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ABSTRACT: A two-dimensional finite element model of the
biofilm response to flow was developed. The numerical code
sequentially coupled the fluid dynamics of turbulent, incom-
pressible flow with the mechanical response of a single
hemispherical biofilm cluster (�100mm) attached to the
flow boundary. A non-linear Burger material law was used to
represent the viscoelastic response of a representative micro-
bial biofilm. This constitutive law was incorporated into the
numerical model as a Prony series representation of the
biofilm’s relaxation modulus. Model simulations illumi-
nated interesting details of this fluid–structure interaction.
Simulations revealed that softer biofilms (characterized by
lower elastic moduli) were highly susceptible to lift forces
and consequently were subject to even greater drag forces
found higher in the velocity field. A bimodal deformation
path due to the two Burger relaxation times was also
observed in several simulations. This suggested that inter-
facial biofilm may be most susceptible to hydrodynamically
induced detachment during the initial relaxation time. This
result may prove useful in developing removal strategies.
Additionally, plots of lift versus drag suggested that the
deformation paths taken by viscoelastic biofilms are largely
insensitive to specific material coefficients. Softer biofilms
merely seem to follow the same path (as a stiffer biofilm) at a
faster rate. These relationships may be useful in estimating
the hydrodynamic forces acting on an attached biofilm
based on changes in scale and cataloged material properties.
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Introduction

Bacterial aggregations and their activities on wetted interfaces
are collectively referred to as ‘biofilms.’ The pervasiveness of
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this microbial activity and its associated economic impacts
are of major concern to hydraulic engineers and environ-
mental professionals alike (Characklis, 1990). Biofilm
accumulation on water mains contributes to the contamina-
tion of drinking water due to continuous microbial growth
and hydrodynamically induced detachment processes
(Geesey and Bryers, 2000). Interfacial biofilm growth has
also been shown to significantly affect the performance of
piping systems (Zelver, 1979). Indeed, given the ubiquity of
this microbial activity, biofilm may be the single most
underrepresented hydrodynamic boundary condition.

Despite the prevalence of biofilms in man-made systems, a
fundamentally sound description of biofilm–fluid interaction
does not exist. From an engineering standpoint, under-
standing the material properties of biofilm is a necessary first
step toward the development of such a description.
Unfortunately, issues related to complex boundary condi-
tions and turbulent closure of the governing equations
preclude a general analytical solution. Computational
methods are frequently used as a complimentary approach.

To that end, a computer model of the biofilm response to
flow was developed by incorporating a Burger material
model using experimentally derived biofilm viscoelastic
parameters with a computational fluids dynamics code. This
program employs the finite element method to model the
response of a single attached biofilm cluster to a turbulent
flow field. The structural response of the cluster is
represented with a viscoelastic material law. The Navier–
Stokes equations are used to describe the hydrodynamics of
the flow. The mechanics of the biofilm cluster and bulk
fluid are sequentially coupled. Model simulations have
illuminated interesting details of this interaction.
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Material Science of Biofilms

While the composition of biofilm can include any number of
organic and non-organic materials, the physical properties
of biofilm are largely dependent upon the specific microbial
species and its form of extra-cellular polymeric slime (EPS).
In general, polymers are chains of organic molecules and a
solvent (Shackelford, 1985). Cross-linking occurs when
adjacent chains are chemically bonded. This bonding acts to
resist vibration and rotation of the chains, thereby lending
strength to the polymer (Callister, 1985). Biofilm is often
regarded as a biosynthetic polymer (Flemming et al., 2002).
Structure and Rheology

Many investigators have identified different transient forms
and structural features in biofilms including clusters, ripples,
dunes, and finger-like projections called ‘streamers’ (Dock-
ery and Klapper, 2001; Gjaltema et al., 1994; Stoodley et al.,
1997, ). The relationship between these structures and bulk
fluid hydrodynamics has been studied. Stoodley et al.
(1999a) grew mixed culture biofilms consisting of Klebsiella
pneumoniae, Pseudomonas aeruginosa, Pseudomonas fluor-
escens, and Stenotrophomonas maltophilia in glass flow cells
under different hydrodynamic conditions. Short-term
changes in mean velocity resulted in migration and
elongation of the biofilm structures. The flow cell work
illustrated the interplay between biofilm rheology and local
flow field. However, Stoodley’s study was essentially a study
of biofilm kinematics; fluid forces and biofilm material
properties were not accounted for.
Biofilm Mechanics

Biofilms respond to stresses induced by a flowing fluid. The
nature of that response is greatly influenced by intrinsic
material properties. Nevertheless, many models do not
account for these properties (Dockery and Klapper, 2001;
Gujer and Wanner, 1990; Hermanowicz, 1998). Those that
have recognized the relevance of material properties are
often limited in applicability (Picioreanu et al., 2001).

