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ABSTRACT: A 3D Bioﬁlm model, appropriate for complex
porous media support structures, is successfully modiﬁed
such that non-zero permeability of bioﬁlms structures is
enabled. A systematic study is then conducted into the
inﬂuence of bioﬁlm permeability on overall biomass growth
rate. This reveals a signiﬁcant inﬂuence at large bioﬁlm
concentrations; even when the permeability of the biomass
is 1.25% of that of the free pore space, biomass accumulation
increased by a factor of 3 over 40 h. The effect is shown to
be retained when allowing for biomass detachment or
erosion as a consequence of adjacent velocity shear. We
conclude that bioﬁlm permeability should be included
in bioﬁlm models and that further experimental work is
required to better describe the link between bioﬁlm permeability and local microstructure.
Biotechnol. Bioeng. 2012;109: 1031–1042.
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Introduction
Bioﬁlms are microbial assemblies that typically form in
aqueous environments when microorganisms (e.g., bacteria) attach to an interface through van der Waals forces or
cell adhesion structures such as pili (Pratt and Kolter, 1998).
During growth, the cells comprising the bioﬁlm excrete
extracellular polymeric substances (EPS) whose primary
function is to increase the cohesive strength of the bioﬁlm
(Lappin-Scott and Costerton, 2003). The EPS mainly consist
of polysaccharides, proteins, and DNA, collectively forming
Correspondence to: M.L. Johns
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a slimy, gel-type layer (Flemming and Wingender, 2002).
Besides its ability to hold cells together, the EPS matrix
serves as a nutrient reservoir, protects the cells against
predator cells, detergents and antibiotics (in some cases
antibiotic resistance can be increased 1,000-fold compared
to planktonic (i.e., free-ﬂoating) bacteria of the same species
(Stewart and Costerton, 2001), and facilitates communication among cells through biochemical quorum sensing
signals (Fuqua et al., 1994).
Bioﬁlms have proven to be efﬁcient in the formation of
bio-barriers to control subsurface contamination plumes
(Kao et al., 2001). The main goal of the bioﬁlm in this
context is often to reduce the permeability of the subsurface
environment and hence effect containment of such plumes.
Compared to physical containment methods (e.g., sheet
piles) or chemical technology (e.g., permeable reactive walls)
bio-barriers often demonstrate increased lifetimes (Kim
et al., 2006), whilst also providing contaminant degradation
capability. Komlos et al. (2004), for example, extended
conventional bio-barrier applicability by creating a ﬁeldscale bio-barrier consisting of K. oxytoca (permeability
reduction) and B. cepacia (TCE degradation) bacteria that
not only controls TCE contaminant spread but also
biologically degraded it. To create bio-barriers, microorganisms are selectively injected into the subsurface or soil,
together with appropriate nutrients (Kim et al., 2006). Some
cells attach to the soil surface and consequently form
bioﬁlms. The injection of bacteria and nutrients into the
porous subsurface is probably the most crucial step in the
bio-barrier formation process. Shaw et al. (1985) demonstrated that this injection process often causes premature
clogging near the injection zone, limiting both bacterial and
nutrient transportation lengths. One way to circumvent this
problem is the use of starved cells (Macleod et al., 1988),
which can consequently be resuscitated (Cunningham et al.,
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2003). Cunningham et al. (2003) used this technique and
observed reductions in hydraulic conductivities larger than
99% for a 56 m biobarrier, which was maintained over a
2-year period with little supplemental nutrient provision.
An improved mechanistic understanding of bio-barrier
formation, and ultimately possibly a predictive capacity, will
require the development of appropriate bioﬁlm simulation
models that are compatible with the complex support
structure provided by porous media.
A signiﬁcant assumption in most existing bioﬁlm
simulation models is that bioﬁlm-occupied regions are
impermeable and that nutrient provision within the bioﬁlm
is purely as a result of diffusion. However, experimental
studies have demonstrated that bioﬁlm morphology is
often extremely heterogeneous and can contain voids (e.g.,
Flemming et al., 2000). As a result, bioﬁlms are not fully
impermeable and can contain a signiﬁcant amount of both
static and dynamic water (Flemming et al., 2000). In the
absence of bioﬁlm detachment, the effect of permeability is
only relevant when bioﬁlm growth is nutrient mass transfer
limited. Such conditions are prominent in subsurface
conditions (Kim and Fogler, 2000) and are very relevant
to bio-barrier scenarios where thick bioﬁlms are desirable
for permeability reduction.
We have developed a 3D bioﬁlm model applicable to
random porous media (Graf von der Schulenburg et al.,
2009) based on lattice Boltzmann (LB) simulation methods
for pore-scale hydrodynamics and solute diffusion in the
resultant ﬂow-ﬁeld. In Pintelon et al. (2009), we extended
this modeling platform to allow for a consideration of
bioﬁlm detachment in response to the adjacent velocity
shear ﬁeld and subsequently explored the most energyefﬁcient way of establishing and maintaining a bio-barrier.
Both of these publications however treated the bioﬁlm
regions as being impermeable. In the current article
we extend this bioﬁlm modeling platform to allow for
a permeable bioﬁlm, with different permeability being
possible for the free pore-space and bioﬁlm-occupied porespace of the porous medium, respectively. We proceed to
explore the effect of the relative magnitude of this bioﬁlm
permeability on bioﬁlm growth rate, both with and without
bioﬁlm detachment due to adjacent shear rates. In this
manner we hope to enable a decision on what conditions
require a consideration of bioﬁlm permeability in relevant
modeling platforms and help direct experimental efforts to
make this inclusion more realistic.

