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Abstract: A two-dimensional model for quantitative
evaluation of the effect of convective and diffusive sub-
strate transport on biofilm heterogeneity was developed.
The model includes flow computation around the irregu-
lar biofilm surface, substrate mass transfer by convec-
tion and diffusion, biomass growth, and biomass spread-
ing. It was found that in the absence of detachment, bio-
film heterogeneity is mainly determined by internal mass
transfer rate of substrates and by the initial percentage of
carrier-surface colonization. Model predictions show that
biofilm structures with highly irregular surface develop
in the mass transfer-limited regime. As the nutrient avail-
ability increases, there is a gradual shift toward compact
and smooth biofilms. A smaller fraction of colonized car-
rier surface leads to a patchy biofilm. Biofilm surface ir-
regularity and deep vertical channels are, in this case,
caused by the inability of the colonies to spread over the
whole substratum surface. The maximum substrate flux
to the biofilm was greatly influenced by both internal and
external mass transfer rates, but not affected by the in-
oculation density. In general, results of the present model
were similar to those obtained by a simple diffusion–
reaction–growth model. © 2000 John Wiley & Sons, Inc. Bio-
technol Bioeng 69: 504–515, 2000.
Keywords: biofilm; mathematical model; two-dimen-
sional; flow; convection; diffusion; reaction; growth; rough-
ness; irregular geometry; lattice Boltzmann

INTRODUCTION

Experimental research has shown that biofilms develop in a
multitude of patterns (Gjaltema et al., 1994; Kugaprasatham
et al., 1992). Traditionally, development of biofilms was
seen as the formation of a layered structure growing from
the substratum up. The use of one-dimensional biofilm
models (for example, Rittmann and Manem, 1992; Wanner
and Gujer, 1986) strengthened this view. All the property
gradients (like those of substrate concentration, biomass

density, porosity, etc.) in these models are one-dimensional,
varying only in the direction from the bulk liquid to the
carrier surface. There is, however, significant spatial vari-
ability in biofilm density, porosity, surface shape, microbial
activity, and distribution in clusters (de Beer et al., 1994; de
Beer and Stoodley, 1995; Gjaltema et al., 1994). Bishop and
Rittmann (1996) suggest that while one-dimensional models
can be adequate for description alone, multidimensional
modeling may be required for prediction of biofilm hetero-
geneity. In a model that predicts biofilm structural proper-
ties as surface shape, porosity, pore and channel sizes, these
same properties are not only the output of the model but
they determine also, as time elapses, the place where bound-
ary conditions are applied.

Modeling the structural development of a biofilm is a
challenge because of the complex interaction between many
processes. The biofilm development is determined by “posi-
tive” processes, like cell attachment, cell division, and poly-
mer production, which lead to biofilm-volume expansion,
and “negative” processes, like cell detachment and cell
death, which contribute to biofilm shrinking. By changing
the balance between these opposing processes, biofilms
with different structural properties like porosity, compact-
ness, or surface roughness can be formed, as it was hypoth-
esized by van Loosdrecht et al. (1995) and experimentally
shown by Kugaprasatham et al. (1992) and Kwok et al.
(1998).

Biofilm expansion is mainly due to bacterial growth and
production of extracellular polymers. Nutrients necessary
for bacterial growth are dissolved in the liquid flow and
reach the cells by passing first through the mass transfer-
boundary layer (external mass transfer) and then through the
biofilm matrix (internal mass transfer). The external mass
transfer resistance is given by the thickness of the concen-
tration boundary layer (CBL), which is directly correlated to
the hydrodynamic boundary layer (HBL) resulting from the
flow pattern over the biofilm surface. On one hand, the fluid
flow drives the biofilm growth by regulating the concentra-
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tion of substrates and products at the liquid–solid interface.
On the other hand, the flow shears the biofilm surface,
eroding the biofilm structural protuberances. While the flow
changes the biofilm surface, the interaction is reciprocal
because a new biofilm shape leads to a different place of
boundary condition, thus different flow and concentration
fields. This further leads to the concept of temporal hetero-
geneity: The biofilm is a dynamic structure evolving in
non-steady-state conditions.

For a biofilm model capable of full description of the
three-dimensional heterogeneity, it is of importance that the
model can easily cope with a large variation in time con-
stants and with a continuously changing liquid–biofilm ir-
regular boundary. With this in mind, we started to develop
a quantitative model based on a discrete algorithm (a cel-
lular automaton approach; Picioreanu, 1996). Similar ap-
proaches have been independently reported by Wimpenny
and Colasanti (1997) and Hermanowicz (1998, 1999). Al-
though these later models generate biofilms with qualitative
features somehow resembling observed biofilms, these
models work in a completely abstract time and space. There
is no direct link between model parameters and real values
of some widely accepted parameters as diffusivities, reac-
tion rate constants, etc. Moreover, we found that for some of
the processes a traditional differential approach is not only
computationally but also conceptually more advantageous,
which led to a combined discrete-differential model for the
formation of biofilms (Picioreanu et al., 1998a,b). This
model described in a quantitative way formation of 2-D and
3-D biofilm spatial heterogeneity due to diffusion–reaction–
growth processes, by a combination of differential equa-
tions and cellular automata approaches. However, biofilm
development was simulated in the absence of convective-
mass flux.

