j31 þ j32

2
4

3
5 ¼

emqmu� DmrðemqmÞ
�ð1� e1ÞuCn � e1DnrCn þ

PNm
m¼1

Dm
qm
rðemqmÞCn

uel þ
PNm

m¼1
Dm
qm
rðemqmÞ

2
64

3
75

Monod: l ¼ lmax
q

Ksþq Double Monod: l ¼ lmax
q1

Ks1þq1

q2
Ks2þq2

References D (array of variables) j (flux

Wanner and Gujer [16] D1
D2

� �
j11
j22

� �

[8,17,34,36,37] D1
D2

� �
j11
j21 þ

�

Wanner et al. [35]
D1
D2
D3

2
4

3
5 j11 þ

j21 þ
j31 þ

2
4

Rittman and McCarty [10] – [j22]

Rittmann and Manem [14] – j11
j22

� �
biofilm. In some of the formulations biofilm is considered as a
porous medium [8,17] and its properties are investigated at the
micro-scale level while in other models, flow in the external med-
ium is coupled with the biofilm equations [18,19] and the macro-
scale picture is also brought into the model.

Several studies have been focused on the critical role of a con-
tinuous biofilm growth on the porous matrix. Although it is gen-
erally understood that biofilm formation can reduce the
permeability of a medium, different explanations exist on how
this reduction happens. Investigations have been done on a wide
variety of porous media, including core samples from fields as
well as synthetic media (e.g., glass spheres). A large decline in
permeability (65–95%) has been observed for most cases as a re-
sult of biofilm growth [5]. One of the earliest works in this area
has been performed by Allison [20] who observed significant
reductions in the hydraulic conductivity of saturated porous med-
ia caused by microorganisms. Some studies [21–23,5] support the
concept of a continuous biofilm on a surface such as that of
grains. This approach was quantified and incorporated into a
transport model that achieved realistic explanations of experi-
) R (reaction terms) el (liquid porosity)

Double Monod –

j22

�
Double Monod constant & variable

j12
j22 þ j23
j32

3
5 Double Monod variable

Monod –

Monod –



Table 2
Summary of models I, II, III and IV

Generalized governing equation: oD
ot þr � j ¼ R

Models D j R

Model I em

Cn

� �
em u
�DrCn

� �
Double Monod

Model II em

elCn

� �
em u
�DrCn

� �
Double Monod

Model III em

elCn

� �
em u
uCn � DnrCn

� �
Double Monod

Model IV
em

elCn

el

2
4

3
5 em u

uCn � DnrCn

uel

2
4

3
5 Double Monod
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mental data carried out in columns packed with spheres having
0.12–1 mm diameters [18].

The other key factor in biofilm formation process is the type of
microorganism. Several experimental studies have been done on
the biofilm performance with different microbes.

One of the most common bacteria utilized in biofilm studies is
Pseudomonas aeruginosa (Pa) which has been investigated under
high substrate loading [17], competitive [1], unsteady [5], and stea-
dy state conditions [24]. This species seems to produce a mono-
layer of cells on the solid surface when others form segregated
colonies [25]. It should be noted that Pa is a major cause of cystic
fibrosis [28].

In Bakke et al.’s work [24] nutrient removal rate vs. specific
growth rate is investigated. Their data matches well with a steady
state mathematical model they had introduced for biofilm forma-
tion. In Stewart et al.’s work [1] competition between Pa and
Klebsiella pneumonia is studied. The spatial distribution for differ-
ent microorganisms is examined by fluorescent labeling. In these
works biofilm thickness was not established. As such, our results
are compared with two sets of experimental data given in
Cunningham et al. [5] and Wanner et al.’s work [17].

The purpose of this work is to assess the porosity and perme-
ability alterations in a porous medium during the biofilm forma-
tion. First, a set of multispecies biofilm models will be analyzed.
Different physical attributes that affect the biofilm thickness will
be investigated for one of these representative models. Next, the
dynamic biofilm thickness is applied to a porous network, which
is made of spheres with equal and non-equal diameters. Biofilm
affected permeability and porosity temporal distributions are
obtained from the described biofilm models. Finally, the pre-
sented models are examined for a certain type of bacteria,
Pseudomonas aeruginosa, and numerical and experimental data
are compared.

