A Theoretical Study on the Effect of
Surface Roughness on Mass Transport
and Transformation in Biofilms

Cristian Picioreanu,’? Mark C. M. van Loosdrecht,” Joseph J. Heijnen’

"Department of Biochemical Engineering, Delft University of Technology,
Julianalaan 67, 2628 BC Delft, The Netherlands; telephone: +31 15
2781551, fax: +31 15 2782355, e-mail: C.Picioreanu @stm.tudelft.nl
2Department of Chemical Engineering, University Politehnica of Bucharest,

Splaiul Independentei 313, 77206 Bucharest, Romania

Received 16 June 1999, accepted 22 November 1999

Abstract: This modeling study evaluates the influence of
biofilm geometrical characteristics on substrate mass
transfer and conversion rates. A spatially two-
dimensional model was used to compute laminar fluid
flow, substrate mass transport, and conversion in irregu-
larly shaped biofilms. The flow velocity above the biofilm
surface was varied over 3 orders of magnitude. Numeri-
cal results show that increased biofilm roughness does
not necessarily lead to an enhancement of either conver-
sion rates or external mass transfer. The average mass
transfer coefficient and Sherwood numbers were found
to decrease almost linearly with biofilm area enlarge-
ment in the flow regime tested. The influence of flow,
biofilm geometry and biofilm activity on external mass
transfer could be quantified by Sh-Re correlations. The
effect of biofilm surface roughness was incorporated in
this correlation via area enlargement. Conversion rates
could be best correlated to biofilm compactness. The
more compact the biofilm, the higher the global conver-
sion rate of substrate. Although an increase of bulk fluid
velocity showed a large effect on mass transfer coeffi-
cients, the global substrate conversion rate per carrier
area was less affected. If only diffusion occurs in pores
and channels, then rough biofilms behave as if they were
compact but having less biomass activity. In spite of the
fact that the real biofilm area is increased due to rough-
ness, the effective mass transfer area is actually de-
creased because only biofilm peaks receive substrate.
This can be explained by the fact that in the absence of
normal convection in the biofilm valleys, the substrate
gradients are still largely perpendicular to the carrier.
Even in the cases where convective transport dominates
the external mass transfer process, roughness could lead
to decreased conversion rates. The results of this study
clearly indicate that only evaluation of overall conversion
rates or mass fluxes can describe the correct biofilm con-
version, whereas interpretation of local concentration or
flow measurements as such might easily lead to errone-
ous conclusions. © 2000 John Wiley & Sons, Inc. Biotechnol
Bioeng 68: 355-369, 2000.

Keywords: biofilm; mathematical modeling; mass trans-
fer; convection

INTRODUCTION

The substrate utilization rate is the key parameter in the
design of biofilm processes used for wastewater treatment

Correspondence to: C. Picioreanu

© 2000 John Wiley & Sons, Inc.

or in biotechnology. Two aspects are important when mod-
eling steady-state biofilm processes: (1) substrate conver-
sion rates in the biofilm and (2) substrate transport rates at
the biofilm/liquid interface (external mass transport) and
inside the biofilm (internal mass transport). Current math-
ematical models are based on diffusion-reaction balances of
substrates in one-dimensional biofilm systems (Wanner and
Reichert, 1996). External resistance to mass transfer is taken
into account by mass transfer coefficients. These are calcu-
lated as a function of hydrodynamic conditions in the reac-
tor, assuming basic shapes of biofilm surface (i.e., flat,
spherical, etc.). Experimental evidence accumulated in re-
cent years has shown that in some biofilms, heterogeneity
can lead to significant two- or three-dimensional compo-
nents of substrate fluxes (de Beer et al., 1996). In order to
predict accurately substrate utilization rates, this experimen-
tal work should be interpreted within the context of a mul-
tidimensional model. Very little theoretical research has
been done in the area of multidimensional biofilm models,
due to (1) a lack of reliable experimental data and (2) com-
plexity and cost of multidimensional computations. The in-
creasing availability of powerful parallel computers in the
recent years motivated our derivation of new two- and
three-dimensional biofilm models (Picioreanu et al., 1998,
1999). Together with adequate experimental data, this new
generation of models should be able to address many ques-
tions raised by the latest measurements of biofilm structural
heterogeneity.

The hydrodynamic regime, biofilm surface geometry,
substrate loading rates, and diffusivities are certainly affect-
ing the rate of external mass transport (Bishop et al., 1997).
Most of these factors are already contained in the present
one-dimensional biofilm models. However, because of its
multidimensionality, the effect of an irregular biofilm sur-
face on mass transport and conversion rates has not been
tackled on a theoretical basis. Zhang et al. (1994) concluded
after a series of experiments that “the rougher the biofilm
surface, the less the external mass transfer resistance.”
However, with respect to the effect of biofilm heterogeneity
on conversion rates, it is equally important to specify: (1) at
what scale was roughness defined and whether this is the



only relevant measure describing biofilm surface irregular-
ity and (2) what was the range of fluid velocities in which
the measurements were done. As we will demonstrate later,
with respect to flow patterns over the biofilms, the standard
definition of roughness is not enough to characterize the
surface shape. Two “hilly” surfaces having the same stan-
dard deviation from the mean line (seen as the coefficient of
roughness: Murga et al., 1995; Picioreanu et al., 1998) can
expose very different surface areas. Roughness describes in
general the depth of biofilm valleys. The width of the val-
leys, seen as the distance between separate clusters is also
important, fact recently recognized also by Stoodley et al.
(1999).

A main disputed problem is the relevance of convection
in biofilm channels and pores. Since Stoodley et al. (1994)
and Lewandowski et al. (1995) made clear that inert mi-
crometer-sized particles can be transported through biofilm
channels, the above problem continues to puzzle many bio-
film researchers. Conceptual questions occur because the
presence of flow itself does not necessarily mean that con-
vective transport of nutrients is significant. De Beer and
Stoodley (1995) experimentally demonstrated that, as ex-
pected, convection in biofilm valleys is significant only at
high bulk flow velocities. By using a very simplified three-
dimensional model, Rittmann et al. (1999) showed that 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 open channels (that we call “val-
leys”). However, being based on pure diffusion-reaction
mass balances, their model does not consider fluid dynamics
and thus, cannot explain how and when convection would
arise in the valleys. The mathematical model we formulate
in this study does include fluid flow equations and can
account for convective substrate transport. Thus, our models
can explain, on a quantitative basis, when the substrate flux
to the biofilm is really increased by liquid circulation in
biofilm valleys.

A final goal should be finding mathematical correlations
between mass transport parameters and the measures of bio-
film heterogeneity. External mass transfer parameters in
biofilms (e.g., Sherwood number) were often correlated
with the hydrodynamic regime existing in the bioreactor
(e.g., through Reynolds and Schmidt numbers). Geometrical
ratios between different characteristic lengths of the full-
scale system also enter these correlations under certain cir-
cumstances. However, geometrical parameters for micro-
scale heterogeneity are rarely included in engineering cor-
relations. Well-known examples are relations for friction
factor calculation in turbulent flow through pipes, usually
expressed as a function of pipe wall roughness. To our
knowledge, no such experimental or theoretical correlation
has been made between Sh number and a measure of bio-
film surface irregularity (e.g., roughness, thickness, or area
enlargement).

The aim of this study is to predict theoretically the influ-
ence of biofilm structural characteristics (roughness, com-
pactness, or area enlargement as defined in Picioreanu et al.

(1998)) on substrate (growth-limiting nutrients) mass trans-
fer and conversion into the biofilm. Starting from basic
principles of momentum and mass conservation laws, the
goal is to predict mass transfer coefficients and conversion
rates for different biofilm surface geometries. The signifi-
cance of convective transport in biofilm systems will be also
investigated from a theoretical point of view.

