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Introduction
ABSTRACT: Imaging and modeling are two major approaches in
bioﬁlm research to understand the physical and biochemical
processes involved in bioﬁlm development. However, they are often
used separately. In this study we combined these two approaches to
investigate substrate mass transfer and mass ﬂux. Cross-sectional
bioﬁlm images were acquired by means of optical coherence
tomography (OCT) for bioﬁlms grown on carriers. A 2D bioﬁlm
model was developed incorporating OCT images as well as a
simpliﬁed bioﬁlm geometry serving as structural templates. The
model incorporated ﬂuid ﬂow, substrate transfer and biochemical
conversion of substrates and simulated the hydrodynamics
surrounding the bioﬁlm structure as well as the substrate
distribution. The method allowed detailed analysis of the
hydrodynamics and mass transfer characteristics at the microscale. Bioﬁlm activity with respect to substrate ﬂuxes was compared
among different combinations of ﬂow, substrate availability and
biomass density. The combined approach revealed that higher
substrate ﬂuxes at heterogeneous bioﬁlm surface under two
conditions: pure diffusion and when high ﬂow velocity along the
bioﬁlms surface renders the whole liquid-bioﬁlm interface to be
highly active. In-between the two conditions the substrate ﬂuxes
across the surface of smooth bioﬁlm geometry were higher than that
of the heterogeneous bioﬁlms.
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When microorganisms attach to surfaces in an aquatic environment, they form bioﬁlms, the dominating style of microbial life on
Earth. Determining bioﬁlm structure is of great importance in
bioﬁlm research, as it is known to have strong impact on bioﬁlm
activity (Picioreanu et al., 2000).
As one of the major approaches in bioﬁlm research,
mathematical modeling has become one of the essential tools
to gain mechanistic understanding of systems with complex
interactions (Horn and Lackner, 2014). A planar bioﬁlm
structure is often assumed in simpliﬁed one-dimensional (1D)
models, as in the widely used one from Wanner and Reichert
(1996). This assumption limits the applicability of such models
when bioﬁlm surface heterogeneity is important and required as
input. Multi-dimensional models can incorporate the spatial
heterogeneity of bioﬁlm structure and can provide insights into
the spatial distribution of state variables (e.g., gradients in
substrates and biomass concentration) (Picioreanu et al., 2004)
and the structure-activity relationship by applying conditions
close to reality (Eberl et al., 2000). So far, the microbial
components in bioﬁlms can be described with the following
approaches: cellular automata (CA) (Laspidou and Rittmann,
2004), individual-based models (Kreft et al., 2001), particlebased models (Picioreanu et al., 2004) and the continuum
approach (Alpkvist and Klapper, 2007). Even with the
simpliﬁcations that have to be made, the quantitative nature
of a bioﬁlm model provides details on a conceptual
understanding and allows a rigorous evaluation of this
understanding against experimental results.
In another branch of bioﬁlm research, various imaging techniques
have been applied to investigate the structure and composition of
bioﬁlms, such as confocal laser scanning microscopy (CLSM)
(Lawrence and Neu, 1999), magnetic resonance imaging (MRI)
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(Manz et al., 2003), raman microscopy (RM) (Ivleva et al., 2009) and
scanning electron microscopy (SEM) (Janjaroen et al., 2013).
However, their application is limited due to incomplete staining of
bioﬁlm constitutes (CLSM) or altering the bioﬁlm structure due to
drying (SEM), not being representative due to imaging at micro-scale
(CLSM, SEM) or high costs for instrumentation and time (MRI).
Originally invented for medical diagnostics (Huang et al., 1991),
optical coherence tomography (OCT) has recently been introduced
into bioﬁlm research to reliably monitor bioﬁlm development at
mm-scale (meso-scale) (Wagner et al., 2010; Xi et al., 2006). It
compensates the aforementioned limitations and enables fast, in
situ and non-invasive three-dimensional visualization of bioﬁlm
structure at the meso-scale and thus exhibits high potential in
bioﬁlm research.
Typically, bioﬁlm imaging and mathematical modeling are used
separately. There have very seldom been interactions between the
two approaches (B€ol et al., 2009; Pavissich et al., 2014). Within this
study, we developed a method that combines bioﬁlm imaging at the
meso-scale by means of OCT with the purpose of using the imaging
data as structural templates within a 2D bioﬁlm model to assess the
impact of bioﬁlm structure on local mass transfer. Comparison
between real bioﬁlm structures and a smooth bioﬁlm structure was
conducted to investigate the impact of bioﬁlm surface heterogeneity.