Stoodley et al. (1999b, 2002) developed an experimental
technique for testing biofilms response to turbulent flow
conditions. Microbial biofilms were grown in glass flow-
through reactors and using digital time lapse microscopy,
measurements of elongation versus changes in flow rate
were taken. While the methods developed for these studies
were highly novel and the results equally informative,
neither the applied loads nor deformations were actually
measured. Instead, wall shear stress was used in lieu of the
actual hydrodynamic load. The angular deformation of a
streamer’s leading edge was used as an approximation of the
true shear strain. Applied fluid loads are complex, multi-
directional forces and are poorly approximated by a
constant, unidirectional wall shear force. Indeed, by
assuming a constant wall shear stress one completely
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neglects the interplay between biofilm structure and local
hydrodynamics. Furthermore, the deformation exhibited by
the streamers was equally complex. Finally, the shear-stress
relation was improperly couched in a form of Hooke’s Law;
a viscoelastic response was clearly indicated. Therefore, the
transferability of the calculated elastic moduli and shear
coefficients presented in these studies is limited.

Picioreanu et al. (2001) developed a two-dimensional
model of biofilm detachment that includes an elastic
response to fluid stress. While the geometry of this multi-
dimensional model is more realistic, the elastic constitutive
relation does not agree with the viscoelastic responses
observed by other investigators (Ohashi and Harada, 1994).

The deformational response of any material (e.g., biofilm)
to stress is specified by a so-called ‘constitutive law.’ The
development of a constitutive law is a complex process
because a material’s strain response may vary with, among
other things, temperature, strain rate, and the magnitude of
applied loads (Mase and Mase, 1999). Towler et al. (2003),
used a conventional material testing approach by perform-
ing creep tests on mixed population biofilms in a rotating
disk rheometer. These results provided further confirmation
of a non-linear material law and suggested the applicability
of a linear viscoelastic Burger model. The Burger model is a
serial combination of the Maxwell and Kelvin spring-
dashpot analogs (Findley et al., 1989). The one-dimensional
differential equation for this four parameter viscoelastic
model takes the form
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where s is the axial (or shear) stress loading, e is the axial (or
shear) strain response, t is the independent time variable, h1
and h2 are the 1st and 2nd viscous coefficients, respectively,
and E1 and E2 are the 1st and 2nd elastic coefficients,
respectively.
Hydrodynamic Impact

The hydrodynamic impact of biofilm accumulation is well
documented (Bryers and Characklis, 1981). In general,
hydrodynamic resistance is a function of both surface drag
and form drag (Currie, 1974; Rouse, 1946). Surface drag is
due to the frictional resistance of a fluid boundary. Form
drag is an expression of pressure differentials due to
boundary layer separation. In the context of biofouling, this
suggests there are two causes of hydrodynamic drag: biofilm
‘skin’ friction and form drag due to the geometry of the
biofilm structures (e.g., ripples, dunes, streamers). It has
been posited that the viscoelastic nature of biofilm is
the cause of documented pressure drops in pipelines
(Picologlou et al., 1980). This would imply that frictional
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resistance is time dependant. Several investigators have
posited that pressure drop due to increased frictional
resistance occurs when biofilm growth exceeds the thickness
of the laminar sublayer (Characklis, 1979; McCoy and
Costerton, 1982). Since uniform biofilm accumulation
would effectively redefine the viscous sublayer, these
conclusions imply that form drag is the operative cause
of biofilm-induced pressure drop. This implication was
supported by Stoodley et al. (1998).