MODEL DESCRIPTION

Choice of the Model System

The computational biofilm system, (), is contained in a
rectangular domain. It consists of two compartments (see
Fig. 1): the bulk liquid €2, and the solid biofilm (),, sepa-
rated by an interface I'. Liquid flow is driven by moving the
top plate with a constant velocity, ux ... The system re-
sembles Couette flow between two parallel plates, with the
biofilm surface at the bottom plate. Inlet and outlet flow
boundaries (left and right sides on Fig. 1) are periodic, in
order to minimize the entrance effects on the calculated
flow pattern. This is as if, from a hydrodynamic point of
view, the rough biofilm surface would continue infinitely
and we compute the flow field only in a narrow window
of it.

A no-slip condition (zero flow velocity) was set at the
biofilm-liquid interface. According to Lewandowski et al.
(1995) and Stoodley et al. (1997), the “biofilm” is defined
as all the biomass clusters and liquid channels situated be-
tween a virtual plane at the maximum biofilm thickness,
Of max> and the substratum. Using this definition, we might
erroneously conclude that a slip boundary condition (i.e.,
non-zero components of velocities due to flow in the chan-
nels) must be set at the “biofilm” surface, i.e., aty = 8¢ ...
Whereas a one-dimensional biofilm model including fluid
flow could use the slip-boundary, in a two-dimensional
model the liquid phase and the biofilm phase (containing gel
and biomass) can be completely separated. In our definition,
only the biomass clusters belong to the “biofilm,” so that a
zero-velocity condition can be set at the gel-water interface.

dec
=0, uy =ty max -

n

uy =0

Figure 1. System description and boundary conditions.
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However, there is a restriction also in this case: the no-slip
boundary condition is valid only when the biofilm clusters
are immobile. Many natural biofilms are flexible structures,
and therefore oscillations induced by the flow can occur
(Stoodley et al., 1998). This movement can create turbu-
lence and can enhance the mass transfer of nutrients
(Kugaprasatham et al., 1992). Although in some cases mo-
bile biofilm filaments are probably more relevant, for sim-
plicity, our present model considers only rigid and immo-
bile structures.

For the mass transfer equation, a constant substrate con-
centration is fixed at the inlet boundary. The zero concen-
tration gradient condition is specified at the outlet boundary.
We assume that the thickness of the concentration boundary
layer is smaller than the height of our computational do-
main. Consequently, a zero flux condition is applied also on
the top boundary. The biofilm layer extends over the whole
carrier surface, having for all simulated cases an average
thickness of 3; = 145 wm. Impermeable walls border the
biofilm at left, right and bottom side (Fig. 1). The above
conditions imply a “fully developed” flow field but an “en-
trance region” regime for mass transfer, which is the con-
sequence of liquid flow in a closed system, while mass
transport of substrate occurs in an open system. There are
several good reasons for using such an idealized system.

First, the choice of this model system has its roots in a
scale analysis of momentum and mass boundary layers. The
relative thickness of the two boundary layers is determined
by the cubic root of Schmidt number (Sc). Due to the high
Sc numbers (e.g., 500) in liquid systems, the hydrodynamic
boundary layer (HBL) is much thicker than the concentra-
tion boundary layer (CBL) (e.g., by a factor 8). When the
entire concentration boundary layer is embedded within a
small part of the momentum boundary layer, one may as-
sume a linear velocity profile. This is in fact the Lévéque
approximation employed in the similarity solution for the
entrance region of a tube with specified wall concentration
or temperature (Graetz problem; for example, see Deen,
1998). This linearization reflects the fact that the curvature
in the parabolic velocity profile is not evident very near the
walls. Couette flow between two parallel plates would pro-
duce exactly this linear x velocity profile, if only the biofilm
surface was perfectly flat. What we calculate here is in fact
a perturbation of this velocity profile due to a solid rough
biofilm boundary. Experimental evidence supporting this
assumption can be found in Stoodley et al. (1994), de Beer
and Stoodley (1995), Lewandowski et al. (1995), Bishop et
al. (1997), and Stoodley et al. (1997). All these studies
measured liquid velocity and concentration profiles near to
the wall of a flow cell with and without biofilm. They found
velocity profiles approximately linear up to 500-1000 pwm
away from the biofilm surface, for average bulk liquid ve-
locities between 0.001 and 0.1 m/s. The CBL was observed
to be contained within this thickness. In the present model-
ing study we used top liquid velocities (at 255 wm above the
average biofilm surface) varying over 3 orders of magnitude
from 0.0001 to 0.13 m/s. Our calculations are therefore

performed only in this quasi-linear region of the HBL. In
reality, velocity continues to vary in the whole liquid layer
above the biofilm. Because most of the experimental studies
report only average or maximum velocity in the liquid, it is
useful to show how the maximum velocity in the model
system is correlated with the average velocity. We can take
as example velocities those measured by Stoodley et al.
(1994) in a closed planar flow cell with 1 cm liquid film. If
our velocity profiles would be extrapolated through the
whole liquid film, assuming parabolas with zero velocity
gradient at 0.5 cm, then average flow velocities between 7
x 10 and 0.8 m/s would be obtained. Except for the very
high velocities, these values are in the range of velocities
existing in biofilm reactors (Kissel, 1986; Horn and
Hempel, 1995; Bishop et al., 1997). It must be noted that in
the high Re regime, the linear approximation of the velocity
profile refers to the laminar sublayer. Due to the existence
of turbulent eddies it is possible that the Couette flow ap-
proximation is not valid at turbulent flow.

Second, the system can be seen as an idealized rotating
annular biofilm reactor, as described in Gjaltema et al.
(1994). In old (5 days and over) or thick biofilms (>100
pm), sinusoidal dune-like ridges formed perpendicular to
the flow direction. In these Pseudomonas aeruginosa bio-
film, the ridges were about 100 wm apart. The long exten-
sion of the ridges in the direction perpendicular to the flow
velocity vector allows for a reasonable two-dimensional de-
scription. The system can be also considered a model of the
hydrodynamic (sub)laminar layer formed in the flow cell
used by Stoodley et al. (1994) or de Beer and Stoodley
(1995).

Finally, the third reason for selecting the Couette-like
biofilm system is a faster convergence of the numerical
solutions to the momentum and mass balances. It is known
that iterative methods for partial differential equations con-
verge faster to the steady-state solution when fixed-value
(“essential” or “Dirichlet”) boundary conditions are applied
rather than in the case when the normal component of the
gradient of property is specified (“natural” or “Neumann”
conditions). Therefore, specifying a velocity at the top
boundary (y = Ly) is a computational advantage over im-
posing the zero gradient condition that would be necessary
for a complete momentum boundary layer.