Materials and Methods
Biofilm Imaging
The bioﬁlm samples for the current study were grown in a bioﬁlm
reactor using plastic carriers (see Fig. 1, prototype from
AnoxKaldnes) as substratum. The reactor was operated with glucose
(10 [g/(m2  d)]) as the only carbon source and dissolved oxygen
(DO) at around 7.5 mg/L (Details on reactor operation are provided
in the supplementary material). A GANYMEDE spectral domain OCT
(Thorlabs GmbH, Dachau, Germany) with a central wavelength of
930 nm was used to visualize the bioﬁlm structure. For image
acquisition the carrier was placed in an in-house made carrier holder
and immersed into ﬁltered (<0.45 mm) bulk liquid from the reactor.
The image spanned two compartments in width. The images have a
lateral resolution of 10.7 mm/pixel (in x-direction) and an axial
resolution of 2.09 mm/pixel (in z-direction).
Image Analysis and Characterization of Biofilm Structure
Image processing was conducted using Fiji software package
(Schindelin et al., 2012). The complete bioﬁlm structure throughout
the vertical cross-section of the carrier was achieved by combining
two B-scans acquired at the same location (marked in Fig. 1) from
both sides of the carrier, with each B-scan contributing 50% of the
carrier thickness. After binarization by setting a manual threshold
(Yang et al., 2001), the surface of the bioﬁlm was clearly identiﬁable.
Noise pixels and isolated pixel groups were removed with the
“Remove outlier” function of Fiji. Compact bioﬁlm was assumed,
thus the space beneath the bioﬁlm surface was treated as completely
ﬁlled with biomass. In the last step the plastic grids of the carrier
were outlined and removed from the images to allow the model to
distinguish between the plastic carrier and the grown bioﬁlm.
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Figure 1. Photograph of the carrier used for biofilm cultivation. The carrier has a
dimension of 3 mm in diameter and 1.05 mm in thickness. A compartment refers to one
small hole on the carrier. The compartment size is 1.4  1.4 mm2. The two black lines
indicate where the B-scans for the simulation were taken. The optical axis z refers to
the direction perpendicular to the carrier surface.
Based on the binarized images, bioﬁlm structures were
characterized with respect to roughness coefﬁcient (R0a ) (Derlon
et al., 2012; Murga et al., 1995) and surface enlargement factor (a)
(Picioreanu et al., 1998), calculated according to Equations 1 and 2,
respectively.
!
1 XN jLf ;i  Lf j
0
ð1Þ
Ra ¼
1
N
Lf

a¼

LG
LS

ð2Þ

where Lf ;i is the bioﬁlm thickness at point i on the discretized
bioﬁlm surface, Lf the average bioﬁlm thickness, N the number of
points engaged in the calculation, LG the measured length of the
liquid–bioﬁlm interface, LS the length of the substratum.
Model Structure
Bioﬁlm geometries were created based on the binarized OCT images
using the “mphimage2geom” function provided by COMSOL
LiveLink for Matlab. Afterwards, the simulations were conducted in
COMSOL Multiphysics 4.4 (COMSOL Inc., Sweden). Fluid ﬂow,
mass transport and biochemical conversion of substrates under
steady state ﬂow conditions were incorporated into the model. For
simplicity reasons the ﬂow in the space close to the carrier surface
was assumed stationary and incompressible. Flow, both parallel to
the carrier surface and through the compartments, was simulated.

The simulation domain was extended by 1.5 mm above as well
as below the carrier surface to allow incorporating a fully
developed ﬂow ﬁeld. Based on this adjustment, the motion of
the liquid in the simulation domain can be characterized by
the velocity ﬁeld u, which is governed by the Navier-Stokes
equations:
rðu  rÞu ¼ rP þ mr2 u

ð3Þ

ru¼0

ð4Þ

where Equation 3 is the balance of inertial, pressure and viscous
forces, and Equation 4 describes the incompressibility-induced
mass balance. u is the vector of the local liquid velocity, rho is the
liquid density, m is the liquid dynamic viscosity and P stands for
pressure. Speciﬁcation of boundary conditions for both parallel ﬂow
and ﬂow through conditions was given in Figure 2.
Bioﬁlm was assumed rigid. Dissolved components include
organic substrates characterized by the chemical oxygen demand
(COD) and dissolved oxygen (DO). Transport of dissolved
components in the liquid and bioﬁlm domain by convection and
diffusion was described by Equation 5:

r  ðDi rSi Þ þ u  rSi ¼ ri

ð5Þ

where Di is the diffusivity of substrate i, Si the concentration of
substrate i in the liquid and bioﬁlm domain and ri the turnover of
substrate i in bioﬁlm domain. The diffusivity of substrates within
bioﬁlms was assumed to equal 80% of that in the bulk liquid
(Horn and Morgenroth, 2006; Stewart, 2003).
Substrate ﬂux is continuous at the liquid-bioﬁlm interface. The
COD (148 mg/L) concentration in the bulk liquid measured on the
day when the images were taken was used for all the simulations.
Substrate conversion was only considered in the bioﬁlm domain.
Aerobic conversion of COD by heterotrophic bacteria followed a dual
Monod kinetic (Henze, 2000) and is given by Equation 6 and 7,
respectively.