Biofilm shape, structure, and material response are
manifestly linked to the hydrodynamics of pipelines and
other devices subject to biofouling. Thus, the economic and
engineering-related impacts, previously alluded to, serve as
catalysts for examining the biofilm stress-strain relation in
detail. A coupled computational model was used to
elucidate the interaction of biofilm structure shape, material
law, and near surface fluid dynamics.
Materials and Methods

A computational simulation of the interaction between a
biofilm structure and the bulk fluid would alleviate the need
to repeatedly measure velocities and deformations directly
and act as a tool for further investigation of the biofilm
response to turbulent flow. For comparison, the approx-
imate scale, geometry, and flow regime of the experiments
performed by Stoodley et al. (1999b) were duplicated in the
simulations described below.
Model Description

A 100 mm radius compliant half circle representing an
attached biofilm structure was anchored at the low y side to a
channel that was 3mm in height (Fig. 1). The biofilm cluster
was modeled as a half circle in a two dimensional structural
domain. In three dimensions, a hemispherical shape is
Figure 1. Biofilm Model Description: Water moves from left to
analogous to an idealized growth pattern for a microbial
community in the absence of a strong unidirectional flow
field. Thus, this hemispherical shape could be regarded as
the starting point of biofilm deformation. This elementary
shape was chosen in hopes of elucidating behavior that more
complex geometries might mask.

The bulk fluid domain was bounded by a 40 mm long by
3146 mm high two-dimension channel approximating the
200 mm long, 3 mm wide square glass flow tube used by
Stoodley et al. (1999b). The simulated channel was 40 mm in
length with the biofilm structure placed at the center. Thus,
the model allowed for a 20 mm entrance length and a 20 mm
exit length. This distance was chosen as a compromise
between the computational demands of modeling the entire
length and the length necessary to prevent entrance and exit
effects. Initial testing indicated that the 20mm exit lengthwas
sufficient to prevent any ‘‘back flushing’’ effects due to the
presence of a prescribed pressure at the downstream
boundary. However, it was also revealed that the flow field
(i.e., velocity distribution) was not yet fully developed as it
approached the biofilm structure. To mitigate the need for
an extended entrance length, a non-uniform velocity
distribution was applied at the inlet boundary.
Boundary Conditions

The velocity distribution in turbulent flows is not constant
yet considerably more uniform than the parabolic distribu-
tion observed in laminar flows. While the velocity
distribution in laminar flow can be determined analytically
(Janna, 1993), this is not possible under turbulent
conditions. However, a number of empirical formulae
exist. For smooth pipes, Giles et al. (1956) suggests

vð yÞ ¼ V
ffiffiffi
f

p
2 log

y

R
þ 1:32

� �
þ V (2)
right impinging on the attached viscoelastic biofilm hemisphere.
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where v(y) is the velocity at a distance y from the center of
the conduit, R is the radius of the conduit, V is the mean
velocity, and f is the friction factor. This Equation (2)
requires an estimate of the friction factor. For smooth pipes,
the Blasius equation can be used to approximate the friction
factor (Debler, 1990),

f ¼ 0:316

RE0:25
(3)

where RE is the dimensionless pipe Reynolds Number.
Using custom code written in FORTRAN, these two
equations were combined to specify velocities at the nodes
on the inlet boundary. Water (m¼ 1.0� 10�6 kg/mm � s,
r¼ 1.0� 10�6 kg/mm3) moved from the left to right at a
mean velocity of 1.0 m/s, matching the experimental set-up
of Stoodley et al. (1999b). Water, flowing in the positive x
direction, entered through an inlet at the low x boundary
and exited the channel through an outlet at the high x
boundary.

In addition to the inlet boundary condition, the so-called
‘‘no slip’’ condition was applied to the channel walls and the
biofilm/fluid interface. The flow boundaries were prescribed
as hydraulically smooth. The walls were also fixed in space;
the biofilm/fluid interface was not. Thus, momentum
transfer between the moving water and the cluster surface
was allowed to deform the biofilm shape. Finally, a uniform
pressure boundary was prescribed at the channel outlet.
Constitutive Equation