Model Equations

Our goal is to find the global rate of substrate conversion in
the biofilm volume, under different flow conditions, for
various biofilm surface shapes and various biofilm activi-
ties. Thus, the influence of biofilm roughness on the local
and global mass transfer coefficients will also be computed.
The global rate can be found by integrating the local con-
sumption rates over the biofilm volume. The local substrate
consumption rate, rg(x,y), depends on the local concentra-
tion of dissolved limiting substrate(s) through a kinetic ex-
pression (i.e., Monod kinetics). Consequently, if we assume
only one limiting substrate (e.g., dissolved O,), its distribu-
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tion in space, cg(x,y), must be calculated from a mass bal-
ance equation, set-up in the whole domain (). At steady
state, the convection—diffusion-reaction mass balance is:

u- Veg = DgVoeg — rg (cs,0x)s (1)

where Dy is the substrate diffusion coefficient, rg is the rate
of substrate consumption, cg and cx are the concentrations
of substrate and biomass, respectively, V is the divergence
operator, and V? is the Laplacian operator with respect to
the spatial coordinate x. In the biofilm domain, (),, the
convective transport term (left-hand side of Eq. (1)) equals
zero because u = 0, whereas in the liquid domain, ), the
substrate consumption is zero because we assume no sig-
nificant substrate uptake by suspended biomass (cx = 0, thus
rg cf. Eq. (3) is zero).
Boundary conditions associated with Eq. (1) are

cs(0,y) =cgo ininlet, aty O [3;Ly], (2a)
dcg . —
. (Ly,y) =0 in outlet, at y O [8,Ly ], (2b)
dcg _ on the top and bottom boundaries,
E (y) =0 atx O[0,Lx],y=0,y=Ly, (2¢)
dcg _ on the impermeable side walls,
0 (xy)=0 at x =0, x =Ly, y 0[0,3)). (2d)

No explicit internal boundary condition is set on the surface
I', because we assume equal diffusion coefficients in liquid
and in the biofilm phase. This ensures the continuity of mass
fluxes over the biofilm-liquid interface. The rate of substrate
(oxygen in our case) consumption in the biofilm is given by
a Monod function:

ro = Hom c Cs -k Cs
s= X = Ksm
Yis © Ksteg K+ cg

(in€). ()

In the model formulation, maximum biomass growth rate,
L, yield of biomass on oxygen, Yxg, and the biofilm bio-
mass density, cy, were lumped into one constant parameter,

Table I. Model parameters.

kg, the maximum oxygen consumption rate. This was pos-
sible because we assume a constant biomass density in the
entire biofilm volume. Also, the model assumes biomass
growth to be in frozen-state. In the following, kg, will be
referred as a measure of the biofilm activity.

The steady-state field of velocity, u = (uy, uy), used to
support the convective transport of substrate is given by the
incompressible Navier—Stokes equations in the laminar re-
gime:

1
u- Vu:—EVp+vV2u, 4)

V-u=0, (5)

where u is the vector of liquid velocity, p is the pressure, p
is the liquid density, and v is the liquid kinematic viscosity.
Two-dimensional Navier—Stokes equations are solved in the
domain ), with boundary conditions:

on biofilm-liquid interface T’,
(62)

ux =uy =0

ux(0,y) = ux(Lx.y)
uy(0,y) = uy(Ly.y)

uX(vaY) = uX,maX
uy(x,Ly) =0

} in inlet and outlet, at y [ [8;,Ly],
(6b,c)

on the top boundary, at x [ [0,Ly].
(6d.e)

Model Parameters

Typical parameters in biofilm systems were used through-
out this study, as listed in Table I. The length of the system,
1.6 mm, is large enough to have a biofilm patch represen-
tative for observation of roughness effects on substrate mass
transfer. Biofilm average thickness is taken to be 145 pm,
with variations between 50 and 250 pm. Biofilm ridges,
100-500 pm apart, were separated by valleys 100-200 pm
deep, as observed in rotating annular bioreactors by many
researchers (e.g., Gjaltema et al., 1994). The thicknesses of
biofilms observed in mass transfer studies by de Beer et al.

Model parameter Symbol Parameter value Units
Computational grid dimensions Nx x Ny 480 x 240 for Re = 0.032 to 0.255 -
480 x 120 for Re = 0.510 to 32.64
Physical system dimensions Ly x Ly 1,600 x 800 for Re = 0.032 to 0.255 pm
1,600 x 400 for Re = 0.510 to 32.64
Average biofilm thickness 3 145 pm
Bulk oxygen concentration Cso 1073 kg, m™
Oxygen maximum consumption rate ksm 1.136 x 107> for high-activity biofilm kg, m 57!
2.272 x 107 for low-activity biofilm
Oxygen saturation constant Ky 10~ kg, m™>
Oxygen diffusion coefficient Dy 23 x 107 m? s~
Liquid kinematic viscosity v 107¢ m? s~
Liquid density p 1000 kg m™?
Liquid velocity on top boundary Ut max 0.125 x 107, 0.25 x 107 0.5 x 1073, 1 x 107, 2 x 107; 4 x 107%; ms~!
8 x 107% 16 x 107 32 x 107 64 x 107%; 128 x 107
Re number Re 0.032; 0.064; 0.128; 0.255; 0.51; 1.02; 2.04; 4.08; 8.16; 16.32; 32.64 -
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(1994, 1996), de Beer and Stoodley (1995), Lewandowski
et al. (1995), and Stoodley et al. (1997) were also in this
range. The height of the computational domain, 0.4 mm,
contained all the concentration boundary layer, except for
the case simulated at the lowest Re (Re defined by Eq. (9)).
Because of this, at very low Re (between 0.032 and 0.255),
the system height was extended to 800 wm. A wide range of
fluid velocities within the laminar regime and comparable
with those in biofilm reactors (Kissel, 1986) were applied.
Kinetic parameters for substrate consumption in the biofilm
were taken within the natural range of values for microor-
ganisms in water treatment systems (Tijhuis et al., 1994).
Dissolved oxygen with an inlet concentration of 1 mg/L was
assumed the limiting substrate. Simulations at two values of
ks, were performed: one corresponding to a highly active
biofilm and the other one to a low activity biofilm. Dy was
the diffusion coefficient for oxygen in water.

Thirteen different biofilm structures were numerically
generated. A spline interpolation procedure between a cer-
tain number of points was used to generate the biofilm
surface shape between a minimum and a maximum chosen
height. The generated structures were constrained by two
measures. First, the biofilm volume, V,, was always the
same, containing the same biomass density, uniformly dis-
tributed. Secondly, all structures had the same average bio-
film thickness, 8,» = 145 pm. Compactness, area enlarge-
ment and roughness calculated for all model structures as
shown in section “Measures of Biofilm Structure” are pre-
sented in Table II. A completely flat structure was taken as
reference.

Model Solution

Both momentum and mass transfer equations were solved
with nine-speed lattice Boltzmann (LB) methods (Ponce
Dawson et al., 1993; Chen and Doolen, 1998). Our LB
algorithms have been successfully tested in several convec-
tion—diffusion-reaction systems (Picioreanu, 1999). The
main advantages of the LB method are the inherent algo-

Table II. Structural parameters for the biofilms simulated.
Area
Compactness enlargement Roughness
Structure 3 a o
0 (flat) 1.000 1.000 0.000
1 0.910 1.025 0.043
2 0.857 1.042 0.070
3 0.777 1.104 0.090
4 0.712 1.092 0.127
5 0.609 1.276 0.155
6 0.506 1.382 0.240
7 0.425 1.645 0.195
8 0.414 1.779 0.165
9 0.399 1.480 0.324
10 0.301 2.084 0.254
11 0.300 1.969 0.296
12 (very rough) 0.211 2.543 0.340

rithmic parallelism and programming simplicity. It is rela-
tively easy to incorporate irregular boundaries and mesh
generation is trivial at least for the uniform grid LB. An
efficient parallelisation of LB algorithm was done by grid
partitioning. All model simulations reported here were per-
formed either on 8 or on 16 processors from the Cray T3E
of the Center for High Performance Applied Computing in
Technical University Delft.

Both momentum and mass transfer equations were dis-
cretised on a grid with 480 nodes in the flow direction (x).
120 nodes across the flow (y direction) were used for Re
from 0.51 to 32.6, whereas 240 nodes were used between Re
= 0.032 and 0.255. The lattice step size was Ax = 3.36 x
107® m, the same in both directions. The time step size was
fixed to Az, = 1.88 x 107 s for flow calculations. For mass
transport and reaction, the time step varied from Az, = 8 x
1073 (at Re = 0.032) to 8 x 107® s (at Re = 32.6).