1
SCOD
SDO
XH ð6Þ
rCOD ¼  mH
K COD þ SCOD
K DO þ SDO
YH

rDO




1  YH
SCOD
SDO
¼
mH
XH
YH
K COD þ SCOD
K DO þ SDO

ð7Þ

The values for all stoichiometric and kinetic parameters were set
according to the Activated Sludge Model No.1 (Henze, 2000) and are
provided in Table I. Growth and inactivation of microorganisms were
not considered within this study. Biomass density was deﬁned as only
for the active biomass homogeneously distributed over the entire
bioﬁlm domain. Two values, low (15,000 g/m3) and high (30,000 g/m3)
biomass density (W€asche et al., 2002), were used for the simulation.

Figure 2. Model structure and specifications for boundary condition for both parallel and flow throughconditions. The dimension of the simulation domain is 2.8  4.05 mm2. The
black rectangular bounds a compartment.
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Table I. Model parameters.
Symbol

Value

Stoichiometric parameter
YH
Kinetic parameters
mH
KS
KDO
Additional parameters
DCOD
DDO

Dimension

Description

Reference

0.67

gCODgCOD1

Heterotrophic yield coefficient on substrate

Henze (2000)

6
20
0.2

d1
gCODm3
gO2m3

Maximum specific growth rate of biomass
Half-saturation coefficient for substrate S
Half-saturation coefficient for oxygen

Henze (2000)
Henze (2000)
Henze (2000)

1.2  109
2.0  19

m2s1
m2s1

Diffusivity of COD in water
Diffusivity of DO in water

Data Evaluation

Results

The conversion of organic substrate was evaluated as the average
COD ﬂux over the substratum according to Fick’s law:

Biofilm Images Obtained With OCT

R
J COD ¼

DCOD @S@nCOD jG
Ls

ð8Þ

where G refers to the bioﬁlm surface. LS equals the length of the
substratum. n indicates the direction normal to the bioﬁlm surface
at local position.
The local convective and diffusive ﬂuxes were calculated based on
Equation 9 and 10, respectively for the whole simulation domain.
J C ¼ SCOD

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u2x þ u2y

s
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


ﬃ
@SCOD 2
@SCOD 2
J D ¼ DCOD
þ
@x
@y

ð9Þ

ð10Þ

The Sherwood number (Sh) is a dimensionless number used to
characterize the mass transfer characteristics and represents the
ratio of convective to diffusive mass transport (Picioreanu et al.,
2000; Taherzadeh et al., 2012). For a given system, the higher the Sh,
the better the mass transfer from the liquid into the bioﬁlms. The
locally resolved Sherwood number can be calculated according to
Equation 11:
Sh ¼

Lh @S@nO2 jG
kS L h
¼
DS
SO2;0  SO2;t

ð11Þ

where Si,0 and Si;t denote the DO concentration in the inﬂow and at
one point on bioﬁlm surface.
The characteristic length (Lh ) was chosen to be the width of the
simulation domain, 2.8 mm. To compare the mass transfer
characteristic among different simulations, the spatially averaged
Sherwood number (Sh) was calculated by averaging Sh over bioﬁlm
surface G as given in Equation 12:
Z
ShdG
Sh ¼ G
ð12Þ
LG
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Lide (2003)
Lide (2003)