Besides diffusion, convection is important for the overall
mass transport toward the biofilm. Experiments by de Beer
and Stoodley (1995) have shown that the concentration
boundary layer can be parallel to the substratum (at low-
flow velocity) but can also follow the biofilm shape (at
higher flow velocity). The first case is analogous to our
previous model of biofilm formation (Picioreanu et al.,
1998b). However, to model the later case requires calcula-
tion of the flow pattern around the biofilm surface. Model-
ing fluid flow will also eventually give the possibility of
modeling detachment due to liquid shear stress (Picioreanu
et al., 1999). Recently, we (Picioreanu et al., 2000) de-
scribed the influence of convective transport on substrate
conversion in geometrically heterogeneous biofilm struc-
tures. A first effort to explain biofilm heterogeneity with a
2-D model including hydrodynamic processes, substrate
transport by diffusion and convection, biomass growth and
spreading is reported in Picioreanu et al. (1999). The present
study provides a detailed description of the model. The
model is used to systematically investigate the role of fluid
flow, internal and external nutrient mass transport and in-
oculum distribution on development of the biofilm struc-
ture.

MODEL FORMULATION

Physical Description

The final goal is to build a model that can generate aquan-
titative description of the relationship between biofilm geo-
metrical heterogeneity and different environmental condi-
tions. In Picioreanu et al. (1998b) substrate diffusion, con-
version and biomass growth were considered and the model
presented there already produced a large range of biofilm
morphologies. The biofilm formation was studied there only
in hydrostatic conditions, where diffusion is the only mass
transport mechanism. However, it is recognized that the
hydrodynamic conditions have a decisive influence on the
biofilm development (Characklis et al., 1982; Kugapra-
satham et al., 1992; Picologlou et al., 1980). The model
described in this article therefore includes: (1) liquid flow
around the biofilm, (2) substrate mass transport by diffusion
and convection in the liquid phase and by diffusion only in
the biofilm-gel matrix (3) substrate conversion and biomass
growth, and (4) biomass spreading based on cellular au-
tomata.

Biofilm detachment due to liquid-shear stress or due to
sloughing represents another influence on biofilm structure,
which is counteracting growth. In this stage of biofilm mod-
eling this process is however neglected, because of lack of
enough quantitative knowledge of mechanical properties
and of local detachment mechanisms in biofilms. The bio-
film is considered a rigid structure. Therefore, vibration of
filaments, causing perturbations of the liquid-flow pattern
and possibly increased mass transfer, is not taken into ac-
count.

There is a multitude of interesting biofilm systems within
flowing system that can be modeled. Some of these systems
are considered more representative, while others only
scarcely occur in nature. Nevertheless, regarding hydrody-
namics, three important aspects must be defined from the
beginning: the geometry of the model system, the geometry
of the substratum, and how the fluid flow is generated. In
this study, we focused on one of the simplest cases: biofilm
development on planar surfaces. The physical system is
analogous with a standard parallel-plate flow cell (e.g., De
Beer et al., 1994). The liquid medium, carrying nutrients,
flows in laminar conditions through a narrow duct between
two parallel plates. The flow is generated by pressure gra-
dients. Without biofilm deposited on the plates, a fully de-
veloped Poiseuille (pressure-driven) flow would lead to
purely axial velocity (inx direction), with variation only in
the lateral coordinates (y direction). Thus, a fully-developed
parabolic-velocity profile defines the inlet boundary condi-
tion. At the outlet, constant pressure and zero-gradient of
velocity in axial direction are set. It is reasonable to assume
an axi-symmetric system geometry, with equal biofilm for-
mation on both top and bottom plates. This means that only
half of the flow duct needs to be modeled, which obviously
saves computational time and memory requirement. Conse-
quently, a symmetry condition at the top boundary was set
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both for flow variables and for substrate concentration. The
bottom plate and the biofilm surface are considered no-slip
walls. The two-dimensional reduction of the modeled sys-
tem assumes that no gradients of any kind occur in the third
(z) direction. This means that both the plates and the biofilm
grown on them extend infinitely inz-direction. The para-
bolic-velocity profile imposed in inlet was kept constant in
time. This is equivalent to sending a constant liquid-flow
rate through the channel. Due to biofilm growth, the hy-
draulic cross-section will decrease in time. Consequently,
the mean fluid velocity in the region covered with biofilms
will increase with an increasing biofilm thickness.

Mathematical Description

The computational domainV is discretized into a uniform
grid of rectangular computational cells (Fig. 1). A grid cell
is either occupied by solids (i.e., contains biomass or carrier
in the subdomainV2) or by liquid (i.e., in the subdomain
V1) as it was proposed in Picioreanu et al. (1998a) and Eberl
et al. (1999). Biomass density in each grid element,
cX(t,x,y), follows from a biomass growth equation:

dcX

dt
= rX~cS,cX! (1)

whererX is the growth rate (kg m−3s−1) andcS is the local
substrate concentration (kg m−3). By assuming only one
limiting substrate (oxygen in our case), the rates of biomass
formation,rX, and of substrate consumption in the biofilm,
rS, were calculated in the present study according to the
kinetic model suggested by Beeftink et al. (1990):

rX = YXS~rS − mScX! (2)

rS = Smm

YXS
+ mSDcX

cS

KS + cS
(3)

wheremm is the maximum biomass growth rate (s−1), YXS is
the yield of biomass on oxygen (kg biomass kg−1 substrate),
mS a maintenance coefficient (s−1) andKS is the saturation
constant for substrate (kg m−3). The same kinetic model was
used also in Picioreanu et al. (1998a, 1998b).

When the biomass density in a grid cell reaches a certain
maximum value,cXm, it will be partly redistributed to a
neighbor cell, according to a set of local rules. In the fol-
lowing, we will call this discrete process thebiomass
spreading step,which uses a cellular automata description.
Because little is known about preferential directions of bac-
terial division (hypothetically driven, for instance, by con-
centration or by pressure gradients), we preferred to keep
these rules as simple as possible. An appropriate set of
discrete rules, in which the newly formed biomass is redis-
tributed in the neighboring space with no preferential direc-
tion, has been used in this work as formulated in Picioreanu
et al. (1998a).