Previous studies have shown that laboratory-grown biofilm
demonstrates a viscoelastic response to stress (Klapper et al.,
2002; Korstgens et al., 2001; Stoodley et al., 1999b).
Moreover, these studies suggested that biofilms behave like
viscoelastic fluids (i.e., materials that exhibit continuous
strain under a constant load). Based on previous experi-
mental work (Towler et al., 2003), a linear viscoelastic
Burger model was used as a constitutive law for microbial
biofilm. Integration of the Burger differential Equation (1)
leads to the general strain equation
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where "ij is the strain on the ej plane in the ei direction, d is
the Kroneker delta, sij is the stress tensor, t is the time
variable, R1 is the bulk elastic modulus, G1 and h1 are the
shear modulus and viscous coefficient, respectively, for
the Maxwell component of the Burger model, and G2 and h2
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are the shear modulus and viscous coefficient, respectively,
for the Kelvin component. The Maxwell component refers
to a standard linear viscoelastic fluid developed from spring
and dashpot analogs in series. Similarly, the Kelvin
component refers to a standard linear viscoelastic solid
developed from spring and dashpot analogs in parallel. The
Burger model’s analog is a Kelvin analog in series with a
Maxwell analog. This Equation (4) describes the strain
response as a function of stress for an isotropic mixed
culture biofilm.

The relaxation modulus of any linear viscoelastic material
can be represented as the stress per unit of applied strain.
Conveniently, the Burger model can used in ANSYS by
converting the relaxation modulus of Equation (4) into a
Prony series of the form

CðtÞ ¼ C0 þ
Xk

i¼1

Cie
�ait (5)

where C(t) is the dependent variable, t is the independent
variable, i is a dummy index, kþ 1 defines the number of
terms in the series, and Ci and ai are scalar coefficients. The
relaxation modulus is a normalized representation of a
materials ability to dissipate internal stresses under a
constant strain. The relaxation modulus, G(t), was
determined through a Laplace transform of the creep
compliance.
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where h1 is the viscosity coefficient in the Maxwell element,
G1 is the (elastic) shear coefficient in the Maxwell element,
h2 is the viscosity coefficient in the Kelvin element, G2 is the
shear coefficient in the Kelvin element, and T1 and T2 are
defined as
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By equating Equation (4) with Equation (5), the following
linear and exponential Prony coefficients can be explicitly
represented in terms of Burger model spring and dashpot
parameters:
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Finite Element Solver

ANSYS version 7.1, a commercially available finite element
code, was used to solve the fundamental equations of
motion, equations of state, and constitutive laws for both the
fluid and structural domains in two spatial dimensions. The
fluid mesh was created using four node two dimensional
plane elements. The biofilm mesh was created using eight
node two dimensional plane elements. The fluid processor
iteratively solved the linearized governing partial differential
equations using a method based on the SIMPLE technique
developed by Patankar (1980). The software employs the
principle of virtual work (ANSYS, 2003) to develop the
partial differential equations representing the structural
response (i.e., biofilm behavior). A recursive sequential
algorithm was then used to couple the two phases (i.e., bulk
fluid, biofilm cluster) across one a dimensional, dissimilarly
meshed interface.

Themachine used was a Silicon Graphics, Inc., SGI Origin
2100. The Origin 2100 has eight 350 MHz processors and
4 gigabytes of RAM. The time to solution for simulations
was approximately 6 h. The convergence criterion used by
the FSI algorithm was the Euclidean norm, l2, of the forces
and displacements transferred across the interface. The
time-marching method of the solution can be regarded as
quasi-static. That is, at each time step a ‘solution’ is reached.
A ‘converged’ solution for each time step is one where the
differences between these Euclidean norms approaches
zero.
Parametric Studies

Several ANSYS simulations were generated to investigate
how a viscoelastic biofilm cluster might respond to changes
in material properties, cluster size, and bulk hydrodynamics.
A ‘series-set’ nomenclature was used in this parametric
study. A ‘series’ represents a collection of simulations (or
‘sets’) in which a single parameter is varied from a common
baseline set (set 5 in all series). Nine series were created
(named A through I); there were a maximum of nine sets
within each series, numbered one through nine. Thus, each
set represents an ANSYS simulation using a different value
of the parameter being varied in its parent series. Parameter
values were decreased in sets 4 through 1. Parameter values
were increased in sets 5 through 9. For example, the shear
modulus G1 is varied in series A and the specific set A4
represents a decrease in G1 from the baseline set A5. The
baseline sets (A5, B5, . . . , F5) are identical in order to
preserve consistency across all series. The parameters in the
baseline set were chosen such that the biofilm strain
response was approximately equal to the strain observed by
Stoodley et al. (1999b). Table I lists the permutations, by
series and set, used in this parametric study.