The structure of bioﬁlms on carriers was obtained by means of OCT.
Two cross-sectional OCT images, referred to as geometry 1 (G1) and
geometry 2 (G2), are presented in Figure 3a and b. The two
geometries differed slightly with respect to LG, R0a , and a, see Table
II. Heterogeneous structures with small spikes developed along the
carrier walls, which can be clearly seen from the binarized images in
Figure 3c and d.
A simpliﬁed smooth geometry was generated (see Fig. 3e) to
study the impact of bioﬁlm surface heterogeneity. The smooth
geometry had the average bioﬁlm area of G1 and G2 (see Table II).
However, there was a distinctive difference with respect to the
liquid–bioﬁlm interface length (LG ) as well as biomass distribution
between the real and the simpliﬁed structures. Compared to the ﬂat
geometry, the heterogeneous bioﬁlm structure doubled LG (see
Table II). With the same substratum length, the presence of spikes
in the real bioﬁlm structure enlarged the bioﬁlm surface, namely LG.
This further led to a high R0a and a.
Simulated Velocity and Concentration Fields
To demonstrate the applicability of the method combining bioﬁlm
imaging and bioﬁlm modeling, geometries were transferred into
COMSOL to serve as structural templates, which allowed studying
the interaction between the bioﬁlm structure and the surrounding
ﬂuid. The simulated ﬂow ﬁeld in the vicinity of and inside the two
adjacent compartments (G1) is presented in Figure 4a. Figure 4b
presents the simulated ﬂow ﬁeld around the simpliﬁed bioﬁlm
structure under the same simulation conditions. The streamlines
clearly depict the formation of (laminar) recirculation zone inside
the carrier compartments for both bioﬁlm geometries. From red to
blue color, the ﬁgure shows that ﬂuid velocity decreases from 8 cm/s
to 0 near the bioﬁlm surface.
The convective and diffusive transport of substrates was coupled
to the ﬂow simulation. Figure 4c and d present the simulated
distribution of DO in the liquid and in the bioﬁlm matrix. The
ﬁgures show that DO concentration decreased steadily from 8 mg/L
at bioﬁlm surface to less than 1 mg/L near the plastic of the carrier
and became limited in the deeper layer of the bioﬁlm. The green
color inside the compartments in Figure 4c suggests that liquid
could not ﬂow through the compartments, thereby forming

Figure 3. Cross-sectional OCT images of biofilm developed on the carrier. (a) geometry 1 and (b) geometry 2 are raw gray scale biofilm images. (c) and (d) are the binarized
images for (a) and (b) respectively. (e) presents the simplified biofilm structure that has the average area of (c) and (d). The dimension of one image is 2.8  1.05 mm2 and represents a
cross section through two compartments in the vertical xz-plane.
diffusion-dominated regions. Whereas in the simulation presented
in Figure 4d the liquid ﬂew through the compartments and
transported the substrate deep into the compartments. COD
concentration ﬁelds exhibit the same pattern for the corresponding
geometry (see Figure S1).
The activity of the biomass with respect to COD consumption,
calculated based on Equation 6, is visualized in Figure 4e and f for
G1 and the simpliﬁed structure, respectively. Bioﬁlms reached the
highest activity of 1.34 g/(m3  s) at the bioﬁlm surface where the
substrates were not limited. Away from the bioﬁlm surface, biomass
activity decreased steadily as DO concentration decreased towards
the substratum and formed a distinctive “belt.” This was even more
obvious for the simpliﬁed bioﬁlm structure (see Figure 4f).
The Influence of Flow Velocity, DO and Biomass Density
on COD Fluxes
The model was also used to investigate the inﬂuence of ﬂow velocity,
substrate concentration and biomass density on COD ﬂuxes and
mass transfer properties. COD ﬂuxes were calculated to represent
biomass performance. In both, parallel and through ﬂow mode,
different combinations of ﬂow velocity (0.001, 0.01, 0.1, 1, and
5 cm/s) and DO concentration (0.01, 0.1, 1, 4, and 8 mg/L) were

Table II. Structure parameters for all the geometries used

Biofilm area
Interface length
Roughness coefficient
Surface enlargement

A
LG
R0a
a

2

[mm ]
[mm]
[]
[]

Geometry 1

Geometry 2

Simplified

0.98
10.7
0.34
2.50

1.00
10.08
0.31
2.34

0.99
5.32
0.23
1.24

tested. The relative velocity between the liquid and the carriers
estimated based on tracer experiments (videos attached in the
supplementary material) spanned a wide range of 0.5–4.8 cm/s
with an average value of 1.5  1.3 cm/s. Thereby, the impact of the
bioﬁlm surface structure should be revealed. Additionally, the effect
of biomass density was studied.