2. Governing equations

2.1. Microbial phase

Conservation of mass for microbes can be presented by

oqi

ot
þr � jm

i ¼ ri; i ¼ 1; . . . ;Nm ð1Þ

Let q = q(t,x) denote the density of microbial species at time t and
position x. Assuming that the bulk motion is dominant, the flux
can be presented as

jm
i ¼ qiu ð2Þ

Assuming that microbial species are incompressible and e = e(t,x) is
the volume fraction of species

qiðt; xÞ ¼ eiq�i 8x 2 ½0; L�; t P 0 ð3Þ

where q�i is taken constant for each microbe. Using Eqs. (2) and (3)
in Eq. (1) results in

oei

ot
þr � ðueiÞ ¼

1
q�i

riðCj; eiÞ; i ¼ 1; . . . ;Nm ð4Þ

where Cj is the nutrient concentration. The reaction term ri and the
average net growth rate �l are expressed as:

ri ¼ liqi ) �l ¼
XNm

i¼1

liei ð5Þ

where li is the net growth rate for a microbial species. Combining
Eqs. (4) and (5) results in

oei

ot
¼ ½li � �l�ei � u � ðreiÞ ð6Þ
2.2. Nutrient phase

Conservation of mass for nutrients, considering the diffusive
flux, can be represented by

oCj

ot
¼ rj þr � ðDjrCjÞ; j ¼ 1; . . . ;Nn ð7Þ
3. Microbial and nutrient set of equations

The total set of governing equations for the transport of mi-
crobes and nutrients can be presented as:

ð8Þ
3.1. Models I–IV

Based on the set of governing equations for microbial activi-
ties, four pertinent models are chosen. It is assumed in model I
that microbial species occupy the entire space of biofilm while
in models II–IV, liquid and solid phases exist within the film. Mi-
crobes and their products constitute the solid or particulate
phase and nutrients or dissolved components exist in liquid
phase inside the film. Model II includes the advective flux of par-
ticulate phase and diffusive flux of dissolved phase with the con-
stant initial liquid porosity. These models enable us to assess the
effect of physical attributes of the presence or absence of perti-
nent terms. Model III has the physical attributes of model II plus
an advective flux for the dissolved phase. Model IV’s difference
with model II is the inclusion of temporal liquid phase porosity.
The sensitivity of the results with respect to a change in initial
values of biofilm thickness and liquid porosity is also examined
for the case of Pa. Table 2 summarizes the governing equations
representing these biofilm models that are being investigated
in this work. It should be noted that models I to IV capture
the essential element and physical attributes of the models in
Table 1.
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3.2. n coordinate

It should be noted that at x = 0 and x = L (film interface with the
bulk fluid) the function ei = ei(t,x) which shows the spatial distribu-
tion of the microorganisms, is discontinuous. When the film grows
or shrinks, the discontinuity at x = L moves in space. To operate
within a fixed domain, a transformation from (x, t) to (n(x, t), t) is
introduced, where

nðx; tÞ ¼ x
LðtÞ ð9Þ

Along with the following boundary conditions

oei

on

����
n¼0
¼ 0 ð10Þ

oCj

on

����
n¼0
¼ 0 ð11Þ

Cj

��
n¼1 ¼ Cj;bulk ð12Þ
3.3. Mass boundary layer

As the source of nutrient in most biofilm systems is inside the
bulk fluid, biofilm activities are dependent on the transport of
nutrients through the interface of the biofilm and the bulk fluid.
The nutrient mass transfer into the biofilm is driven by the concen-
tration gradient of nutrient across the boundary layer. The nutrient
flux perpendicular to the biofilm surface is:

jn ¼ hmðCn;bulk � Cn;interfaceÞ ð13Þ

where hm is the mass transfer coefficient, Cn,bulk is the nutrient
concentration in the bulk fluid and Cn,interface is the nutrient con-
centration at the interface. Our simulation results show that the
mass transfer resistance in the biofilm boundary layer is extre-
mely low and Eq. (12), complete mixing, is an adequate
condition in our analysis. It should be noted that the initial
thickness of the biofilm and distribution of nutrients and
microbes are required to solve each set of governing equations
representing a given model.
Fig. 1. Comparison of biofilm thicknesses for model I various cases with Wanner
and Gujer [16].
4. Reaction terms and physical attributes