Mass Transfer Coefficients

By definition, the local mass transfer coefficient results
from the equality of normal components of mass fluxes at
the biofilm-liquid interface, I':

_ _ dcg
®, =k(cso = csr) =—Dg on K 7

where 7 is a coordinate normal to the biofilm surface (posi-
tive direction outward) and the subscript I" denotes evalua-
tion at the interface (Deen, 1998). Practical information on
mass transfer coefficients is correlated most efficiently us-
ing Sherwood number (Sh), a dimensionless form of mass
transfer coefficient:

dcg
kL, Ln onlp

Sh = =
Dy (cso— Cs,r)

@)

Sh values, as well as Reynolds numbers (Re), depend on the
characteristic length chosen. Therefore, comparison of data
measured in diverse systems should be done with great care
when using dimensionless numbers. In this study the rel-
evant length for hydrodynamics is the average height of the
flow channel, L, = Ly — §, = 255 pm. This is the length
used both in Sh and in Re numbers, so that

Re = uy max Li/v. )

When the total rate of mass transfer from surrounding
liquid to the solid biofilm is calculated, the key quantity is
the average Sherwood number, Sh. Averaging Eq. (8) over
the biofilm surface Sy yields the expression for Sh:

1
Sh=7- f 5 Shds. (10)

where Ay is the biofilm surface area. All Sh numbers re-
ported in this article were averaged over the biofilm surface
between x = 100 wm and x = 1,500 pm. The first and last
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100 pm were eliminated in order to diminish unwanted
boundary effects.

The strict fractional definition for the concentration
boundary layer thickness is at 99% of the bulk fluid con-
centration. Due to its thickness variation over the length, it
is more convenient to calculate an averaged CBL thickness
as 8, = Dglks. The averaged mass transfer coefficient, k.,
comes by substituting Sh in Eq. (8). §, is used in this work
only for a qualitative comparison of different flow regimes
and biofilm geometries.

Global Substrate Consumption Rate

The total substrate consumption rate in the biofilm can be
calculated by several methods. In practice, the total sub-
strate consumption rate is found from a mass balance of
substrate over the whole system, which equates the overall
rate of substrate accumulation to the rates of entry and con-
sumption. Assuming the system at steady-state, the conver-
sion rate of substrate in the biofilm, Q,.,.., must be the
difference between the rate at which the substrate enters the
control volume, Q,,, and the rate of exit, Q. Substrate
enters and exits the system only with the liquid flow. In our
model system, the mass flow-rates can be calculated by
integrating the convective fluxes over the inlet and outlet
surfaces. By using the trapezoidal integration scheme, for a
hypothetical biofilm depth L, the inlet mass flow rate is:

Qin = fS' Cbin,ndS
NY—HI1

= 2 0.5[ux(1)es(14) +ux(1j + Des(1 + DIAVL,
=1
(11)

A similar expression applies also for Q.

A second alternative is to compute the overall rate of
substrate transfer across the biofilm-liquid interface I'. As-
suming all substrate that enters the biofilm must be con-
verted and that reaction occurs only in the biofilm volume,
the rate of substrate transfer, Q,, must equal the global
reaction rate, Q,.,.- The rate of substrate transfer across the
interface I' can be obtained by integrating the substrate flux
over the biofilm surface. Using the concentration values in
the grid nodes located next to I' interface, cg . (i,j) and
¢s_(i,j), and a centered approximation of the derivative,
the substrate flow rate over the biofilm interface is:

Qtr = fSF(I)n,I‘dSF

—f 02| ) as
“Jsr s&nr r

cs.r+iyf) — cg r_(iJ)>
= -D— : AnL,. (12)
(i,j)DF( S 2An “

The third option is to directly integrate the substrate con-
version rate over the biofilm volume, V,,. By substituting in
the reaction rate the substrate concentrations in the grid

nodes, and summing up contributions of all grid volumes,
the global substrate conversion rate is:

Ousec= [ rsdV= X rlestigAndoL,.  (13)
(i,)0Vp

We calculated the global substrate conversion rate by all
three methods. The results differed in a range of +2%. The
differences can be attributed to integration and differentia-
tion errors or to inaccuracy in the concentration and velocity
fields obtained by the lattice Boltzmann method (see be-
low). Because numerical integration is usually less errone-
ous than numerical differentiation, all results presented in
this study calculated the global conversion rate using vol-
ume integration method.

Once the rate of substrate conversion is known, measures
of biofilm effectiveness can be calculated. Because the
global conversion rate is an extensive measure, [M - T,
and we compute in a two-dimensional space, a biofilm
depth dimension must be defined together with the already
known Ly and L. More useful measures to compare mass
transfer and transformation are the intensive ones, like the
substrate conversion rate per carrier area, Pg - (with flux
units, i.e., g substrate - m~2, .., * day™!), given by:

Qreact

(I)S,C = LXLZ’ (14)

where the carrier area is A = LyL,. The global effective-
ness factor of the biofilm, v, can be calculated as in tradi-
tional chemical engineering (Fogler, 1992) as being the ra-
tio between the actual conversion rate and the rate that
would result if the entire volume would be exposed to the
bulk concentration, cg:

rrl - Qredct : (15)
f Vbrs(cso)dv

Measures of Biofilm Structure

We will use here a few selected statistical quantities to
characterize the internal and external structure of simulated
biofilms, as given in Picioreanu et al. (1998). These will be
needed to quantitatively compare the effect of different bio-
film morphology on substrate mass transfer and transforma-
tion.

a. Biofilm surface area enlargement, o, is the ratio be-
tween the real biofilm surface area, A, and the carrier area,
A, At a complete carrier coverage, the surface enlargement
coefficient takes values greater than 1, meaning that a
waved biofilm surface is larger than the bare surface. A
patchy biofilm can have o < 1.

b. Biofilm surface roughness is a measure that takes into
account the depth of biofilm irregularities. It characterizes
the variation from the mean elevation of a surface (Zhang et
al., 1994). The coefficient of surface roughness is a dimen-
sionless number o = ¢/3;, where o, is the absolute devia-
tion of biofilm front points from the mean biofilm thickness
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5f, as defined in Picioreanu et al. (1998). The smaller o, the
smoother the biofilm surface, while a high value of o means
a rough or patchy biofilm.

c. Biofilm compactness, & Although area enlargement
and roughness capture well the biofilm shape characteris-
tics, we have found that the relationship between @ . and
biofilm shape is better correlated by a measure called com-
pactness. Compactness is defined in our system is an adap-
tation of the traditional shape factor, widely used in image
analysis. Compactness, &, is the net volume (V) of a biofilm
with maximum thickness &; ., relative to the volume of a
hypothetical rectangular parallelepiped biofilm having the
same liquid-solid area as the actual biofilm surface (Nxa).
It reads: § = Vi /(8¢ . Nx). The measure takes its largest
value 1 for a compact and completely flat biofilm. Any
departures in the biofilm shape from the flat geometry (such
as a border rather irregular than smooth) will decrease the
measure. Compactness is a routinely measured shape prop-
erty in image analysis.