The substrate distribution in space,cS(x,y), necessary in
the calculation of biomass growth rate, must be calculated
from a mass-balance equation, set up in the whole compu-
tational domain. In steady state, theconvection-diffusion-
reaction mass balanceis:

u ? =cS 4 DS=2cS + rS(cS,cX) (4)

whereu is the vector of liquid velocity (m s−1), DS is the
diffusion coefficient of substrate (m2s−1), rS is the rate of
substrate consumption (kg m−3s−1), cS andcX are the con-
centrations of substrate and biomass, respectively,= is the
divergence operator and=2 is the Laplacian operator with
respect to the spatial coordinatesx and y. In the liquid
compartment,V1, the reaction term is zero (no suspended
biomass present). In the solid compartment,V2, the con-
vective term vanishes (zero liquid velocity). Boundary con-
ditions associated with equation (4) are:

cS~0,y! = cS0 in inlet, aty ∈ @0,LY# (4a)

cS

x
~LX,y! = 0 in outlet, aty ∈ @0,LY# (4b)

cS

y
~x,y! = 0 on the top and bottom boundaries,

atx ∈ @0,LX#, y = 0, y = LY (4c)

The steady-state field of velocity,u 4 (uX,uY), used to
support the convective transport of substrate is given by the
incompressible Navier-Stokes equations in laminar regime:

u ? =u = −
1

r
=p + n=2u and = ? u = 0 (5)

whereu is the vector of liquid velocity,p is the pressure,r
is the liquid density andn is the liquid kinematic viscosity.
Two-dimensional Navier-Stokes equations are solved in the
domainV1 with boundary conditions:Figure 1. Model system definition.
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uX = uY = 0 on biofilm−liquid interface (5a)

uX~0,y! = uX,max ? ~2y/LY − y2/LY
2!; uY~0,y! = 0

in inlet, aty ∈ @0,LY# (5b)

uX

x
~LX,y! = 0; uY~LX,y! = 0 in outlet, aty ∈ @0,LY#

(5c)

uX

y
~x,LY! = 0; uY~x,LY! 4 0 on the top boundary,

atx ∈ @0,LX# (5d)

Solution of equations (5) will be referred later as thehy-
drodynamic step.

Model Solution

Time Scales

Processes in biofilms occur at very different time scales.
One major problem we encountered was how to accommo-
date in the same biofilm model all the fast and slow physi-
cal, chemical, and biological processes. The solution comes
from a time-scale analysis. The order of magnitude of the
characteristic times for convective and molecular transport,
biomass growth, biomass decay and detachment can be eas-
ily calculated by writing the model Equations (1)–(5) in a
nondimensional form. By assuming, for example, a biofilm
characteristic length ofL 4 0.5 mm, diffusion coefficients
in the rangeDS 4 5 ? 10−9 − 10−10 m2 ? s−1, liquid kine-
matic viscosityn 4 10−6 − 10−7 m2 ? s−1, dissolved oxygen
concentrationcS 4 0.1–10 g? m−3, biomass concentration
in the biofilm cX 4 10–100 kg? m−3, oxygen specific con-
sumption rateqS 4 0.1–1 kgS ? kgX

−1 ? h−1, biomass
specific growth rate ofm 4 0.01–0.2 h−1, biomass specific
decay ratekd 4 0.1–1 day−1, detachment ratekdet4 0.001–
0.1 h−1 and a fluid mean velocityux 4 0.001–0.1 m? s−1,
the resulting characteristic times are shown in Figure 2.

It can be seen from Figure 2 that processes that change

the biofilm volume (biomass growth, decay, and detach-
ment) are all much slower than processes involved in sub-
strate-mass balance (diffusion, convection, and reaction).
Also, momentum transport (by convection or viscous dissi-
pation) is much faster than the slowest step (i.e., diffusion)
of substrate transfer. Usually, we are interested in the bio-
film evolution during a few weeks of reactor operation. If
the dynamic (nonsteady-state) balance equations for mo-
mentum, mass, and biomass growth were all solved with the
smallest time-step, given in this case by the momentum
equations, the computational effort needed to obtain the
solution of substrate and biomass balances would be far too
large. To achieve a realistic calculation speed, the natural
time-scale separation in biofilm systems is very useful.
Hence, we work at three time scales: (1) growth, in the order
of hours or days, (2) mass transport of solutes, in the order
of minutes, and (3) hydrodynamic processes, in the order of
seconds. In other words, while solving the mass-balance
equation, the flow pattern can be considered at pseudo-
equilibrium for a given biofilm shape, and at the same time
the biomass growth, decay, and detachment are in frozen
state.

Algorithm

The above considerations lead to the next strategy in fol-
lowing the biofilm development in time (Fig. 3):

1. A hydrodynamic stepis performed each time the biofilm-
liquid interface is modified. Momentum transfer and
continuity Equations (5) are solved to find the flow-field
variables: pressurep, velocitiesu, and the normal and
tangential stressest acting on the biofilm surface. This
step is needed each time when the geometry of the sys-
tem has changed, for instance by growth (a positive de-
velopment) or detachment (negative development).

2. The calculated flow velocities,u, are used in solving the
convective–diffusive mass transferof soluble compo-
nents (substrates, products), including also thetransfor-
mation processes[Eq. (4)]. The mass-balance equation is
solved toward a pseudo-steady state concentration of
substrate,cS. The substrate concentration at its turn will
be used in the biomass growth kinetic equation. Both the
Navier-Stokes equations and mass balance of substrate
were solved in a dimenionless form by using a lattice
Boltzmann algorithm (Chen et al., 1995; Chen et al.,
1997; Picioreanu, 2000; Ponce Dawson et al., 1993).