mb ¼ X  m

A variety of 2D and 3D bioﬁlm growth models have been
developed and reported in the literature [a relatively recent
overview is given by Wanner et al. (2006)]. These have
been successfully applied to a range of industrial scenarios
ranging from biofouling of reverse osmosis membranes
(Radu et al., 2010) to mineral ore bioleaching (OliveraNappa et al., 2010). In terms of their application to bio-
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(1)

with m the actual dynamic viscosity of the ﬂuid. When
X ¼ 1, the bioﬁlm is impermeable, whereas the case with
X ¼ 1 corresponds to a bioﬁlm that offers no additional
resistance to water ﬂow. Thullner and Baveye (2008) used
values of X ¼ 109 (tagged as impermeable bioﬁlm) and 103
(permeable bioﬁlm) in their simulation studies. Assuming
that the bioﬁlm structure is a porous medium, bioﬁlm
permeability, kbio, can be expressed using Darcy’s law:
u¼
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barriers, or more generally porous media, Clement et al.,
(1997) and Taylor et al. (2002) considered a bio-barrier
simulation model assuming homogeneous bioﬁlm growth
on soil particles. Resolving the pore space of the host porous
media, Vandevivere and Baveye (1992) ﬁrst proposed a onedimensional pore network model; a two-dimensional pore
network model was subsequently introduced by Thullner
et al. (2002). They both assumed that microbial colonies
preferably blocked pores of particular sizes, and that
biomass was impermeable to ﬂow. These models, and
most other bioﬁlm models reported in the literature assume
impermeable bioﬁlms, hence that nutrient transport occurs
through the bioﬁlm only by molecular diffusion.
Kapellos et al. (2007) included bioﬁlm permeability
within 2D bioﬁlm simulations using a closed analytical
solution to the creeping ﬂow of an incompressible,
Newtonian ﬂuid based on the effective medium (EM)
concept. In this EM method, heterogeneous bioﬁlm is
represented by a unit cell embedded in an effective porous
medium. The unit cell model distinguishes between
different constituents: (i) Biological cells (assumed to be
impermeable with smooth surface), (ii) hydrated(EPS) and
EPS ﬁbres, and (iii) aqueous solution not bound in the EPS
matrix. The effective permeability of the bioﬁlm is then
calculated from the analytical solution of creeping ﬂow for
each unit cell. This permeability value was then used in the
overall momentum balance which was solved numerically.
The resulting permeability distribution is thus a complex
function of geometrical and physicochemical properties.
Thullner and Baveye (2008) included ﬂow through
permeable bioﬁlms in their pore network model, assuming
that water has a different viscosity in the bioﬁlm than in the
open space; this approach was suggested by Dupin et al.
(2001a, b). More speciﬁcally, the assumption is that
the viscosity of the liquid phase ﬂowing through the
bioﬁlm, mb, is given by:

kbio rp
mL

(2)

where u is the ﬂuid ﬂow velocity through the bioﬁlm, L the
length of the bioﬁlm and 5p the pressure drop over the
bioﬁlm. The artiﬁcial effect of increasing viscosity is actually
to reduce permeability for an actual constant viscosity.
Using this approach Thullner and Baveye (2008) were able
to simulate comparatively larger reductions of the overall

hydraulic conductivity of the pore networks, similar to those
obtained in laboratory experiments and observed in ﬁeld
situations.

the model proposed by Flekkøy (1993) on a 3D 7 velocity
(D3Q7) lattice and solves the advection-diffusion-reaction
equation:
@Cs
þ u  rCs  Ds r2 Cs ¼ rs
@t

Model Description and Development
Because of the spatial heterogeneity of both bioﬁlms and the
support structure provided by typical porous media, 3D
modeling is very desirable. In the current work we utilize the
LB method to simulate both hydrodynamics and solute mass
transfer within a 3D porous media at the pore-scale. LB
methods have been shown to be able to accurately simulate
ﬂow and diffusion in complex geometries such as porous
media (e.g., Freund et al., 2003; Raabe, 2004; Zeiser et al.,
2001) and have been accurately validated using experimental
magnetic resonance imaging (MRI) data (e.g., Maier et al.,
1998; Manz et al., 1999; Sullivan et al., 2006).
The inclusion of bioﬁlm permeability into our bioﬁlm
modeling platform has the following implications:
(i) Nutrient supply to the biocells within the bioﬁlm is no
longer determined only by diffusion but also by
advection through the bioﬁlm gel, resulting in an
increase in bioﬁlm growth kinetics. This of course
assumes that the system is mass transfer limited.
(ii) Comparative shear stresses on the surface of bioﬁlms
decrease, resulting in less biomass detachment provided
appropriate bioﬁlm yield stresses are exceeded.

Existing Bioﬁlm Growth Model
The LB simulation method was used to solve the Navier–
Stokes continuity equations for the conservation of mass
(Eq. 3) and linear momentum (Eq. 4), which describe the
hydrodynamics through the porous medium.
ru¼0

(3)

@u
1
þ u  ru ¼  rp þ nr2 u;
@t
r

(4)

where u is the velocity vector, t is time, p is pressure, r is
density, and n is kinematic viscosity. The LB hydrodynamics
method was implemented in 3D using 19 velocity directions
(known as D3Q19) and using the multiple relaxation time
(MRT) LB variant (d’Humières et al., 2002). Compared to
the more conventional Bhatnagar–Gross–Krook (LBGK)
method, MRT presents superior numerical stability allowing
faster, more relevant, ﬂow rates to be simulated. To attain
an optimized stability of the LB model, optimal MRT
relaxation parameters as reported in Lallemand and Luo
(2000) were used, which were obtained through systematic
linear analysis of the generalized hydrodynamics of the
model. The mass transport LB method used here is based on

(5)

where Cs is the nutrient concentration, Ds is its diffusion
coefﬁcient, and rs is it local consumption rate. Bioﬁlm
growth is described using an individual-based bioﬁlm
growth model (IbM); this was developed by Picioreanu et al.
(2000) and Kreft et al. (1998). In this approach biocells
are not required to be discretized on the grid used by the
LB models. The IbM simulation is coupled to the LB
description of ﬂow and resultant nutrient concentration
ﬁelds. The local nutrient consumption rate, rN, is quantiﬁed
according to Monod kinetics (Beeftink et al., 1990):
rN ¼ qmax CX

CN
;
KN þ CN

(6)

where CX and CN are the local biomass and nutrient
concentrations, KN is the Monod half saturation coefﬁcient
and qmax is the maximum speciﬁc uptake rate. The growth
rate of biomass is then described by Equation 7, with YXN the
yield stoichiometric coefﬁcient of the nutrient.
dCX
¼ YXN rN
dt