RESULTS AND DISCUSSION

In correlating information on external mass transfer, either
experimental or theoretical, we are concerned with the mini-
mum set of dimensionless variables on which they depend.
These variables can be identified by inspecting the govern-
ing equations, that is, Navier—Stokes, mass balance, and
kinetic equations. It follows from these equations that the
local Sh number has the functional dependence:

Sh = Sh (x, Re, Sc, 4)2, K, geometric ratios), (16)

where Xx- is the dimensionless position on the biofilm-liquid
interface, ¢ is the Thiele number defined as &* = (kg L7)/
(Dgcqp), the Schmidt number is Sc = v/Dg, and K = Kg/cg,
is a dimensionless Monod constant. Sh averaged over the
biofilm surface is

Sh = Sh(Re, Sc, d>2, K, geometric ratios). (17)

There are at least two geometric factors needed to describe
the system geometry. The depth of biofilm valleys is quan-
tified by the roughness, o. The second measure is the dis-
tance between biofilm peaks. If we imagine the biofilm
surface shape like a sinusoidal wave, this can be seen as the
wavelength. Both measures are geometric factors that
should be included in a Sh—-Re correlation. For reasons that
become clear in the following, we lumped the geometric
ratios into a single measure, the area enlargement a. It be-
comes evident from Eq. (17) that both the flux of substrate
transferred to the biofilm and the rate of substrate conver-
sion in the biofilm are influenced by factors such as (Bishop
et al.,, 1997): the Reynolds number of the bulk fluid, the
biomass activity, and the shape of the biofilm surface. We
investigated all these factors at: fluid velocity on the top
boundary between 0.01 and 13 cm/s (Re = 0.032 to 32),
two biofilm biomass activities (corresponding to ¢* = 32
and 6.4) and area enlargement between 1 and 2.5. These

velocities correspond to normal bulk and average velocities
found in biofilm reactors (Kissel, 1986).

Effect of Flow Velocity

First, velocity and concentration fields were calculated for a
variety of flow regimes over biofilms with different surface
shape. As an example, profiles of the x component of ve-
locity against biofilm depth, for the structure no. 11, in a
biofilm valley at x = 420 pm, are shown in Fig. 2. Non-
zero flow velocities are observed at y < &;,,,., which cor-
respond to the profiles suggested in Fig. 6 from Lewan-
dowski et al. (1995). Moreover, negative velocities at the
highest Re indicate the presence of vortices.

Computed contour lines of substrate concentration, at dif-
ferent Re, are shown in Fig. 3a—c for the flat biofilm and in
Fig. 3d—f for a rough biofilm. As expected, the average
thickness of the CBL strongly decreases with an increase of
fluid velocity. The decrease is from 130 (at Re = 0.25) to
24 pm (at Re = 32) for the flat and highly active biofilm
(Fig. 4c). This corresponds to an increase in Sherwood num-
ber of approximately 5.5 times. Consequently, if external
substrate mass transfer rate is increased the biomass is get-
ting higher amounts of substrate. Because oxygen pen-
etrates deeper into the biofilm (Figure 3(a—c)), the overall
substrate conversion rate is improved. It can be seen from
Table III that a variation from 1.5 to 3.9 g O, m™2_ e,
day™! occurs in the flat biofilm case as Re increases from
0.25 to 32.6. Thus, approximately 2.5 times more substrate
is converted (per carrier surface area) in the high-velocity
regime than in the low-velocity regime.

For the flat biofilms, the average Sh numbers were very

.-
ux at Re=0.25

ux at Re=4

x—velocity, ux (mm/s)

Figure 2. Profiles of the x component of velocity, uy, against biofilm
depth, y, for the structure no. 11, in a biofilm valley at x = 420 wm. The
maximum biofilm thickness is 8¢ ., the minimum biofilm thickness is
O min» and the average biofilm thickness is d; = 145 pm. Velocities in the
valley (i.e., at y < 8;,,,,) are not zero. Moreover, negative velocities at the
highest Re indicate the presence of vortices.
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Figure 3. Contour lines of substrate concentration at (a, d) Re = 0.25, (b, e) Re = 4.1, (c, f) Re = 32.6. (a—) Flat surface biofilm (structure 0);
(d—f) rough surface biofilm (structure 11). The biomass is highly active (ks,, = 1.136 x 10~ kg m™s™"). 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. Dashed line delimitates the boundary layer at a concentration of 99% from maximum. With a thick line is shown the biofilm-liquid interface.

well correlated with Re numbers by functions of the form Sh
= C Re'”Sc'”. The coefficient C slightly depends on the
biofilm activity. We obtained for the cases studied C =
0.45 for high-activity biofilm and C = 0.48 for low-activity
biofilm (Fig. 4a,b). The Sc number was in all cases 434.8.
The mass transfer coefficients obtained by this model are in
the same range with those measured by Horn and Hempel
(1997) at equivalent Re numbers.

For rough biofilms, as those presented in Fig. 3d—f (struc-
ture 11 in Table II), mass transfer is also intensified at high
liquid velocities. The average CBL thickness decreases
from 215 to 50 pm and Sh increases only from 1.2 to 5 (see
Table III). This means that the external mass transfer is
enhanced only 4 times for the structure 11 rough biofilm at
an increase of 128 times in flow velocity. The effect of this
reduction in mass transfer on global substrate conversion
rate in the biofilm is direct. Increase in fluid velocity helped
the conversion rate, but not as much as it did for the flat
biofilm case.

Effect of Biofilm Surface Shape

As shown in Table III, two aspects resulted from model
simulations: (1) mass transfer rates (substrate flux and Sh)
and global conversion were always lower in the rough struc-
tures studied than in the flat case and (2) the ratio between
conversion rates in rough and flat biofilms showed a mini-
mum.

Intuitively, this decrease of mass transport in rough bio-
films seems to be contradictory. A very widespread opinion
is that roughness has under any conditions a favorable effect
on mass transfer. Zhang et al. (1994), for example, reported

experimental data showing a monotonic enhancement of
mass transfer from biofilms with 10 pm to those with 350
pm absolute roughness. The common explanation usually
invoked is that overall mass transfer will increase with an
increase in biofilm-liquid interfacial area. However, an in-
crease in surface area alone is not enough to increase the
global rate of mass transfer.

When the same amount of active biomass has to be dis-
tributed over a carrier surface, the biofilm surface can take
almost any shape from a very rough to a completely flat one.
In the flat case, the CBL follows the biofilm surface closely
(dashed line on Fig. 3a—c). However, from Fig. 3d—f it can
be seen that for a rough biofilm surface this is not the case.
The CBL remains outside the biofilm clusters. Conse-
quently, larger surface area cannot be valued because there
is poor convective transport in the voids. This situation is
easily visualized in Fig. 3. The mass flux is proportional to
the gradient of concentration and its orientation is normal to
the iso-concentration lines. It follows that a maximum flux
to the biofilm can be reached only when the iso-
concentration lines are parallel to the biofilm surface. This
can be manifested only if convection is significant between
the clusters. Rittmann et al. (1999) also suggested that the
flux of substrate per carrier area can be increased in the
cluster-and-channel biofilm only if the channels expose
more biofilm surface. Presence of only diffusive substrate
transport in the valleys creates a disadvantage for the chan-
neled biofilm over the flat one. Microelectrode measure-
ments by de Beer et al. (1995, 1996) showed that at low
flow velocities oxygen concentration gradients were per-
pendicular to the carrier (while the boundary layer was par-
allel with the carrier), whereas at very high velocities the
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Figure 4. (a, b) Sh numbers and mass transfer coefficients k, averaged
over the carrier length as a function of Re number, at (a) high biofilm
activity, and (b) low biofilm activity. Symbols show values of Sh and k_S
obtained for the biofilm shapes in Table II: O (0); O (1); B (2); A (3); A
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gradients were, more or less, perpendicular to the irregular
biofilm surface (while the boundary layer was closely fol-
lowing it). The direct implication would be an increase of
mass fluxes relative to the carrier area, as also shown theo-
retically by Rittmann et al. (1999). However, these experi-
mental studies focused only on isolated biofilm clusters,
separated by large areas without biomass. This is obviously
the case of a very young biofilm. When surface irregulari-
ties develop on a thick base layer, as observed in biofilms
grown for many weeks in water treatment systems, our
simulations show that even at higher flow velocities over
rough biofilms, the concentration boundary layer can still
follow the carrier surface. Determining the cases for which
heterogeneous biofilms can be modeled as planar structures
and the cases for which a multidimensional model is
needed, must be the subject of further study.