The Parallel Flow Mode
The performances of bioﬁlm with real and simpliﬁed geometry in
terms of COD ﬂuxes were compared for different ﬂow conditions
and DO concentrations. The results are presented in Figure 5a and
b. The relative difference of COD ﬂuxes is derived by dividing the
absolute difference (see Figure S2) by the COD ﬂuxes of the real
geometry. Referring to Figure 5a, under low ﬂow velocity conditions
(u  0.1 cm/s) the differences are positive, which implies that
heterogeneous bioﬁlm geometries had better performance with
respect to COD ﬂuxes from liquid into the bioﬁlm. However, the
difference is low (less than 5%). The negative differences for ﬂow
velocities higher than 0.1 cm/s indicate that the ﬂat bioﬁlm had
better performance (up to 20 %) than bioﬁlms with heterogeneous
structure. Similar results were derived at biomass density of
30,000 g/m3 (see Fig. 5b).
It is clear that at same DO concentration, the higher the ﬂow
velocity was, the larger the difference in COD ﬂux between the rough
and the ﬂat bioﬁlm became. Meanwhile, at the same ﬂow velocity,
the higher the DO concentration was, the lower the difference in
COD ﬂux. For example in Figure 5a, at u ¼ 5 cm/s and low biomass
density, the difference was as high as 19 % at a DO concentration of
0.01 mg/L. It decreased to 8% at the DO concentration of 8 mg/L.
To illustrate the variation in the relative difference in COD ﬂuxes
presented in Figure 5a and b, the dominance of diffusive and
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Figure 4.

Simulated flow field (a) geometry 1 and (b) flat simplified biofilm structure, DO concentration field (c) and (d), and COD removal activity map (e) and (f) for real and
simplified geometry, respectively, with biomass concentration of 15,000 gm3. The streamlines in (a) and (b) indicate flow direction. The liquid flows from left to right under laminar
flow condition with an inflow velocity of u ¼ 0.05 cms1. To get a closer look at the interaction between biofilm structure and fluid flow, the images for DO concentration field and the
activity map were cropped to the most interesting part around biofilm and the carrier surface. DO concentration in the inflow equals 8 mgL1. COD removal rate has a dimension of
gm3d1. The negative values indicate consumption of COD. The figures have a dimension of 2.8  1.4 mm2.

convective mass transport in the simulation domain was compared
according to Equations 9 and 10. As an example, the results for
DO ¼8 mg/L under different ﬂow velocities are plotted in Figure 6
for both the real (G1) and simpliﬁed geometry. The color scale
shows where the convective transport dominates, while the gray
scale indicates where diffusive transport is higher than convective
transport. Seen from Figure 6a and b, at low ﬂow velocity, diffusion
was the dominant transport mechanism in the whole simulation
domain. With increasing ﬂow velocity, convective transport became
more and more important compared to diffusive transport. As ﬂow
increased, areas of diffusion dominance shrank, and the area of
convection dominance expanded. At u ¼ 0.1 cm/s diffusion still
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prevailed inside the carrier compartments. However, seeing from
Figure 6e and f, the transport of substrates in the liquid outside of
the compartments was taken over by convection. At u ¼1 cm/s
in Figure 6h, the compartments with the ﬂat geometry became
dominated by convection, but not the compartment with real
geometry. At u ¼ 5 cm/s, convective transport dominated the whole
liquid domain (Fig. 6i and j).
To characterize mass transfer in the simulation domain, Sh were
calculated and are summarized in Table III. For the real geometry, at
a DO concentration, for example, 0.01 mg/L, Sh increased from 1.84
to 27.5 with ﬂow velocity increasing from 0.001cm/s to 5 cm/s. The
same trend was also observed for the ﬂat geometry: Sh increased

from 3.8 to 69.4 when ﬂow velocity increased from 0.001 to 5 cm/s
at DO ¼ 0.01 mg/L. However, at a given ﬂow velocity there existed
only a minor variation of Sh even with a hundred-fold increase in
DO (0.01–1 mg/L). At same DO and ﬂow velocity, Sh for the ﬂat
geometry was around twice of that for the real geometry, for
example, 3.8 and 1.8 for the ﬂat and real geometry, respectively, at
u ¼ 0.001 cm/s and DO ¼ 0.01 mg/L.
The Flow Through Mode
To verify how bioﬁlm surface heterogeneity may inﬂuence bioﬁlm
performance in terms of COD ﬂux, different ﬂow through scenarios
were tested. A maximum velocity of 2 cm/s was assumed. The ﬂow
velocities investigated included 0.0005, 0.001, 0.01, 0.1, 1, and 2 cm/
s. DO concentrations and biomass densities were the same as in the
parallel ﬂow cases.
Similar to the parallel ﬂow cases, COD ﬂuxes at the bioﬁlm
surfaces for the real and smooth geometries were compared. The
results (relative difference) are plotted in Figure 5c and d. For both