In this work, a mixture of microbes and nutrients are consid-
ered. Specifically, two microbes and three nutrients are analyzed.
Microbial species are assumed to be Heterotroph and Autotroph
and nutrients are organic Carbon, Ammonium and dissolved Oxy-
gen. A double Monod expression is used for the reaction terms.
The net growth rates of microbial species are:

l1¼ l̂1
C3

Ko1þC3

C1

Ks1þC1
�b1

C3

Ko1þC3
�k1 ðHeterotrophicÞ ð14Þ

l2¼ l̂2
C3

Ko2þC3

C2

Ks2þC2
�b2

C3

Ko2þC3
�k2 ðAutotrophicÞ ð15Þ

Rate of conversion for nutrients can be specified as:

r1 ¼ �
1

Y1
l̂1q�1e1

C3

Ko1 þ C3

C1

Ks1 þ C1

� �
ð16Þ

r2 ¼ �
1

Y2
l̂2q�2e2

C3

Ko2 þ C3

C2

Ks2 þ C2

� �
ð17Þ

r3 ¼ �
a1 � Y1

Y1
l̂1q�1e1

C3

Ko1 þ C3

C1

Ks1 þ C1

� �
� b1q�1e1

C3

Ko1 þ C3
ð18Þ

� a2 � Y2

Y2

� �
l̂2q�2e2

C3

Ko2 þ C3

C2

Ks2 þ C2
� b2q�2e2

C3

Ko2 þ C3
The biofilm expansion velocity is

u ¼ L
Z n

0
�ldn ð19Þ

where l̂1, l̂2, Ko1, Ko2, Ks1, Ks2, k1, k2, b1, b2, Y1, Y2 are empirically
determined constants taken from Wanner and Gujer [16]. In Eqs.
(14)–(18), C1, C2, C3 designate the concentration of nutrients (organ-
ic Carbon, Ammonium and dissolved Oxygen, respectively).

Utilizing upwind differencing, the set of equations given in (8)
are discretized. Nutrient concentrations are solved implicitly and
using these newly obtained concentrations; equations for micro-
bial species and biofilm thickness are updated. In what follows re-
sults from model I compared with those obtained by Wanner and
Gujer [16]. The physical cases considered in this work are:

Case 1 – unrestricted growth of biofilm
In this case it is assumed that there is no biofilm detachment
and nutrient concentrations in the bulk fluid remain constant.
Under these conditions the thickness of the biofilm increases
without restriction as can be seen in Fig. 1, the current results
match very well with those by Wanner and Gujer [16] under
several different conditions.
Case 2 – change in nutrient concentrations of bulk fluid
This case illustrates the effect of a sudden change in the nutrient
concentrations in the bulk fluid on the biofilm growth. As seen in
Fig. 1, a sudden cut off of one of the nutrients after 6 days shows
that at first the rate decreases substantially, but after a while the
other type of microbes which are not dependent on the removed
nutrient supply the biofilm growth and as such compensate the
cutting effect.
Case 3 – biofilm growth under shear stress
Compared with case 1, this case includes a continuous loss of
biomass due to shear stress. The loss of microorganisms is con-
tinuous and proportional to their respective species concentra-
tion at the interface of the biofilm (film–bulk interface). To
account for this shear stress the interface velocity is modified
by introduction of a damping factor r as utilized in the work of
Wanner and Gujer [16]. This modified interface velocity can be
represented by
ujn¼1 ¼ L
Z 1

0

�ldnþ r ð20Þ

r ¼ �kL2 ð21Þ

The parameter r is assumed to be proportional to L2. As seen in
Fig. 1, for this case, due to shear, biofilm growth is substantially de-
creased and may even temporarily become negative during rapid
population shifts. However after the passage of some time, as ex-
pected, the biofilm reaches a steady state value.



Fig. 2. Porosity ratio temporal distribution for biofilm growth under shear and
sloughing (starting on the 6th day).

Fig. 3. Permebility ratio temporal distribution for biofilm growth under shear and
sloughing (starting on the 6th day).
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Case 4 – biomass growth under sloughing
When critical conditions are reached, considerable portions of
biomass are assumed to suddenly slough off the film. This case
attempts to simulate the physical attributes of sloughing on the
6th day. Figs. 2 and 3 display typical characteristics of sloughing
for a case where critical conditions are assumed to be reached
at a certain point in time.
5. Geometrical model representation of a porous medium

In order to investigate the effect of biofilm formation the capil-
lary tube model is first adapted to represent the porous structure.
The starting point in capillary tube models is the Hagen–
Poisseule’s relationship for the steady flow through a single
straight circular capillary tube in the flow direction. Utilizing
Darcy’s law and average velocity from the capillary tube model,
an established relationship for permeability based on porous
medium characteristics was established by Kozeny [26] which
was later modified by Carman [27] as:
K ¼ c0
e3

M2 ð22Þ

where the specific surface, M, is:

M ¼ A
Vbulk

ð23Þ

where, A is interstitial surface area. Eq. (22) is called Kozeny equa-
tion and can be used to estimate the spherical network permeability
as well. In the spherical case, the empty spaces among the spheres
are the capillary tubes with non-circular cross-sections [29].