3. The new biomass contentof each grid element,cX, is
calculated by using Equation (2) including the substrate
concentration at steady state calculated before. Typical
time steps used in solving the growth process were be-
tweenDtg 4 1,000 s for fast-growing biofilms to 10,000
s for slow-growing biofilms.

4. As biomass is growing, it has to be redistributed in space
according to discrete (cellular automata) rules as used
before in Picioreanu et al. (1998a, 1998b). The biomass
content in the grid element in which it has grown above

Figure 2. Characteristic times for some processes occurring in biofilms.
(1) Processes in momentum balance, (2) processes in substrate mass bal-
ance, (3) processes in the biomass balance. In the present model only
growth and decay of biomass are considered.
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the maximum biomass density,cXm, is split into two
equal parts. Then, empty grid elements are occupied by
pushing the neighbors to reach the free space.Biomass
spreadinggenerates the biofilm structure. On the other
hand, this structure determines the further development
of the biofilm by changing the flow behavior and the
nutrients/products transport. After the biofilm volume
expanded, the flow boundaries change and a new hydro-
dynamic step (step 1) is necessary. If biomass density did
not exceedcXm in any grid element, the mass balance
(step 2) is solved using the same flow field.

By exploiting the natural time-scale separation in bioflms,
the step by which the whole algorithm advances in time is
the one necessary for the slowest process, namely growth,
Dtg. The loop through steps 1–4 is repeated a few hundred
times to simulate the biofilm life of a few weeks. The whole
process is at the moment computationally expensive be-
cause each time when the loop is executed both the flow and
the concentration fields must be close to the steady state.
Typically, the lattice Boltzmann algorithm we use to relax
the flow field requires for a stable operation time steps,Dth,
in the order of 10−5–10−6 s, while for mass transferDtm 4
10−3–10−4 s is adopted. Tens of thousands relaxation steps
are therefore required. Using as start values in each relax-

ation step the values from the previous steady state, the flow
field usually relaxed in less than 0.01 s, while the concen-
tration field approaches the new steady state in less than 5
s. Practically, the time-scale separation of flow, mass trans-
fer, and growth processes is complete. The algorithm per-
formance is a trade-off between imposed accuracy and
speed. Speed can be considerably increased by: (1) increas-
ing the time-step for growth if the biomass is less active, (2)
incomplete relaxation of mass and momentum transfer
equations, (3) performing the flow calculations only when
the biofilm surface geometry has significantly changed, (4)
using other numerical algorithms more efficient than lattice
Boltzmann, and (5) parallelization of the computer code.
The actual version of the model code was run on 8 or on 16
processors from a Cray T3E parallel machine with 128 pro-
cessors at 400 MHz, at TU Delft. Typical runs take about
one day of computations.

Model Parameters

The distance between the parallel plates was 1 mm, hence,
the height of the computational domain wasLY 4 500mm,
with a lengthLX 4 2000mm. Biomass inoculum was ran-
domly distributed only betweenx 4 400 andx 4 1600mm
to allow biomass spreading without exceeding the bound-
aries. Most of the biofilm kinetic parameters used (Table I),
were taken from Picioreanu et al. (1998b); they correspond
to growth of nitrifying biofilms. The growth-limiting sub-
strate is dissolved oxygen.

Three factors that might influence the geometrical het-
erogeneity of biofilms were investigated: (1) internal sub-
strate-transport limitation, (2) external resistance to mass
transfer, and (3) the fraction of carrier surface initially cov-
ered with biomass. The ratio (maximum biomass growth
rate)/(maximum internal transport rate of substrate), was
proposed in Picioreanu et al. (1998b) as a factor determining
the biofilm heterogeneity. The growth ratio,G, is calculated
as G 4 (L2

YmmcXm)/(DScS0). By setting the inlet dissolved
oxygen concentration tocS0 4 0.4, 4, 8, and 20 mg/L,G is
taken as 562, 56, 28, and 11.

The intensity of substrate transport from the bulk liquid to
the biofilm surface is characterized by mass transfer coef-
ficients. Together with the surface shape, the flow regime
determines the thickness of the boundary layer in which the
external resistance to mass transport is mostly concentrated.
The maximum inlet velocity,uX,max, was 1 and 0.125 cm/s,
which gives mean flow velocities in the channel,u0 4 0.67
and 0.08 cm/s, respectively. The corresponding Reynolds
numbers,Re,based on the empty channel width and mean
velocity were 6.7 and 0.8, respectively. The flow rate at
which the liquid is driven through the channel is constant in
time, unless otherwise specified.

Simulations at differentReandcS0 were performed start-
ing with the same inoculum distribution on the bottom plate.
However, the number of grid elements initially inoculated
with biomass,n0, was also varied wheren0 4 15, 30, 60,
and 120. This inoculation corresponds to an initial surface-

Figure 3. The general algorithm used to combine hydrodynamics, mass
transport, biomass growth, and biomass spreading processes. The initial
state of field variables characteristic of a process (symbolized by the pic-
tures in the left side) is relaxed iteratively to a pseudo-steady state (pictures
at the right side). Then, the next slower process takes place. When the
biofilm geometry has changed, the whole cycle is repeated.
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grid coverage,s0, equal 5%, 10%, 20%, and 40%, respec-
tively. Because in the mathematical model each inoculated
grid volume gets a random initial concentration of biomass,
between 0.2 and 0.9 from the maximumcXm allowed, the
physical surface coverage is, in fact, significantly smaller
than the values ofs0 shown above.