Examination of the mass transfer coefficient at the bio-
film surface clearly shows why the rough structures are not
always favorable for mass transport. Due to the waved sur-
face, local kg, and implicitly its dimensionless form, Sh, are
subjected to large variations between the peaks and the val-
leys of the biofilm structure (Fig. 5). The biofilm peaks are
exposed to high gradients of concentration. This generates a
high value of Sh or k.. The flux of substrate in the valleys
is by contrast, low. This leads to low values of mass transfer
coefficients. On average, the flux enhancement gained in
the peak regions can be completely lost in the valleys. As
seen in Fig. 5, Sh values for a flat biofilm are on the average
indeed larger than those for a rough structure. Fig. 5 also
shows that, at low and intermediate Re, Sh approaches its
constant, far-downstream value. It can be stated that at least
at low Re, the mass entrance length is contained within the
length of our system.

Further, we will show by simple numerical calculation
why an increased mass transfer area does not necessarily
lead to an increased flux of nutrient into the biofilm. Sub-
stituting Eq. (7) in (12), followed by integration over the
biofilm surface, gives the substrate conversion rate per car-
rier area, ®g . Hence, ®g - becomes

(I)s,c =

D, -AfAc = D, o (18)

From Eq. (18) we can see that even if the relative biofilm
area is enlarged (a > 1), a lower value of the average sub-
strate flux normal to the interface can make ®g  decrease.
The average substrate flux decreases either due to a higher
resistance to mass transfer (lower kg) or to a lower driving
force cgy — cgr. For example, the rough biofilm case pre-
sented in Fig. 3e (structure 11, Table II) has twice as much
interfacial area as the flat biofilm (structure O, Fig. 3b),
hence a = 2. At Re = 4.1, the average Sherwood number
is 2.7 for the rough and 5.3 for the flat biofilm (Table III),
which translates to average mass transfer coefficients k, of
2.4 x 107 and 4.7 x 107 m/s, respectively. While k, is
halved in the rough biofilm, ®g  decreases by only 13%,
from 2.8 g O, m™2 day™' in the flat structure to 2.47 g O,
m~2 day™' in the rough biofilm. This is because for the
rough biofilm the loss of conversion in the valleys is com-
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Table III.  Average Sh numbers, substrate conversion rate per carrier area and biofilm effectiveness
factor for a flat (0) and for a rough (11) biofilm at different Re numbers.*

Flat biofilm
(structure 0)

Rough biofilm
(structure 11)

Re ﬁ1 l/ﬁo Ds .11/ Ps c0 ﬁ0

0.255 0.59 0.99 1.99
0.51 0.57 0.97 2.52
1.02 0.55 0.95 322
2.04 0.53 0.91 4.12
4.08 0.51 0.88 5.27
8.16 0.48 0.87 6.74
16.32 0.47 0.90 8.52
32.64 0.45 0.94 10.9

D co mn Shy, D e mn
1.51 0.118 1.17 1.50 0.121
1.79 0.141 1.43 1.74 0.137
2.09 0.165 1.77 1.98 0.155
2.44 0.192 2.18 2.22 0.174
2.81 0.221 2.67 2.47 0.194
3.17 0.249 3.26 2.77 0.218
3.46 0.272 4.01 3.13 0.246
3.86 0.304 4.97 3.64 0.287

“The values are calculated for the highly active biofilm.

pensated by a deeper penetration of substrate in the peak
areas, and consequently higher conversion there. On the
other hand, one could argue that the wavy biofilm structure
makes it possible for the biomass clusters to receive a flux
of substrate coming from the lateral sides, not only from the
top. However, our calculations show that at usual fluid ve-
locities, the main flux of substrate comes from the top and
only a small fraction is due to this lateral flux. If only the
peaks are accessible for substrate, then at low velocities the
“effective” biofilm area is in fact decreased in the rough
biofilm case.

An interesting tendency appears at very high flow veloc-
ities (i.e., Re > 10, corresponding to bulk velocities greater
than 0.2 m/s). From Table III, it can be seen that the dis-
advantage of the rough biofilm in terms of substrate con-
version rate diminishes at high velocities, compared to the
flat structure. From Re = 0.4 to Re = 8.2 there was a
continuous increase of the flat biofilm advantage in conver-
sion. At Re = 8.2 the flat biofilm converted 15% more
substrate than the rough biofilm converted. However, at Re
= 32.6 this difference becomes only 6% and a new increas-
ing trend is observed. Although the average mass transfer

Local Sh number

0 L ! h L
100 300 500 700 900 1100 1300 1500
Length, x (um)

Figure 5. Local Sh number calculated at the biofilm-liquid interface for
structure (11) (thick lines), at Re = 0.25, 4.1, and 32.6, are compared with
values obtained for the completely flat structure (0) (thin lines). Arrows
indicate places where mass transfer enhancement due to vortex formation
is clearly visible.

resistance increases, because of the local improvements of
mass transport, the substrate conversion rate increases in the
high velocity regimes. Looking at Fig. 3f a qualitative
change in the flow pattern can be clearly noticed. Vortices
formed in the channels between the clusters, bringing an
increased substrate concentration deeper into the biomass.
Although vortices begin to form in the cavities also at lower
velocities (Fig. 3e), their contribution to mass transfer be-
comes important only at high bulk velocities. This strongly
enhances the local mass transfer coefficients in the valleys.
Abnormally high local Sh at Re = 32.6 can be clearly seen
in Fig. 5, at x = 350, 650, 850, 1100, and 1400 pwm. These
conditions are on the back-face of the clusters and on the
bottom of valleys, where at low velocities the lowest mass
transfer occurs. Note that vortex formation in the cavities
does not necessarily mean turbulence. The local flow is still
laminar, but this is the beginning of a path to turbulence.

Local significance of convection close to biofilm surface
can be proven by comparing local fluxes received at differ-
ent Re by the biofilm top with those received in the valleys
(Fig. 6). As expected, the substrate flux entering the biofilm
peak at x = 1300 pwm increases linearly with log(Re). In the
biofilm valley at x = 1,175 pwm, a poor dependence of the
flux on Re can be noticed at low bulk velocities. At higher
velocities, however, convection due to vortices begins to
play an important role in substrate transport. Accordingly,
the substrate flux into the biofilm increases dramatically.
The relative importance of convection and diffusion in bio-
film valleys can be seen by calculating local fluxes in each
point of the domain. The local convective and diffusive
fluxes are

N
G =cs\ ux +uy, and

®p, =D\ (dcs/0x) + (dcs/dy),

respectively. Figure 7 shows in black patches regions where
the convective flux was bigger than the diffusive one, and
white areas where diffusive flux was dominant. At low Re,
diffusion was clearly the main transport mechanism in bio-
film valleys. As Re increases, stagnant areas continuously
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Figure 6. Flux of substrate which enters the biofilm structure 11 (Fig.
3d-f) at x = 1,300 wm (a biofilm peak) and at x = 1,175 pwm (a biofilm
valley) as a function of Re number.

diminish, convection gains importance, and finally domi-
nates diffusive transport.