(7)

Biomass growth results in a reduction of available pore
space for ﬂow and thus a revision of the LB simulated ﬂow
ﬁeld. Although the LB method is based on a discrete grid, the
individual-based bioﬁlm model uses continuous Cartesian
space in 3D to describe the different bioﬁlm proliferation
steps. The resultant simulation algorithm is shown in
Figure 1; more detailed discussion and explanation is
contained in Graf von der Schulenburg et al. (2009) and the
inclusion of shear induced bioﬁlm detachment using the
level set method is described in more detail in Pintelon et al.
(2009). The extent of biomass detachment (erosion) is
deﬁned by the detachment level set (DLS) parameter, which
deﬁnes the value of the level set front, w, until where biomass
is allowed to detach. This DLS value was given a physical
meaning by correlating it with the erosion velocity per unit
velocity shear stress adjacent to the bioﬁlm. We acknowledge
that this is a relatively simple approach relative to that
presented by Klapper et al. (2002) and Alpkvist and Klapper
(2007), who treat the bioﬁlm as a viscoelastic ﬂuids, future
work will focus on implementing this more rigorous
description of bioﬁlm strength. ‘‘Inoculation’’ of the
bacteria, at time 0, that adhere to the porous medium
and produce viable proliferating bioﬁlm colonies, is an
effectively random process dictated by numerous factors.
Here we simulate this adherence process using a directed
random walk (DRW) algorithm, further details are available
in Pintelon et al. (2010). Experimental validation of this
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gives the bioﬁlm apparent viscosity as:




1
1
1
1
kbio  A  Dp
tb 
nb  t 
;
¼
¼
nb ¼
3
2
3
2
rQL
(10)
nb > 1
with r the density of the ﬂuid. The kinematic viscosity of
ﬂuid streaming through the bioﬁlm, nb, is thus proportional
to nb. The ratio of the kinematic viscosities within the
bioﬁlm, nb, and the free bulk liquid, n, is given by:
nb mb tb  1=2 nb  t  1=2
¼
¼
¼
¼X
n
m
t  1=2
t  1=2

Figure 1.

with mb and m the respective dynamic viscosities and X is the
parameter in Equation 1 introduced by Thullner and Baveye
(2008). This pseudo-viscosity for ﬂow within the bioﬁlm
aggregate is set higher (nb > 1) than the normal water
viscosity to account for increased resistance to ﬂow within
the bioﬁlm-occupied region. The use of MRT LB as opposed
to SRT LB allows a broader range of X to be explored where
numerical stability is retained despite the sudden change in
apparent viscosity across the free pore space—bioﬁlmoccupied pore space interface.

Bioﬁlm growth algorithm used.

existing bioﬁlm modeling approach was also conducted in
Pintelon et al. (2010) via quantitative 3D comparison
with MRI images of biomass accumulation on membrane
systems.
Method Development—Inclusion of Bioﬁlm Permeability
d’Humières et al. (2002) demonstrated that the MRT LB
1
relaxation rates s1
9 and s13 determine the LB kinematic
viscosity, n, in the same way as the LBGK relaxation
parameter t in the Single Relaxation Time (SRT) LB
method:
n¼



1
1
t
3
2

(8)

In this work, we chose s9 and s13 to be equal to t1, hence
the kinematic viscosity, n, of the ﬂuid ﬂow simulated with
the MRT LB method also obeys Equation 8. Below, we
explain the inclusion of bioﬁlm permeability by manipulation of the LB relaxation parameter t. As t deﬁnes SRT
and MRT viscosity in the same way, the proposed method
extension is both valid for SRT and MRT LB. Within
bioﬁlm-occupied simulation lattice nodes, we deﬁne the LB
relaxation parameter for ﬂow, tb:
tb ¼ nb  t;

nb > 1

(9)