Biofilm Measures

To quantify the simulated biofilm structure, measures like
biofilm area enlargement (a), coefficient of surface rough-
ness (s), compactness (j), porosity (e) and maximum bio-
film thickness (d) were used as defined in Picioreanu et al.
(1998b). An additional parameter presented, the surface-
grid coverages, is the fraction of carrier surface covered
with grid cells containing biomass. The overall flux of oxy-
gen per carrier area (FS,C, g O2 m−2

carriers
−1) was calculated

by numerical integration of the substrate conversion rate in
the biofilm volume:

FS,C ≈
~Dx!2

LX
(

~x,y!∈Vb

rS~cS~x,y!! (6)

whereDx is the grid-step size.
To avoid, as much as possible, perturbations in biofilm

statistical measures due to the rapid growth rate near the
entrance, all structural and functional biofilm measures
were calculated only betweenx 4 500 andx 4 1600mm.

RESULTS AND DISCUSSION

Biofilm Development in Time

The evolution of two simulated biofilms in time is presented
in Figure 4a–d, for a transport-limited case (high metabolic
rates,G 4 562, s0 4 5%, andRe 4 6.7), and in Figure
4e–h for a microbial growth-limited regime (low metabolic
rates,G 4 11, s0 4 5%, andRe4 0.8). At the beginning,
when there is enough substrate in the environment (i.e.,
there is no important nutrient limitation), the biofilm grows

in hemispherical colonies. Due to the nutrient availability,
biomass equally expands in all directions (Fig. 4a, 4e, and
4f). We could call this growth regimeisotropic biofilm ex-
pansion.

As the film gets thicker, two situations can occur. If there
is still no substrate limitation (i.e., lowG) or the colonies are
close enough to each other (i.e., dense initial colonization, at
high s0), then the separate clusters will merge into a con-
tinuous microbial film (Fig. 4g and 4h). Eventually, the
whole carrier surface will be covered (Figs. 4h and 7a).

The other possible scenario is when the nutrient is de-
pleted in the biofilm depth. In this case, there is almost no
flux of substrate to the cells situated in the “valleys.” Be-
cause only microbes in the top regions are active, dividing
and creating new biomass, biofilm growth becomes unidi-
rectional. Colonies grow as “fingers” or “filaments” toward
the liquid bulk. In general, for uniformly distributed bio-
mass on the carrier the preferential growth direction is per-
pendicular to the carrier surface. Colonies without competi-
tors in the neighborhood, however, can expand in any di-
rection where substrate is available. This is valid especially
for the colonies situated near to the substrate entrance (see
Fig. 4d). Therefore, biofilm structural measures were cal-
culated only fromx 4 500 mm until x 4 1600mm.

Figure 5 presents biofilm geometry together with the dis-
tribution of substrate concentration, resulting from twelve
simulations at variableG, Re,ands0. The same as shown in
Figure 4d, Figure 5a, 5d, 5g, and 5j show examples of
branched colonies formed near the substrate inlet. Figures 6
and 7 show biofilm geometrical characteristics coefficient
of roughness,s, compactness,j, area enlargement,a, sur-
face-grid coverage,s, porosity,e, and the substrate flux per
carrier areaFS,C, as functions of achieved biofilm maxi-
mum thickness,d. The achieved biofilm thickness was cho-
sen as abscissa instead of time, due to the very different time
scales at which biofilms develop in different conditions. For
instance, atG 4 562 ands0 4 10% the 150mm thickness
was reached in 88 days, while atG 4 11 ands0 4 40% the
same thickness was obtained in only 4 days (see Fig. 6e).

Table I. Model parameters.

Model parameter Symbol
Parameter

value Units

Physical system dimensions LX × LY 2000 × 500 mm
Computational-grid dimensions NX × NY 512 × 129 grid nodes
Bulk oxygen concentration cS0 0.4 ? 10−3, 4 ? 10−3, 8 ? 10−3 and 20? 10−3 kgS m−3

Oxygen saturation constant KS 3.5 ? 10−4 kgS m−3

Oxygen diffusion coefficient DS 2.3 ? 10−9 m2 s−1

Liquid kinematic viscosity n 10−6 m2 s−1

Liquid density r 1000 kg m−3

Maximum velocity in inlet flow uX,max 10−2 and 1.25? 10−3 m s−1

Number of grid elements inoculated with biomass n0 15, 30, 60 and 120 —
Maximum biofilm biomass density cXm 30 kgX m−3

Biomass yield on substrate YXS 0.045 kgX kgS
−1

Maintenance coefficient mS 3 ? 10−5 kgS kgX
−1 s−1

Biomass maximum specific growth rate mm 1.5 ? 10−5 s−1
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Roughness

In the kinetic-limited regime (G 4 11), smooth biofilms are
generally obtained. After the initial voids between colonies
are filled with biomass, roughness gradually decreases, ap-
proaching almost asymptotically values less thans < 0.1
(Fig. 6a and 6d). At low velocity (uX,max4 0.00125 m/s,Re
4 0.8) and low inoculation however, insufficient substrate
was supplied and the resulted structure showed deep pores.
In the transport-limited regime (G 4 562), very rough bio-
films formed, regardless of the inoculation density. Even for
s0 4 40%, after covering all carrier surface (Fig. 7a), com-
petition between colonies generated a strong irregularity of
biofilm surface (Fig. 6d). At intermediateG 4 56, the
inoculation density played an important role. One might
obtain either smooth (Figs. 6d and 5k) or rough (Figs. 6d
and 5h) structures.

Porosity

While roughness measures the biofilm surface deviation
from a mean thickness, porosity indicates a volumetric ir-
regularity of biofilm structure. Variation of porosity in time
(Fig. 7b) is similar to that of roughness. Starting with values
close to 1 (sparse distribution of inoculum cells) porosity
initially decreases in the isotropic expansion period, to ap-
proach later a quasi-steady-state in the transport-limited pe-
riod.