low (15,000 g/m3) and high (30,000 g/m3) biomass density, the
differences were generally positive. There was a minor difference in
COD ﬂux between the two geometries at u  0.01cm/s. A sharp rise
appeared when the ﬂow velocity increased from 0.001 to 0.01cm/s.
At the same ﬂow velocity, the difference became smaller with
increasing DO concentration. At a given DO concentration, the
relative differences in COD ﬂux generally increased with rising ﬂow
velocity. The maximum difference of 19% and 20% were reached at
u ¼ 2 cm/s and DO ¼ 0.01 mg/L for low and high biomass
densities, respectively.
The diffusion-convection plots for the ﬂow through mode are
presented in Figure 7. At very low ﬂow velocity (0.0005 cm/s), the
domain was dominated by diffusion for both the real and smooth
geometry. As ﬂow rate increased, convection started to play a
role, see Figure 7d. The prevalence of convection in the domain
started already at u ¼ 0.01 cm/s for the ﬂat bioﬁlm. While for
the real bioﬁlm structure it was one magnitude higher at
u ¼ 0.1 cm/s. From this velocity onwards the whole liquid domain
is characterized by convective transport.

Figure 5. Relative difference in COD flux between the real (G1) and simplified geometries under differentflow and substrate concentration conditions for parallel flow (a and b)
and through flow (c and d) at low (15,000 gm3, (a and c) and high (30,000 gm3, (b and d) biomass density. In (d) the maximum difference at DO of 0.01 and 0.1 mgL1 is exactly 20%.
Positive values indicate higher COD flux for the real geometry over the simplified geometry. Negative values suggest lower COD flux for the real geometry. All the simulations were
conducted with same COD concentration (148 mgL1) in the inflow.
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Table III. Spatial averaged Sherwood number calculated for G1 under
different flow and substrates conditions for low biomass density and the
parallel flow conditions (15,000 g/m3).
DO (mg/L)

u (cm/s)

0.001

0.01

0.1

1

5

0.01

Real
Simplified
Real
Simplified
Real
Simplified
Real
Simplified
Real
Simplified

1.8
3.8
1.8
3.7
1.8
3.7
1.8
3.7
1.8
3.7

3.5
7.1
3.5
7.1
3.5
7.1
3.5
7.1
3.5
7.1

7.2
14.4
7.2
14.4
7.3
14.6
7.5
14.7
7.1
14.6

15.6
33.0
15.6
33.0
15.6
33.3
15.1
33.2
14.8
33.0

27.5
69.4
27.5
69.5
26.7
69.7
25.5
68.9
24.8
68.3

0.1
1
4
8

compartments. The length of the interface was also different,
with 10.7 mm for G1 and 10.08 mm for G2, respectively.
To reveal the impact of the differences in bioﬁlm structure
between G1 and G2, similar simulations were implemented for G2,
with DO ¼ 8 mg/L, u ¼5 cm/s and u ¼2 cm/s for the parallel and
ﬂow through mode, respectively. The ﬂow velocity ﬁeld and substrate
distribution in the compartments were mapped and compared to
those derived from simulations with G1. The results are presented in
Figure 8. In Figure 8a, ﬂow circulated inside the compartments,
whereas in Figure 8b water could ﬂow through the compartment (see
the streamlines). The effect of the ﬂow pattern on the substrate
distribution is shown in Figure 8c and d. Given the same inﬂow
conditions, stagnant zones formed inside the compartments of G1,
shown in light green color. Red color prevails in Figure 8d, which
suggests no formation of stagnant zones. In the ﬂow through mode, it
was clear that the presence of biomass could divert the liquid into
different directions, thereby changing the ﬂow ﬁeld.
In addition to the qualitative visualization of the differences in
hydrodynamics, their corresponding performance with respect to
COD ﬂuxes were also compared quantitatively and are listed in
Table IV, as well as the Sh and pressure drop (DP) between the inlet
and outlet boundary for all the three geometries.
G2 achieved an 11% (low density) and 16% (high density) higher
COD ﬂux than G1 under parallel ﬂow conditions. This difference
diminished to 2% when water ﬂew through the compartments.
Substantial disparity in Sh existed between G1 and G2. In the
parallel ﬂow cases, Sh for G2 was 46, while it was only 25 for G1,
both lower than Sh of 68 for the simpliﬁed bioﬁlm geometry. In the
through ﬂow cases, Sh was 104 for G1 and 133 for G2, both of which
were far lower than that for the ﬂat bioﬁlm with Sh of 193. In
accordance to Sh, DP also showed the same trend of decrease with
the decreasing roughness coefﬁcient from G1 to the ﬂat geometry.
Figure 6. Transition from diffusion to convection dominated mass transport at DO
8 mgL1 for parallel flow conditions. The gray scale represents the dominance of
diffusion at a magnitude of 105 gm2s1. Convection prevails in the colored region.
The legend applies for all the subfigures.
Difference in Simulation Results Between G1 and G2
The bioﬁlm area of G1 and G2 are very close, which implies the
presence of almost the same amount of biomass. Nevertheless, there
was a slight difference in biomass distribution inside the
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Discussion
The Applicability of Combining Biofilm Imaging and
Modeling
The results from the combination of bioﬁlm imaging and modeling
demonstrated the capability of this method to incorporate real
heterogeneous physical structure of bioﬁlms into mathematical
models. In the study of Picioreanu et al. (2000) that investigated the