The parameter nb can be denoted as a bioﬁlm
impermeability factor. Combining Equations 2,8 and 9
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Simulations Performed
3D simulations were conducted on a 2,400  2,400 
2,400 mm3 porous domain discretized on a LB matrix of
120  120  120 nodes with an isotropic voxel resolution,
Dx, of 20 mm and a porosity of 0.5. The matrix including the
discretized distribution of solid and liquid in the porous
medium was obtained via MRI of a saturated random
packing of glass beads. The resulting 3D simulation lattice is
shown in Figure 2. The mean size of the spherical beads
in the simulation matrix was 400 mm. The constant inlet
z velocity (at z ¼ 0 mm) was set to 0.02 mm.s1 with a zero
pressure boundary deﬁned at the outlet. The nutrient inlet
concentration was set to 0.01 kg.m3, which corresponds to
the equilibrium concentration of oxygen in water at room
temperature and atmospheric pressure (Weiss, 1970), thus
oxygen was considered to be the rate-limiting nutrient
requirement in all simulations performed here. The
diffusion coefﬁcient of oxygen in free water and bioﬁlm
was set to 2.0  1010 m2.s1. Based on the DRW algorithm,
the geometry was inoculated with 29,298 bio-cells with an
initial cell mass of 1.0  1014 kg. The duration of each bioﬁlm simulation step was 1.5 h. The minimum and maximum
allowed cell masses were 5.0  1015 kg and 20.0  1015 kg
(corresponding to cell radii of 4.4 and 7.1 mm). The
maximum speciﬁc uptake rate, qmax, was set to 28 day1
and the Monod half saturation coefﬁcient, KN, to 5.0 
102 kg.m3 (see Eq. 6). The yield stoichiometric coefﬁcient,
YXN, of the nutrients was set to 0.5 kg.kg1 (see Eq. 7). These
kinetic parameters lie within the range of aerobic bioﬁlm

Figure 2. 3D Simulation Lattice. Flow and biomass accumulation occur in the
‘‘white’’ pore space.

growth conditions as reported by Gikas and Livingston
(1997); Hu et al. (2005); and Park and Lee (2005).
Simulations were conducted for X ¼ 3, 30, 80, and 1
(impermeable), respectively in the absence of shear-induced
bioﬁlm detachment. These were then repeated for bioﬁlm
detachment employing average erosion velocities per
unit shear, ue,w, of 1.7  109 and 3.5  109 m.s1.Pa1,
respectively. Table I presents a summary of the key
simulation parameters used.

Results and Discussion
Sample Results and Biomass Accumulation
Rates—No Bioﬁlm Detachment
Figure 3 shows the simulated z velocity ﬁeld at slice
z ¼ 600 mm after 27 h of bioﬁlm growth for the impermeable
bioﬁlm (X ¼ 1) and permeable bioﬁlms with X ¼ 80 and
X ¼ 3, in the absence of bioﬁlm detachment. These 2D slices
are extracted from the full 4D simulation data sets for
visualization purposes. In Figure 3(a), bioﬁlm accumulation

Table I.