5.1. Homogenous porous matrix

Consider a network of spheres with equal diameters represent-
ing the porous structure. For such a porous matrix representation,
the bulk volume of the unit cell occupied by a sphere and subse-
quently its porosity and specific surface can be represented as
[30–33]

V ¼ a d3 ð24Þ

e ¼ V � Vsphere

V
¼ 1� p

6a

� �
ð25Þ

M ¼ A
Vbulk

¼ pd2

ad3 ¼
p
ad

ð26Þ

where a and d are the arrangement packing factor and the sphere
diameter, respectively.

5.2. Non-homogeneous porous matrix

In order to characterize a non-homogenous porous structure; a
network of spheres with different diameters can be considered. If a
cubic arrangement of spheres of diameter d includes a sphere of
diameter d0 in the center, porosity and specific surface are given
as [22]:

d0 ¼ ð
ffiffiffi
3
p
� 1Þd ð27Þ

e ¼ 1� p
6

1þ ð
ffiffiffi
3
p
� 1Þ3

h i
ð28Þ

M ¼ p
d

5� 2
ffiffiffi
3
p� �

ð29Þ
6. Biofilm growth

The discussed biofilm models are applied to the presented
network of spheres with equal and non-equal diameters. As
the biofilm thickness increases the volume of spheres increases
and the available interpore cross-sectional area decreases. The
volume of a coated sphere without any contact point can be
specified as:

Vb ¼
4p
3

d
2
þ L

� �3

ð30Þ

where, L is the biofilm thickness forming over the sphere surface.
Each sphere can have q contact points with the adjacent ones. This
is taken into account by deducting the volumes of q contact loca-
tions from the total coated sphere volume.

Vs
b ¼

4p
3

d
2
þ L

� �3

� q p
2
3

L3 þ L2ðd
2
Þ

� �
 �
ð31Þ

The bulk volume of a unit cell occupied by a sphere is given by Eq.
(24). For a unit cell configuration made up of one sphere in contact
with q other spheres, the porosity and the specific surface area can
be prescribed as [22]:



Fig. 4. Permebility ratio temporal distribution for homogenous and non-homoge-
nous porous matrix under sloughing conditions (starting on the 6th day).

Fig. 5. Porosity ratio temporal distribution for homogenous and non-homogenous
porous matrix under sloughing conditions (starting on the 6th day).

Fig. 6. Comparison of models’ biofilm thicknesses with experimental data.
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eb¼1�Vs
b

V
¼1�p

a
1
6
þ L

d
þ 2�q

2

� � L
d

� �2

þ 4
3
�2q

3

� �
L
d

� �3
 !

ð32Þ

Mb¼
p
ad
ð2�qÞ

2
2L
d

� �2

þð4�qÞ
2

2L
d

� �
þ1

" #
ð33Þ

For the non-homogenous case the biofilm affected porosity and per-
meability are presented as follows [22]:

eb ¼ 1� p â
2L
d

� �3

þ b̂
2L
d

� �2

þ ĉ
2L
d

� �
þ d̂

" #
ð34Þ

Mb ¼
p
d

ê
2L
d

� �2

þ f̂
2L
d

� �
þ ĝ

" #
ð35Þ

where â; b̂; ĉ; d̂; ê; f̂ ; ĝ are known constants. The biofilm affected per-
meability Kb is found by using eb and Mb in the Kozeny–Carman
relationship assuming the same c0 as in the original equation [22]

Kb ¼ c0
e3

b

M2
b

ð36Þ
After obtaining the transient biofilm growth, the transient perme-
ability and porosity distributions can be obtained from Eqs. (36),
(34) and (32). Effects of shear stress and sloughing on the perme-
ability and porosity distribution are shown in Figs. 2 and 3. In Figs.
4 and 5 the permeability profiles for biofilm formation over homog-
enous and non-homogenous porous structures are compared. As
seen in these figures, porosity and permeability reduction rates
are more pronounced for the non-homogenous case. The non-
homogenous model is a better presentation of a natural porous
medium, such as soil. However, in our comparisons with experi-
mental data for homogenous packed bed reactor the homogenous
model is utilized.