CLSM may be not representative due to the small ﬁeld of view as well
as the limitation in staining efﬁciency (Wagner et al., 2010). OCT can
provide more representative bioﬁlm structure at the meso-scale that
is more relevant for mass transfer (Milferstedt et al., 2009).
Such an approach is not restricted to the MBBR system, and can
also be applied in membrane ﬁltration, bioﬁlm studies in water
distribution systems as well as to study the mechanical properties of
bioﬁlms. In membrane ﬁltration systems, the effect of fouling layers
on the membrane surface on the permeability can be investigated,
such as done in Martin et al. (2014). In the study of Shen et al.
(2015), cross-sectional OCT images were used to simulate the
attachment of pathogens onto the surface of a drinking water
bioﬁlm. The bioﬁlm structures obtained in the study of Dreszer
et al. (2014) who investigated the bioﬁlm formation in membrane
ﬁltration processes, can be combined with the modeling approach.
On the one hand, it can inspect the inﬂuence of bioﬁlm structure on
permeate ﬂux and pressure drop. On the other hand, it can help to
gain knowledge on the mechanism how bioﬁlm responds to
compaction and decompaction. Blauert et al. (2015) investigated
the time-resolved deformation of bioﬁlms subjected to ﬂuid shear
stress using OCT and estimated the rheological properties of
bioﬁlms. The structures acquired in their study can also be taken as
structural template to impose mathematical description of the
deformation, which would allow deeper mechanistic understanding
of the deformation process.
This method can be extended further to incorporate, for
example, information on microbial composition obtained from
other imaging techniques as well. This can improve the model’s
accuracy by providing more realistic input, which otherwise often
assumes to have homogeneous distribution of the microbial species
throughout the bioﬁlm matrix. This is particularly helpful when the
interaction among different species is of interest.
The Influence of Biofilm Structure on Local
Hydrodynamics and Mass Transfer

Figure 7. Transition from diffusion to convection dominated mass transport from
low to high flow velocity at DO of 8 mgL1 for flow through conditions. The gray scale
represents the dominance of diffusion at a magnitude of 105 gm2s1. Convection
prevails in the colored region. The legend applies for all the subfigures.
inﬂuence of bioﬁlm surface roughness on mass transfer, artiﬁcial
geometries had to be generated. B€ol et al. (2009) and Limbert et al.
(2013) used CLSM images to examine the mechanical properties of
bioﬁlms. Compared to OCT, the bioﬁlm structure obtained with

Our model allowed for a detailed description of the hydrodynamics
at the micro- and meso-scale, which is otherwise difﬁcult to
measure. It also showed that slight differences in bioﬁlm structure
led to signiﬁcant differences in local hydrodynamics and thereby
mass transfer characteristics. This can be seen qualitatively in
Figure 4c and d for the difference between G1 and the smooth
geometry and in Figure 8c, d, e, and f for the difference between G1
and G2. This is in agreement with the measurement with MRI by
Herrling et al. (2014) showing that the uneven distribution of
biomass in different compartments of a bioﬁlm carrier resulted in
uneven distribution of liquid ﬂowing through the corresponding
compartments. Therefore, capturing bioﬁlm structure as precise as
possible is of critical importance when such detailed analysis at the
micro- and meso-scale is required.
Comparison of COD ﬂuxes under different ﬂow conditions
revealed that the impact of bioﬁlm surface roughness depended
strongly on the ﬂow conditions and the relative dominance of
diffusive and convective mass transfer. Under the condition of pure
diffusion domination, such as at u  0.1 cm/s for the parallel ﬂow
(see Fig. 6) and u  0.001 cm/s for the ﬂow through mode (see
Fig. 7), the rough bioﬁlm had slightly higher COD ﬂux than the
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Figure 8.