is shown in green; in Figure 3(b) this color coding for
bioﬁlm is omitted to enable visibility of the full velocity
ﬁeld, including that within the bioﬁlm-occupied regions.
Several features are immediately evident: (i) Greater biomass
accumulation is evident with increasing bioﬁlm permeability; (ii) higher velocities are evident in bioﬁlm occupied
regions as permeability is increased (this is highlighted in the
white box); and (iii) larger velocities are generally evident
in the free pore space as permeability is reduced (this is
highlighted by the red box). (i) and (ii) are perhaps
intuitively obvious, (iii) results from the reduced effective
area for ﬂow in the less permeable cases exceeding the effect
of a reduced biomass growth rate and hence greater free
pore-space for ﬂow. Note that we are considering a constant
total volumetric ﬂowrate. Figure 4 shows the nutrient
concentration ﬁeld for the same z-slice as Figure 3, (a) again
indicates the location of bioﬁlm whilst (b) excludes the
color coding of bioﬁlm. As expected, nutrient concentration
within the bioﬁlm is higher as bioﬁlm permeability increases
(highlighted by the white boxes).
In Figure 5(a) we show the biomass accumulation
(mbio.V1
p ) within the lattice as a function of time as
extracted from the corresponding 4D data sets. Accumulation rates are virtually identical up to approximately 20 h
at which point signiﬁcant divergence is observed with a very
strong dependence on bioﬁlm permeability. This we believe
to be a result of the development of sufﬁciently thick
biomass colonies such that nutrient mass transfer limitations are effective; we explore this quantitatively below.
What is also obvious is that after 40 h, even a system
featuring a bioﬁlm permeability of 1/80 of that of the free
space presents a comparative increase in biomass by a factor
of 3.08. Figure 5(b) shows the ratio between liquid velocity
in the bioﬁlm, ubio, and bulk liquid velocity, ubulk, as a
function of biomass accumulation in the system. This ratio
increases with bioﬁlm permeability as expected, interestingly
for X ¼ 3, ubio slightly exceeds bulk liquid velocity, ubulk,
after signiﬁcant biofouling, suggesting that biomass accumulation is preferentially occurring in what were originally
fast ﬂowing regions, consistent with the effective activation
of mass transfer limitations. Figure 5(c) shows average
nutrient concentration within the bioﬁlm, CN, as a function
of biomass accumulation. Higher values are observed for
higher permeability bioﬁlms as expected. There is a distinct
difference with the impermeable bioﬁlm indicating the role
played by advection in nutrient provision to the bioﬁlm
internals.

Simulation parameters

Parameter
D
Initial cell mas
Bioﬁlm simulation step
Cell radii (min.)
Cell radii (max.)

Value
10

2 1

2.0  10 m .s
1.0  1014 kg
1.5 h
4.4 mm
7.1 mm

Parameter

Value

qmax
KN
YXN
X
ue,w

28 day1
5.0  102 kg.m3
0.5 kg.kg1
3, 30, 80, or 1 (impermeable)
1.7  109 or 3.5  109 m.s1.Pa1
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Figure 3.

z (superﬁcial ﬂow direction) velocity maps at slice z ¼ 600 mm (of a full 4D simulation) after 27 h of bioﬁlm growth for an impermeable bioﬁlm and permeable bioﬁlms
with X ¼ 80 and X ¼ 3. Biocells are shown in green (a) and were omitted in the second row of images (b) to visualize the ﬂow ﬁeld through the bioﬁlm. [Color ﬁgure can be seen in the
online version of this article, available at http://wileyonlinelibrary.com/bit]

Dimensionless Group Analysis
Nutrient mass transfer to the bioﬁlm regions is an interplay
of diffusion and advection through the bioﬁlm structure.
The relative importance of these two mechanisms can be
captured by the dimensionless Peclet number (Pe), which is
a measure for the ratio between advective and diffusive mass
transport:
Pe ¼

1036

uh
D

(12)
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with h the characteristic length (which we take in this work
to be the average bioﬁlm colony height), u the relevant
velocity, and D the relevant diffusion coefﬁcient. A
distinction can also be made between the internal and
external Pe numbers (Pei and Pee, respectively) depending
on whether ubio, the average ﬂuid velocity in the bioﬁlm,
or ubulk the average bulk ﬂuid velocity is used for u. A
substantial body of work in the context of mass transfer in
porous media, largely in the context of catalyst packings,
(e.g., Bijeljic et al., 2004; Sahraoui and Kaviany, 1994)
suggests that Pe numbers in excess of 10 would indicate