Compactness

This measure is a special kind ofshape factor,widely used
in image analysis. Basically, it shows a trend that is opposite
to biofilm porosity (Fig. 6b and 6e).

Area Enlargement

It is a measure of biofilm-surface irregularity. After the
isotropic growth period, area enlargement soon approaches
a constant and small value (a 4 1–1.5) in the growth-
limited regime (G 4 11). At higherG, area enlargementa
will show an almost linear increase (Fig. 6c and 6f), corre-
sponding to the appearance of filamentous structures. The
linear increase ofa with the biofilm thickness is explained
by the fact that “finger-like” colonies grow only in a vertical
direction, forming only a new lateral area. It is important to
mention that this lateral areacannotsignificantly participate
to mass transfer (Picioreanu et al., 2000), unless, for ex-
ample, filament oscillation enhances the turbulent transport
of substrate to the biofilm surface. In fact, as theoretically
demonstrated in Picioreanu et al. (2000), for rigid structures
the external mass transfer even decreases with a highera.

Substrate Flux Per Carrier Area

Two phases can be distinguished in the evolution of substrate
flux (Fig. 7c and 7f). There is first a sharp increase, corre-

Figure 4. Simulated biofilm evolution in time for (a–d)Re4 6.7, s0 4 5%, G 4 562 and (e–h)Re4 0.8, s0 4 5%, G 4 11. The arrows represent
the vector velocity at intervals of 16 grid nodes. The thick lines indicate the biofilm surface. Iso-concentration lines show the decrease of substrate
concentration from the maximum value in the bulk liquid (white patches) to zero in the biofilm (dark gray patches), with a variation of 10% between lines.
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sponding to the isotropic growth. As the film thickness
grows, the substrate will be able to penetrate only a super-
ficial layer with a certain thickness. Only in that active layer
can transformations occur, thus the substrate conversion be-
comes limited by internal mass transport. The consquence is
a plateau in substrate flux. What is interesting is that also
for the filamentous biofilms grown atG 4 562, the sub-
strate flux reaches a plateau. Combining this informa-
tion with the growing evolution of the biofilm area in these
conditions, we come once again (Picioreanu et al., 2000) to
the conclusion that (at least) in rigid biofilms developed on
planar surfaces, conversion does not enhance with an in-
crease in surface area. The G-ratio seems to be the main
determining factor for the achievable substrate flux. By us-
ing a simplified mass transport model, Rittmann et al.
(1999) addressed this issue in the same way, coming to a
similar conclusion: The average flux of nutrient per carrier
area can be increased by the cluster-and-channel type of
biofilm only if there is enough convection in the biofilm
valleys.

Effects of Mass Transport, Flow Velocity, and
Inoculation Density

Internal Mass Transport—G Ratio
As seen from the definition ofG ratio, a high value ofG
means mass transfer limitation, while a lower one means a

limitation of biofilm development by microbial growth rate.
Mass transfer limitation occurs in thick biofilms (LY @),
with very active or dense biomass (mmcXm @), in systems
with slow internal diffusion rates of limiting substrates (DS

!) or at low nutrient concentration in the bulk (cS0 !).
Smoother (s → 0, a → 1) and more compact (j → 1) bio-
films were always generated by the model at lowG ratios,
i.e., in a growth regime not limited by substrate mass trans-
fer. Figure 8 clearly shows these trends of biofilm proper-
ties, measured when biofilm thickness (only betweenx 4
500 andx 4 1600mm) reached 150mm.

The overall progress of biofilm roughness, compactness,
area enlargement (Fig. 6) and porosity (Fig. 7) computed
with this model, including convective transport of substrate,
is very similar to that computed with the simplified diffu-
sion-reaction-growth model (where convective transport is
not taken into account; Picioreanu et al., 1998b).

Inoculation Density

Initial adhesion of microbes—or reattachment of detached
cells—on the substratum surface could have major effects
on the later biofilm development. As experimental studies
have often demonstrated (Gjaltema et al., 1997; Verran et
al., 1991), micro-roughness of carrier surface promotes ini-
tial microbial colonization. Physical properties (charge, hy-

Figure 5. Influence of environmental conditions on biofilm development. Lines and gray shades have the same meaning as in Figure 4. All structures
are shown at a maximum biofilm thickness of 250mm. The scale is inmm, the same for all graphs.
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drophobicity) also affect microbial distribution on the car-
rier surface (van Loosdrecht et al., 1987). Starting the simu-
lations with different initial fractions of covered substratum,
s0, can be interpreted as a simplistic way to include influ-
ences of the substratum properties on further biofilm growth.

In general, a smaller fraction of substratum surface colo-
nized (i.e., less attachment) leads to a rougher biofilm. This
can be clearly seen by comparing the structures from Figure
5e and 5k (s0 4 5%) with those in Figure 5b and 5h (s0 4
40%), respectively. Roughness is in this case caused by the
inability of the colonies to cover the whole surface
(Fig. 7a). Deep vertical voids result from nutrient depletion
in the biofilm depth. Because the substrate comes from the
bulk liquid, the coloniesnaturally tend to grow in the di-
rection of the maximum substrate concentration (vertical
direction here). This leaves large spaces between colonies,
channels that cannot be filled by a lateral biofilm expansion.
It is, therefore, not necessary to introduce apreferential
mechanism of biofilm spreading (e.g., chemotactic) to find
a rational explanation for biofilm vertical voids or pores.
However, in reality detached cells can reattach on the avail-
able substratum. Even though later colonization of pores is
possible, further growth and filling up is impeded by the
very low nutrient availability.