It appears that an increased convection (and eventually
turbulence) will finally lead to an advantage of the rough
biofilm over the flat one. Due to stability and accuracy
problems with the actual lattice Boltzmann method, it was
not possible to simulate the biofilm behavior at Re numbers
higher than 64. Refinement of the grid would solve these
problems, but higher computational expenses are not justi-
fied because the velocities we studied here were already in
the range usually reported to occur in biofilm reactors.
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Figure 7. Iso-lines show the decrease of conversion rates (normalized by

ks inside a rough biofilm (structure 11) from large values next to the
biofilm-liquid interface (gray patches) to zero in the biofilm (white
patches), with a variation of 10% between lines. Black areas are zones in
the liquid phase where convective flux is bigger than the diffusive flux. The
white areas in the liquid show where diffusion dominates.

Effect of Biofilm Activity

Not only geometrical and hydrodynamic factors affect mass
transfer and transformation rates in the biofilms. Biofilm
activity, the substrate conversion rate constant kg, obvi-
ously influences the global conversion rate and biofilm ef-
fectiveness factor. This can be directly seen by comparing
the substrate contour lines in Fig. 3e (high activity) with
those in Fig. 8e (low activity). While substrate enters only in
the superficial layers of the highly active biofilm, the low
activity biofilm is completely penetrated. Consequently, the
effectiveness factor r is greatly increased in the latter case
(see Fig. 10a,b). Despite the fact that biofilm activity was 5
times reduced, the global conversion rate is only 1.5-2
times less in the low-activity case. For external mass trans-
fer coefficients, biofilm activity has much less effect. In
general, the low activity biofilms had only slightly better
mass transfer coefficients: Sh increased 2-9%.
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Figure 8. Contour lines of substrate concentration at Re = 4.1 for low
activity biofilm. Graphs correspond to structures 3 (a), 5 (b), 8 (c), 9 (d),
and 11 (e) from Table II. 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. Dashed line deliminates the boundary layer at a concentra-
tion of 99% from maximum. With a thick line is shown the biofilm-liquid
interface.
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Correlations Between Biofilm Structure, Mass
Transfer, and Conversion

Investigating only qualitatively the relevant factors that
might influence mass transfer and transformation in rough
biofilms is not enough. The ultimate goal is to find corre-
lations between biofilm structural parameters and transport
and conversion measures. If possible, these correlations
should be presented as equations including dimensionless
numbers. If appropriately applied, these equations can be
very useful in the design and operation of biofilm reactors.
One could answer in a quantitative way questions like: in
what type of biofilm will be mass transfer enhanced and
under what conditions? or, is substrate conversion increased
by this biofilm structure? or, is this bioreactor suitable to
grow a certain type of biofilm?

The first step must be identification of the relevant pa-
rameters. To do this, we focused our attention on three
possible biofilm structural measures: roughness (o), area
enlargement (o) and compactness (&) (see Fig. 8). Diagrams
of conversion rate per carrier area against o, «, and £ were
made for all Re numbers. The same was done for the aver-
age Sh numbers of different structures. Such examples at Re
= 4.1 are shown in Fig. 9. It is usually believed (Zhang et
al., 1994; Bishop et al., 1997) that the absolute roughness is
the geometrical measure the most responsible for the ob-
served differences in mass transfer between diverse bio-
films. However, roughness is only a measure of the depth of
biofilm valleys. Although there is a decreasing tendency of
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Figure 9. (a) Global oxygen conversion rate in the biofilm related to the
carrier surface area (Pg) as a function of biofilm compactness, area
enlargement and roughness at high biofilm activity and Re = 4.1. Num-
bers indicate structures discussed in text. (b) Sherwood number averaged
over the biofilm surface as a function of biofilm compactness, area en-
largement and roughness at Re = 4.1 for high (@) and low (O) biofilm
activity.

conversion rate and Sh at increased roughnesses, the corre-
lation is not very good. Good examples to explain these
deviations are structures 5 and 8. These cases have very
similar roughness coefficients, but the computed conversion
rates and especially Sh numbers differ strongly (see Fig. 9).
Referring to Fig. 8b,c, although both cases are for a biofilm
roughness of about 50 pm, structure 8 has a higher fre-
quency of the cluster-channel pattern. In other words, not
only the depth of the channels but also their width influ-
ences the mass transfer. The wider the valleys the higher the
mass transfer rate. Narrow channels cannot establish sig-
nificant convective mass transfer and thus they are less fa-
vorable. The same effect can be seen also on structures 9
(Fig. 8d) and 11 (Fig. 8e). Both have an absolute roughness
of about 100 pwm, but while structure 9 has valleys 600 pm
apart, structure 11 has gaps only 300 wm apart, and conse-
quently a lower mass transfer rate.

Conversion rate and Sh correlated well with surface com-
pactness and area enlargement (see Fig. 9). Conversion
shows a slight decrease when compactness decreases from
its maximum (the flat biofilm case) to about 0.7 and then it
drops substantially for very channeled biofilms. An almost
linear decrease of both conversion and mass transfer coef-
ficients can be seen with an enlargement of the biofilm per
carrier area ratio. It seems from Fig. 9 that the global sub-
strate conversion rate correlates better to the compactness,
whereas the average Sherwood number correlates well with
the biofilm area enlargement. This seems reasonable know-
ing that both compactness and conversion rate quantify
volumetric properties, while area enlargement and mass
transfer coefficient are measures related to surfaces.

Recognizing the usefulness of compactness, diagrams
showing the conversion rate and biofilm effectiveness factor
for different biofilm structures, at different flow velocities
were constructed (Fig. 10). At low Re, the conversion rate
is not significantly influenced by compactness but differ-
ences up to 20% occur at high Re regimes. It can be noticed
again, that at the highest velocities, structures with wide
channels reach higher conversions than do those with dense
and narrow channels (compare structure 8 with 9, or 10 with
11). This effect can be attributed to an easier vortex forma-
tion in biofilms with large valleys. Anyway, relative to the
flat case, conversion in all very rough biofilms increases at
very high Re. At lower biofilm activity, the effects of sur-
face structure are less pronounced (note the expanded scale
for low activity).

By examining Fig. 10 we note that, at high liquid veloc-
ities, the conversion rate can be slightly greater than for the
completely flat biofilm case. This happens only when the
biofilm surface has a small roughness. Only in this case (see
Fig. 8a), the concentration boundary layer can follow the
biofilm surface, without vortex development.

Given a very clear dependency on area enlargement can
be observed for the external mass transfer parameters like
Sh or k, (Fig. 9b), we chose to include this structural pa-
rameter in the Sh—Re correlation. The proposed empirical
correlation is a product of power functions:
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Sh=—Re'"?Sc'”?. (19)

_ C

an
All Sh-Re data obtained were correlated with this function.
Results are presented in Fig. 4a (highly active biofilm) and
Fig. 4b (less active biofilm). For the high-activity biofilm,
the coefficients were C = 0.45 and n = 1.034. In the
low-activity biofilm, we obtained C = 0.478 andn = 1.12.
The correlation is good for low Re but becomes worse at
high Re. The maximum error was 10% at Re = 32.6 for
structure 7.

The correlation should not be interpreted as a result valid
for mass boundary layer entrance on flat plate. The bound-
ary layer theory predicts in that case that Sh increases with
Re at power 2. Due to the Couette-like driven flow in this
system and the periodic boundaries in the flow direction, Sh
is a function of Re'. This correlation should rather be seen
as a theoretical example on how biofilm shape characteris-
tics can be included in mass transfer/momentum transfer
dependency.