Figure 4. (a) Nutrient concentration at slice z ¼ 600 mm (of a full 4D simulation) after 27 h of bioﬁlm growth for an impermeable bioﬁlm and permeable bioﬁlms with X ¼ 80 and
X ¼ 3. (b) Cells were omitted to visualize in the second row of images to visualize the nutrient concentration ﬁeld within the bioﬁlms. [Color ﬁgure can be seen in the online version of
this article, available at http://wileyonlinelibrary.com/bit]
dominance by advection. In Figure 6(a) and (b) we plot Pei
and Pee as a function of biomass accumulation. In the case
of Pee is consistently in excess of 10 whilst Pei transitions
through 10 during the course of the simulation for all
permeable conditions considered [consistent with the
divergence observed in Fig. 5(a)]. This analysis can only
be considered semi-quantitative given the complex geometry and the different values used across the literature to
deﬁne L; however it does highlight the importance of
advection in our simulations and that perhaps Pei is a better
indication of this importance. It is acknowledged that Pei
would be very difﬁcult to determine experimentally.
In terms of the system being mass transfer limited, i.e., the
competition between nutrient mass transfer (advection and
diffusion) and nutrient consumption, is best captured by
the ﬁrst Damköhler number (Da), which represents the
ratio of nutrient consumption to advective supply. Again
we distinguish between internal and external Da numbers
(Dai and Dae, respectively):
CN
tr qmax  CN þK
N
Dai ¼ ¼
ubio
ta
h

ð13Þ

N
qmax  CNCþK
N
Dae ¼
ubulk
h

ð14Þ

with tr and ta the characteristic time scales for reaction and
advection, respectively, CN the average nutrient concentration
within the bioﬁlm, qmax the maximum speciﬁc uptake rate,
and KN the Monod half saturation coefﬁcient. For relatively
low Da numbers, i.e., when nutrient consumption rates are low
compared to nutrient provision, nutrients are almost homogeneously supplied to the different bioﬁlm colonies in the
system. For relatively large Da numbers, i.e., for high nutrient
consumption rates relative to nutrient provision, nutrient
supply becomes the limiting factor. Figure 6 shows (c) Dai
and (d) Dae numbers as a function of bioﬁlm accumulation.
These ﬁgures indicate that both deﬁnitions of Da increase
substantially with time for all simulation conditions consistent
with a system that is increasingly mass transfer limited.
Sample Results and Biomass Accumulation
Rates—With Bioﬁlm Detachment
Figure 7 illustrated how the mean shear stress on the bioﬁlm
surface evolves as a function of biomass accumulation
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paratively weaker bioﬁlm exhibits minimal biomass
accumulation (Fig. 8(b)) for all bioﬁlm permeabilities
considered. With respect to the comparatively stronger
bioﬁlm (Fig. 8(a)), biomass accumulation is clearly still a
strong function of bioﬁlm permeability.
In Figure 9 we show the biomass accumulation as a
function of time for all bioﬁlm permeabilities for this comparatively stronger bioﬁlm. Whilst overall biomass accumulation is signiﬁcantly reduced compared to Figure 5(a),
the dependency on bioﬁlm permeability is consistent.
After 40 h of bioﬁlm accumulation, for a bioﬁlm permeability of 1/80 of that of the free space presents a comparative
increase in biomass by a factor of 3.05 is observed; the
equivalent number in the absence of biomass detachment
was 3.08.

Inﬂuence of Bioﬁlm Permeability on Overall Porous
Medium Conductivity
The overall conductivity of the simulation cell (Fig. 2), k,
was determined given the imposed volumetric ﬂowrate,
the simulation determined pressure drop and Darcy’s law
(as presented in Equation 2). Figure 10 shows how this
overall conductivity varies as a function of time (normalized
by the initial permeability of the completely unfouled
simulation cell). What is immediately obvious is overall
conductivity reduction (due to biomass accumulation)
is a weak function of bioﬁlm permeability when there is
signiﬁcant difference in permeability between free pore
space and that in the bioﬁlm regions.

Conclusions

Figure 5. a: Temporal evolution of mbio.Vp1 (b): Ratio between mean liquid
velocity in the bioﬁlm, ubio, and mean bulk liquid velocity, ubulk, as a function of bioﬁlm
accumulation (c): Average nutrient concentration in the bioﬁlm, CN, as a function of
biomass accumulation. [Color ﬁgure can be seen in the online version of this article,
available at http://wileyonlinelibrary.com/bit]

during the course of the various simulations conducted. The
inﬂuence of bioﬁlm permeability is quite distinct. Figure 8
shows slice z ¼ 600 mm after 27 h of biofouling (corresponding thus to Figs. 3 and 4) when shear induced biomass
detachment is included in the simulation. Two bioﬁlms
of different cohesive strength were considered, respectively,
resulting in average erosion velocities per unit shear, ue,w, of
(a) 1.7  109 (strong bioﬁlm) and (b) 3.5  109 m.s1.Pa1
(weak bioﬁlm), respectively. It is clear that the com-