More cells initially agglomerated on the same substratum
area means more competition for resources. Thus, espe-
cially at low substrate concentration, all the cells suffer sub-
strate limitation. This is why, at the highest initial surface

colonization (s0 4 40%), the biofilm roughness atd 4 150
mm increased (Fig. 6a), compactness was lower (Fig. 6b)
and the area enlargement was considerably greater (Fig. 6c)
than at lows0. After a few colonies succeed in dominating
the others in the competition for substrate, the general as-
pect of biofilm growth is very similar to that at low-surface
inoculation.

The combined influence of mass transfer and inoculation
density on biofilm structure can be presented in diagrams
like Figure 9. Contours of roughness coefficient were con-

Figure 8. Variation of (a) coefficient of surface roughness, (b) biofilm
compactness, and (c) surface-area enlargement, with theG ratio. These
measures were taken at a biofilm maximum thickness of 150mm between
x 4 500 andx 4 1600mm. Continuous lines show simulation results for
the high-liquid velocity (0.01 m/s,Re 4 6.7), dashed lines for the low
velocity (0.012 m/s,Re 4 0.8). The inoculation density wass0 4 5%
(circles), 10% (squares), and 40% (triangles).

Figure 6. Variation of coefficient of surface roughness, biofilm compact-
ness, and surface-area enlargement during growth, as a function of biofilm
thickness, at (a–c)Re4 0.8 and (d–f)Re4 6.7. Symbols are values atG
4 560 (gray), 56 (white), and 11 (black symbols);s0 4 5% (circles), 10%
(squares), and 40% (triangles). All data points are computer-model results.

Figure 7. Variation of carrier-surface coverage, biofilm porosity, and
substrate flux per carrier area during growth, as a function of biofilm
thickness, at (a–c)Re4 0.8 and (d–f)Re4 6.7. Signification of symbols
is the same as in Figure 6. All data points are computer-model results.
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structed with results of simulations atG 4 562, 56, 28, and
11 ands0 4 5, 10, 20, 30, and 40%, atuX,max4 0.01 m/s.
Completely smooth biofilms can be obtained only at lowG
and high-inoculation density. By crossing a transition zone,
rough biofilms are obtained both at low initial adhesion (s0

!) and at substrate transport limitation (G @).

Flow Velocity

A higher flow velocity decreases the thickness of the hy-
drodynamic boundary layer and, consequently, the thick-
ness of the concentration boundary layer (CBL). This can be
clearly seen by comparing the CBL thickness atuX,max 4
0.0012 m/s in Fig. 5a–f (approx. 100–150mm) with that at
uX,max4 0.01 m/s in Fig. 5g–h (between 25–100mm). The
resistance in the CBL diminishes, thus the mass-transfer
coefficient increases leading to a higher flux of substrate to
the biofilm. There are two consequences: (1) the biofilm
grows faster; (2) more compact and smooth structures de-
velop. The simulation results at an achieved maximum bio-
film thickness of 150mm clearly show that the coefficient
of surface roughness (Fig. 8a), as well as the area enlarge-
ment (Fig. 8c), were always higher at lowRe (Re 4 0.8,
dashed lines with open symbols) than at highRe(Re4 6.7,
continuous lines with filled symbols). In the same condi-
tions, a less compact biofilm results at the lowerRenumber
than at the high one (Fig. 8b).

It is clear that a faster flow over the biofilm can increase
the biofilm compactness because of a higher biomass for-
mation rate. One must consider, on the other hand, that
higher Re also means higher shear stress on the biofilm

surface. The detachment rate by continuous erosion of sur-
face irregularities would increase, leading to a smooth but
thinner biofilm. Moreover, having a jelly and flexible struc-
ture, the filaments grown at very highG and high liquid
velocity (Fig. 5j) could vibrate and eventually break.
Sloughing events are likely in such systems. The effect of
the high Re regime on biofilm morphology found above
should, therefore, not be considered isolated, as long as de-
tachment resulted from shearing forces is not included in the
model (van Loosdrecht et al., 1995, 1997).

From Figure 5 it can be appreciated that, in the range of
velocities studied, the CBL was, in most of the cases, par-
allel to the substratum surface (unless in entrance or in case
of individual colonies). With only small deviations, this was
observed also atuX,max4 1 cm/s and at low-inoculum dis-
tribution on the support. These observations raise an impor-
tant question: are flow-field computations really needed in a
multidimensional model for biofilm structure, and if yes,
when? In the planar case, the thickness of the CBL can be
estimated from the mass transfer coefficient, which results
from experimental or theoretical correlations. In this case, a
simplified model including only diffusive transport of sub-
strate through the CBL, as presented in Picioreanu et al.
(1998b), could be satisfactory. This approach has an obvi-
ous advantage: It skips the computationally expensive flow
calculations. However, flow pattern might be needed when:
(1) the biofilm clusters are far away from each other and the
liquid velocity in the bulk is so high that significant con-
vective substrate transport is possible in the channels, (2)
biofilm maximum thickness varies considerably along the
carrier surface (as in Fig. 5d–f, for instance) and so does
also the CBL thickness, (3) the wall-shear stress must be
known to implement local biofilm detachment rules.

Detachment Effects

The present model does not include biofilm detachment,
which certainly determines biofilm structural characteristics
(Kwok et al., 1998). The results detailed above can be in-
fluenced by detachment in many ways. Erosion, seen as the
continuous removal of small particles from the biofilm–
liquid interface, makes a smoother biofilm surface. Con-
versely, sloughing events (loss of big biofilm patches, usu-
ally broken near the biofilm-substratum interface) lead to an
increased biofilm-surface roughness. Moreover, newly at-
tached cells deep in biofilm channels might get a chance to
grow if old neighboring colonies break off and are washed
away. An extension of the present model with a biofilm
detachment mechanism due to mechanical stress caused by
liquid flow, will be described in a forthcoming article.