7. Comparison with experimental data

The results from the models presented in this work are com-
pared with the experimental data presented by Cunningham
et al. [5] and Wanner et al. [17] utilizing the Monod parameters gi-
ven in the latter work. It is assumed that biofilm forms over
spheres with diameters of 1 mm with a common microorganism
namely, Pseudomonas aeruginosa. Glucose is chosen as the limiting
nutrient. Comparisons with experimental results for biofilm thick-
ness are shown in Figs. 6–8. As seen in Fig. 6, model I overpredicts
the thickness of biofilm for later times. Models II, III and IV under
predict the experimental data of Cunningham et al. [5] for earlier
times while over predicting both set of experimental data for later
times. Biofilm thickness in all models, presented in Fig. 6, is almost
zero for the earlier times, which matches the data of Cunningham
et al. [5]. Model I is based on the assumption that microbes occupy
the entire biofilm space. However, models II, III and IV treat water
and microbial phases separately. These models may be considered
to be a closer representation of the real case where the biofilm it-
self is characterized as a porous medium consisting of particulate
or microbial phase as well as the dissolved nutrients, which are
within the liquid phase.

The sensitivity of the results with respect to initial liquid poros-
ity and biofilm thickness are shown in Figs. 7 and 8. As seen in
these figures, biofilm thickness changes with different initial
conditions are significant during the transient phase. It can be seen
that while the effect of different initial thicknesses during the tran-
sient phase is significant; at steady state the differences are sub-
stantially diminished. Further, we had established that there is
not much difference when adding nutrient’s advective flux (model
III) or taking the effect of liquid porosity change vs time into



Fig. 7. Comparison of model II predictions and experimental data for biofilm
thicknesses starting with different initial liquid porosities within the film.

Fig. 8. Comparison of model II predictions and experimental data for biofilm
thicknesses starting with different initial thicknesses of the film.

Fig. 9. Comparison of temporal distribution of permeability ratio for models I, II, III
and IV with experimental data [5] for Pseudomonas aeruginosa over the network of
spheres.
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account (model IV). However, the effect of different initial liquid
porosities is significant both at steady state as well as the transient
phase. These biofilm models are based on an unlimited growth
space for the biomass. When applying the models to a porous med-
ium, there is a limitation for available growth space. As such the
growth of biofilm is continued only until such time when it
encounters the next solid boundary. The obtained biofilm thick-
nesses from these two models are compared with two different
sets of experimental data presented by Cunningham et al. [5] and
Wanner et al. [17]. It should be noted that the models predictions
qualitatively match better with the experimental results of Cunn-
ingham et al. [5]. The sphere network model described earlier in
this work is applied along with dynamic thickness of biofilm to ob-
tain the porosity and permeability of the medium during the bio-
film formation. Numerical results for permeability are compared
with experimental data of Cunningham et al. [5] in Fig. 9. The de-
layed formation of the biofilm as seen in Fig. 6, compared to the
experimental results, impacts the temporal permeability predic-
tion curves. As seen in Fig. 9, due to a late biofilm formation for
Models II, III and IV the permeability profile displays a delayed
reduction trend compared with the experimental results while
Model I over predicts the reduction in permeability. It should be
noted that other than this shift in the start of the reduction, the
models prediction and experimental curves display a similar trend
for permeability.

8. Conclusions

Biofilm formation has been investigated based on four models,
which capture the main physical attributes of different pertinent
works in the literature. The effect of different initial liquid porosities
and thicknesses of the biofilm on the results are investigated. It is
shown that initial conditions have a significant effect on the tran-
sient phase of the biofilm growth. Our results also indicate the
advective flux of nutrients do not have a substantial effect on the
biofilm growth. The obtained dynamic biofilm thickness from these
models is applied to a network of spheres representing the porous
medium, resulting in the porosity and permeability of the porous
structure during the biofilm formation. The results from the biofilm
models are compared with experimental data for a very common
type of bacteria namely, Pseudomonas aeruginosa. The experimental
data from Cunningham et al. [5] display a better qualitative agree-
ment with our results. The models presented in this work properly
account for both the macro- and micro-scales of the biofilm growth.
These aspects are absent in prior models in this area.
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