Flow field in parallel (a and b) and through flow mode (e and f) and DO concentration fieldsimulated in parallel flow mode with G1 (left) and G2 (right).

smooth bioﬁlm. Under the condition of weak external mass
transfer, the increased R0a from the smooth geometry to 0.34 for G1
provided the rough geometry with more LG (100% more), thereby
more contact to substrate. For the parallel ﬂow cases, the transition
from diffusion to convection dominance inside the compartments
led to better performance of the smooth bioﬁlm. This is similar to
the ﬁndings of Picioreanu et al. (2000) who concluded that rough
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bioﬁlm structure led to decreased conversion rates in the range of
ﬂow velocity simulated in their study. However, due to stability and
accuracy issues, bioﬁlm behavior at high ﬂow velocity was not
simulated in Picioreanu et al. (2000). In our case, as liquid was
forced to ﬂow through the compartments, resulting in maximum
ﬂow velocity up to u ¼ 20 cm/s in the compartments (see Fig. 8e),
the dominance of convective transport above bioﬁlm surface

 and pressure drop
Table IV. Comparison of COD fluxes (g/(m2  d)),Sh
(Pa) among the different simulations with different biofilm geometries.
Parallel flow (u ¼ 5 cm/s) Flow through (u ¼ 2 cm/s)
G1

G2

COD
Low biofilm density 20.4 22.8
High biofilm density 27.9 32.4

Sh
—
24.8 41.8
DP
—
0.87 0.75

Simplified

G1

G2

Simplified

22.0
31.8

25.6
40.4

26.3
40.9

23.9
37.2

68.3

103.5

132.9

192.7

37.4

30.6

5.6

0.53

rendered the whole bioﬁlm surface to be active and contributed to
substrate conversion. Therefore, the rough bioﬁlm appeared to be
advantageous over the smooth bioﬁlm. Moreover, at this high ﬂow
velocity the small bioﬁlm branches tend to oscillate (not included in
the current simulation), which might increase the mass transfer
further (Taherzadeh et al., 2012). For the counter-diffusion bioﬁlms,
Pavissich et al. (2014) also observed lower conversion rates at low
ﬂow velocity in the rougher bioﬁlm structure and higher rates at
higher velocities. Nevertheless, in co- and counter-diffusional
bioﬁlms, the effect of bioﬁlm surface roughness can be different, as
has been pointed out by Pavissich et al. (2014) and needs to be
investigated further.
Quantiﬁcation of mass transfer through Sh, presented in Table III,
shows that Sh improved with increasing ﬂow velocity. The increase of
Sh does lead to a linear increase in bioﬁlm activity (W€asche et al.,
2002). This can be clearly seen in Table IV, Sh increased about three
folds with decreasing R0a , while COD ﬂux increased only by about
10%. At high ﬂow velocity thereby high Sh, the bioﬁlm activity is not
limited by mass transfer, rather by biomass density. Therefore,
doubling of biomass density increased the COD ﬂux signiﬁcantly. We
have to admit that this is only valid by assuming the same diffusion
coefﬁcients in dense and less dense bioﬁlms. More accurate study on
the topic requires better understanding of the reactor scale
hydrodynamics (Boltz and Daigger, 2010).
As a ﬁrst step, only 2D bioﬁlm images were used in the current
study, similar to the study of Pavissich et al. (2014) and Martin et al.
(2014), despite the capability of OCT in acquiring 3D bioﬁlm
structure. Further extension of the method into importing 3D bioﬁlm
structure would improve the description of the local hydrodynamics.

 Depending on the ﬂow conditions, the heterogeneous geometry
may behave different than the smooth bioﬁlms with respect
to substrate ﬂux. Under the condition of pure diffusive mass
transfer, rough bioﬁlms appeared to show higher mass transfer
ﬂux due to the large liquid-bioﬁlm interface providing more
contact to substrates. Rough bioﬁlms also resulted in higher
mass transfer ﬂuxes than smooth bioﬁlms with enhanced mass
transfer at bioﬁlm surface under ﬂow through conditions.
 The low difference in COD ﬂux between the rough and smooth
geometry under parallel ﬂow conditions imply that assuming
smooth bioﬁlm geometry can derive satisfying results for the
design of MBBRs.
The authors acknowledge the support of AnoxKaldnes. Financial support
from the Water Science Alliance of The Helmholtz Association is also
acknowledged.

Nomenclature

R0a
a
u
Di
Si
J
Jc
JD
Sh

Sh
L f,i
Lf
Lh
LG
Ls
ri
YH
XH

roughness coefficient
surface enlargement factor
velocity field
diffusion coefficient of substrate i
concentration of substrate i
substrate flux
local convective flux
local diffusive flux
Sherwood number
spatially averaged Sherwood number
local biofilm thickness at point i
average biofilm thickness
characteristic length for the calculation of Sh
length of the biofilm–liquid interface
length of the substratum
turnover rate of substrate i
yield coefficient of heterotrophic bacteria
concentration of heterotrophic organism in the
biofilm
maximum specific growth rate of XH
pressure
dynamic viscosity of water
x direction of the simulation domain
y direction of the simulation domain

mH
p
m
x
y
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