1038
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We have successfully incorporated bioﬁlm permeability into
a bioﬁlm growth model compatible with porous media
support structures. This revealed the importance of bioﬁlm
permeability in determining biomass accumulation rates
when sufﬁcient biomass accumulation had occurred to
enact mass transfer limitations in nutrient provision. This
effect was retained when biomass detachment was included
in the model. Inclusion of bioﬁlm permeability is likely to be
very relevant to simulations of bio-clogging events, such as is
the case in bio-barrier scenarios which feature signiﬁcant
biomass accumulation in order to reduce system hydraulic
conductivity. Bioﬁlm permeability can probably be safely
ignored in scenarios when thin bioﬁlms develop and mass
transfer-limitations are minimal.
Whilst our modeling study has identiﬁed the importance
of (even) very low bioﬁlm permeabilities on biomass
accumulation, clearly there are a number of necessary
assumptions in its formulation that make it more suitable
for trend predictions (as was the focus of the current work)
as opposed to exact scenario prediction. Certainly we
consider that future efforts should focus on experimentally
quantifying the relationship between local bioﬁlm

Figure 6. a: Pei, (b) Pee, (c) Dai, and (d) Dae as a function of biomass accumulation. [Color ﬁgure can be seen in the online version of this article, available at http://
wileyonlinelibrary.com/bit]

Figure 7.

Average shear stress, ti, at the interface between bioﬁlm and
bulk liquid for an impermeable bioﬁlm and permeable bioﬁlms with X ¼ 3, 30,
and 80. [Color ﬁgure can be seen in the online version of this article, available at
http://wileyonlinelibrary.com/bit]

microstructure and permeability, hence enabling a physical
and local value for X to be included in our model. This is
being attempted using magnetic resonance velocity (MRV)
measurements through bioﬁlm structures grown on various
support structures; however, it is a very challenging exercise
due to the inhomogeneity of the bioﬁlm structure and more
importantly the difﬁculty in simultaneously detecting ﬂow
in the bioﬁlm structures that is orders of magnitude lower
than that in the free pore space. MRV and its imaging
equivalent, MRI, will however present fairly course spatial
resolution. With respect to imaging heterogeneous bioﬁlm
microstructures we note the recent progress in the use of Xray Microtomography (XMT) in terms of providing high
resolution 3D images of bioﬁlm microstructure in complex
systems (Davit et al., 2011; Iltis et al., 2011). Collectively
such data could provide quantitative experimental evidence
of bioﬁlm permeability, provide the required relationship
between local bioﬁlm permeability and microstructure
and also provide excellent simulation lattices for model
validation.
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Figure 8. Shear stress ﬁelds and biofouling extent (shown in green) at slice z ¼ 600 mm (of a full 4D data set) after 27 h of bioﬁlm growth for an impermeable bioﬁlm
and permeable bioﬁlms with X ¼ 80 and X ¼ 3. Biomass was allowed to detach depending on adjacent shear stresses with average erosion velocities per unit shear stress, ue,w,
of (a) 1.7  109 (comparatively strong bioﬁlm) and (b) 3.5  109 m.s1.Pa1 (comparatively weak bioﬁlm). The suprﬁcial ﬂow direction (z) is pointed inwards to the plane. [Color
ﬁgure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/bit]

Figure 9.

Temporal evolution of bioﬁlm accumulation in the porous medium for
bioﬁlms of different permeability and average erosion velocities per unit shear stress,
9
ue,w, of 1.7  10 m.s1.Pa1. [Color ﬁgure can be seen in the online version of this
article, available at http://wileyonlinelibrary.com/bit]
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Figure 10.

Normalized overall system hydraulic conductivity permeability
versus time. [Color ﬁgure can be seen in the online version of this article, available
at http://wileyonlinelibrary.com/bit]
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