Validity of the Model for Practical Biofilms

A major problem could question the validity of results
found using this model because 2-D flow is obviously dif-
ferent from 3-D flow. If instead of a ridge-like structure the

biofilms presented a “dome” morphology, then the flow
could find a preferential path around the biofilm towers, and
not over them. Mass transfer could be increased, especially
if the ridges extend along the main flow direction and not
across it, like in the 2-D case. Results from the present 2-D
model can be applied directly only for ridges-like biofilms,
as obtained by Gjaltema et al. (1994) in a rotating annular
reactor. A 3-D model for convection-diffusion-reaction in
rough biofilms is now under development (Eberl et al.,
1999). Preliminary results of this three-dimensional model
show however that no important qualitative differences ap-
pear. The same tendency of mass transport and conversion
rates to decrease when the biofilm area enlargement in-
creases was predicted, and values very close to the 2-D
simulations were obtained. Complete results will be pub-
lished in a forthcoming article.

The present model considers the biofilm volume as a
rigid object. Many biofilms are in reality gelatinous, flexible
structures. Biofilm oscillations induced by the flow can
therefore occur (Stoodley et al., 1998). They create turbu-
lence and obviously increase mass transfer. This might be a
cause of enhanced mass transfer rates in rough biofilms
reported in the literature (Siegrist and Gujer, 1985; Zhang et
al., 1994). Situations as those predicted by the model at the
highest velocities are less likely to occur in reality. First,
because biofilms grown at high velocities (and implicitly
high shear rates) usually appear to be smooth (Kugapra-
satham et al., 1992). Breaking and sloughing due to biofilm
vibrations and high shear forces will frequently occur. And
second, vortex formation is impeded in a three-dimensional
biofilm compared to 2-D biofilm having the same area en-
largement, because the fluid can easier find ways to bypass
the clusters.

The comparison between conversion rates achieved in
structures with different geometries, can be done in the most
reasonable way by distributing the biomass uniformly in the
whole biofilm. Another realistic assumption would be to
have highly active biomass in the top layers, and less active
in the biofilm depth. We believe that this assumption will
enhance even more the performance of the flat biofilm com-
pared to the rough one. If biomass decays in the valleys,
“waiting for food that never arrives,” then the effective
reaction volume in rough biofilms decreases (compared to
uniform distribution), being restricted only to the peak ar-
eas. Consequently, the global substrate uptake rate will de-
crease. Moreover, this biomass segregation will generate
even more roughness because peaks would grow faster,
deepening the channels. However, a realistic non-uniform
biomass distribution can be realized only in a model includ-
ing biomass growth and decay, which is the scope of a
further publication.

A preliminary study on the importance of biofilm voids
on convective nutrients transport in biofilms has also been
made. Two protuberances from the structure 11 were
pierced with tunnels. The diameter of those pores was cho-
sen to be about 30 wm, a value reported as typical in Stood-
ley et al. (1994) and de Beer et al. (1994). Two simulations
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were carried out. In the first case, fluid was allowed to flow
through the pores (Fig. 11a). In the second one the pores
were closed for flow, but they were kept empty of biomass
(Fig. 11b). This was done to ensure that the same total
amount of biomass exists in both systems, whether the pores
were open or clogged. Model results show that only at very
high liquid velocity in the bulk, flow through the pores
brings an important contribution to substrate transport in the
biofilm (Fig. 11a,b). Only above a critical Re number do the
benefits of convective substrate transport through pores be-
come important. Great care must be taken in interpreting
these results. Not only the pores diameter is important but
also their length, position and orientation with respect to the
main flow direction. Longer pores necessitate a larger pres-
sure difference to promote the flow. Pores at the biofilm
bottom are positioned usually in regions with stagnant or
very slowly moving liquid. Consequently, their contribution
to mass transport will be negligible. It must be also noticed
that in our 2-D simulations pores do not have a cylindrical
shape. In a real 3-D space, friction through cylindrical pores
would be much increased relative to these planar pores.
Thus, in all situations presented above, convective substrate
transport will be even more decreased, both due to insuffi-
cient driving force and to increased frictional resistance.
The complete three-dimensional model needed to quantita-
tively evaluate substrate transport through biofilm pores
will be presented elsewhere (Eberl et al., in preparation).

If only diffusion is important in pores and valleys, rough
biofilms behave as if they were compact but having less
biomass activity. Therefore, in the absence of convection in
the valleys (i.e., low Re regime), one-dimensional diffusion-
reaction models could be adequate to predict overall sub-
strate conversion rates. A first comparison between one- and
multidimensional biofilm models was made in Morgenroth
et al. (1999).

CONCLUSIONS

A two-dimensional model was used to compute laminar
fluid flow and substrate mass transport in irregularly shaped
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Figure 11. Substrate concentration contour plots in the case with (a) open
pores and (b) closed pores. All simulation parameters were similar to those
of the case shown in Fig. 3d—f.

biofilms. By using this model, it was possible to make a
theoretical prediction of the influence of biofilm geometri-
cal characteristics on global substrate mass transfer and con-
version rates. Although computations are performed in the
laminar hydrodynamic boundary (sub)layer, flow in the
bulk liquid can be either in the laminar or in the turbulent
regime.

The main result of this study is that increased biofilm
roughness does not necessarily lead to an enhancement of
either conversion rates or external mass transfer. If there is
poor convection in the biofilm channels or valleys, then the
main transport mechanism for substrate is only by diffusion,
driven by gradients of concentration perpendicular to the
carrier. The overall mass transfer rate decreases in rough
biofilms because of an increase in the diffusional path of
substrate. Although the total biofilm area is increased by
roughness, the effective mass transfer area is in fact de-
creased. Only a very limited fraction of all biofilm area
receives nutrient because only the peaks are accessible for
substrate.

External mass transfer rates were greatly increased at
higher flow velocities. A variation of Re number over 2
orders of magnitude produced mass transfer coefficients
five times larger. However, the global substrate conversion
rates per carrier area were less affected. Only approximately
2.5 times larger rates at the highest flow velocity than at the
lowest were predicted. The results of this study clearly in-
dicate that interpretation of local concentration or flow mea-
surements as such might easily lead to erroneous interpre-
tation of biofilm conversion processes. Only evaluation of
overall conversion rates of mass fluxes can describe the
correct biofilm conversion.

The influence of flow, biofilm geometry and activity on
external mass transfer can be quantified by Sh-Re correla-
tions. The average Sh in our model system varied propor-
tionally with Re'”®. Area enlargement gave the best corre-
lation with mass transfer parameters. In the velocity range
investigated, Sh was inversely proportional to area enlarge-
ment at a power close to 1. The biofilm activity had only a
small effect on mass transfer coefficients.

Conversion rates were well correlated by biofilm com-
pactness. The more compact the biofilm the higher the glob-
al conversion rate of substrate. Our study demonstrates that
roughness alone is not enough to characterize the influence
of surface irregularity on mass transport and conversion. If
biofilm peaks are not far enough from each other, convec-
tive transport in valleys cannot significantly contribute to
the increase of the total conversion rate. A study of mass
transfer in biofilms with more complicated surface shape
should therefore not lump roughness and cluster frequency
into a single measure, but rather consider them separately.

At low flow velocity, the effect of biofilm roughness on
the total conversion rate per carrier area was almost negli-
gible. This can be explained by the fact that in the low
velocity regime the surface irregularities are deep inside the
CBL. Because the concentration boundary layer is very
thick, the overall biofilm effectiveness is determined by the
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external mass transfer rate. If only diffusion occurs in pores
and valleys, rough biofilms behave as if they were compact
but having less biomass activity. At higher flow velocities,
the importance of convective transport increases. Neverthe-
less, even in convective transport dominated regimes the
overall conversion can be decreased due to an irregular
biofilm surface.
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