Effect of Flow-Driving Mechanism

The results shown above were calculated at constant flow-
rate through the channel. This means that pumping the liq-
uid must overcome an increasing frictional resistance due to
channel obstruction with biofilms. The pressure difference

Figure 9. Dependence of biofilm coefficient of roughness onG ratio and
on s0. The coefficient of roughness was measured when the biofilm was
150mm thick. Thick lines are iso-roughness contours atRe4 6.7, and thin
lines are atRe = 0.8.
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needed to drive the flow is continuously increasing (Fig.
10a). Another common case is when the flow is driven by a
constant body force or at constantDp (as in the experimen-
tal work of Picologlou et al., 1980). The body force can be
easily imagined when the flow is generated by gravitational
or centrifugal forces. A gravitational flow in a channel in-
clined at different angles can provide a large range of fluid
velocities. In this case, because the driving force is constant
and the fractional resistance is steadily increasing, the flow
velocity and volumetric rate decrease (Fig. 10b). The ex-
pected effect would be: (1) a decreased flux of substrate
entering the system, which leads to a greater variation of
bioflim thickness along the channel length, and (2) an in-
creased external mass transfer resistance, which makes the
overall growth process decrease in time. Both effects were
evaluated in a simulation atcS0 4 4 mg/L, 5% initial cov-
erage and initial maximum velocityuX,max4 0.01 m? s−1.
The inlet and outlet boundaries were, in this case, connected
to form a periodic space. The corresponding accleration

needed to produce an initialuX,max4 0.01 m? s−1 wasgX 4

0.08 m? s−2. This gX was kept constant during the whole
simulation.

In the first 5 days there was an exponential development,
the biofilm growing in a kinetic-limited regime. Later, due
to only about 50mm oxygen penetration depth, the biofilm
growth becomes limited by substrate transport. The sub-
strate flux (calculated for the biofilm atx ∈[500,1600]mm)
tends to reach a plateau, while the thickness increases lin-
early because growth occurs only in a superficial layer. The
effect of external mass transfer resistance becomes evident
only after 7 days. At constant flow rate, the flux of substrate
increases slightly due to less external resistance. At constant
body force, due to the decreasing flow rate, the mass flux
decreases as a result of a smaller mass transfer coefficient.
Although the mean flow velocity dropped in the first 2
weeks of biofilm growth below 25% from the initial veloc-
ity, the flux of oxygen per carrier area decreased to only
70% (Fig. 10a). The maximum biofilm thickness achieved
between 500 and 1600mm evolved almost at the same
values (Fig. 10b). Moreover, the whole structure (s, j, a) of
the biofilm grown at constant force was almost identical to
that grown at constant flow rate. This shows that, at least
until the biofilm reaches a thickness less than half of the
channel width, the way the flow is driven is less important.
While external resistance to mass transfer does contribute to
the overall substrate conversion rate, the major controling
mechanism is internal mass transfer resistance.

CONCLUSIONS

1. A 2-D model was elaborated for biofilm development
including biomass growth, diffusive and convective
transport, and transformation of substrates and flow
around the biofilm strucure. The model is fully quanti-
tative, being based on first principles as Navier-Stokes
equations, substrates mass balances, and kinetic laws for
biomass growth. Using a time-scale separation, pro-
cesses with very different characteristic times are accom-
modated in a unitary model. Its computational effective-
ness is a trade-off between the required accuracy and
computational speed.

2. Using this model, three possible factors influencing bio-
film geometrical heterogeneity were identified: (a) the
ratio between biomass growth rate and internal substrate
transfer rate,G number, (b) external mass transfer limi-
tations as a result of different liquid flow rates, (c) initial
substratum surface coverage.

3. Model predictions show that in a biofilm growth regime
limited by the rate of substrate transport (internal, as well
as external), structures with a high degree of surface
irregularity develop. Biofilms grow in these conditions
as “finger-like” or filamentous structures with high-
surface roughness, high surface area, high porosity, and
low degree of compactness. As the nutrient availability

Figure 10. Comparison of biofilm characteristics evolving in time at
constant flow rate and at constant driving force. (a) Substrate flux per
carrier area and pressure change relative to the empty channel. (b) Maxi-
mum biofilm thickness onx ∈ [500,1000] mm and the average liquid
velocity in the channel inlet.n andm—constant liquid flow rate;u and
m—constant driving force. All data points are computer-model results.
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increases, there is a gradual shift towards compact and
smooth biofilms.

4. The effects of convection and of flow-driving mecha-
nism on emerging biofilm structures are less important.
This is due to the fact that variations in external mass
transfer resistance have less effect on biofilm develop-
ment. The determining factor still seemed to be the in-
ternal resistance to substrate transport. This is in agree-
ment with results for variousG ratios, very similar to
those obtained in Picioreanu et al. (1988b), when only
substrate diffusion was considered through the boundary
layer. Probably at low flow velocity a one-dimensional
model is sufficient to explain the biofilm geometrical
heterogeneity. Although modeling flow seems to be less
important for describing substrate transport to biofilm, it
will be essential for quantifying biofilm detachment rate.

5. A smaller fraction of the substratum surface colonized
led to a rougher biofilm. Surface irregularity and vertical
channels deep in the biofilm are, in this case, caused by
the inability of the colonies to spread over the whole
surface.

6. The substrate flux to the biofilm was greatly influenced
by both internal and external mass transfer rates, but not
affected by the inoculation density.

All the simulations reported here were performed on the Cray
T3E of the Center for High Performance Applied Computing in
Technical University Delft. The authors acknowledge Hermann
Eberl for many critical and conceptual suggestions.
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