In series A–D the values of the four viscoelastic material
parameters were varied. The value of the Maxwell element
shear modulus,G1, was varied in series A; the relaxation time
for the Maxwell element, t1, was held constant. Note, t1, the
Maxwell relaxation time, is simply the ratio of h1 to G1.
Accordingly, the Maxwell viscous coefficient, h1, changed in
response to G1. In the next series (B), the value of the Kelvin
element shear modulus, G2, was varied; the relaxation time
for the Kelvin element, t2, was held constant. The Kelvin
viscous coefficient, h2, changed in response to G2. In series
C, the value of the Maxwell element shear modulus, G1, was
varied again. However, in contrast to Series A, the viscous
coefficient, h1, was held constant. Consequently, the
Maxwell relaxation time, t1, changed in response to G1.
In the fourth series (D), the value of the Kelvin element shear
modulus, G2, was varied again. In contrast to Series B, the
viscous coefficient, h2, was held constant. Consequently, the
Kelvin relaxation time, t2, changed in response to G2.

In series E and F, the magnitude of the mean stream
velocity was altered. In series G and H, the effective surface
area of the attached biofilm was altered by changing the
radius of the biofilm hemisphere. In Series G, the radius was
decreased from 0.20 to 0.15 mm. In Series H the radius
was increased from 0.20 to 0.25 mm. Series I consisted of
a single simulation of Set I5. In this scenario, the biofilm
was modeled as a purely elastic material with a Young’s
modulus of 10 kg/mm�s2. This value matched the magnitude
Towler et al.: A Model of Fluid–Biofilm Interaction 263
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Table I. Parametric permutations.

# Set G1 (kg/mm-s2) h1 (kg/mm-s) t1 (s) G2 (kg/mm-s2) h2 (kg/mm-s) t2 (s) V (m/s) r (mm)

1 A1 1.77 26.5 15 20 100 5 1 0.2

2 A2 2.22 33.3 15 20 100 5 1 0.2

3 A3 3.00 45.0 15 20 100 5 1 0.2

4 A4 4.62 69.2 15 20 100 5 1 0.2

5 A5 10 150 15 20 100 5 1 0.2

6 A6 13.04 195.6 15 20 100 5 1 0.2

7 A7 18.74 281.2 15 20 100 5 1 0.2

8 A8 33.31 499.6 15 20 100 5 1 0.2

9 A9 149.26 2238.9 15 20 100 5 1 0.2

10 B1 10 150 15 0.688 3.441 5 1 0.2

11 B2 10 150 15 0.907 4.536 5 1 0.2

12 B3 10 150 15 1.331 6.653 5 1 0.2

13 B4 10 150 15 2.495 12.477 5 1 0.2

14 B5 10 150 15 20 100 5 1 0.2

15 B6 10 150 15 24.253 121.267 5 1 0.2

16 B7 10 150 15 30.805 154.024 5 1 0.2

17 B8 10 150 15 42.205 211.024 5 1 0.2

18 B9 10 150 15 67.132 267.323 5 1 0.2

19 C1 0.667 150 224.926 20 100 5 1 0.2

20 C2 0.870 150 172.444 20 100 5 1 0.2

21 C3 1.250 150 119.963 20 100 5 1 0.2

22 C4 2.223 150 67.481 20 100 5 1 0.2

23 C5 10 150 15 20 100 5 1 0.2

24 C6 12.120 150 12.376 20 100 5 1 0.2

25 C7 15.382 150 9.752 20 100 5 1 0.2

26 C8 21.044 150 7.128 20 100 5 1 0.2

27 C9 33.306 150 4.504 20 100 5 1 0.2

28 D1 10 150 15 0.983 100 101.704 1 0.2

29 D2 10 150 15 2.636 100 37.932 1 0.2

30 D3 10 150 15 5.030 100 19.879 1 0.2

31 D4 10 150 15 9.140 100 10.941 1 0.2

32 D5 10 150 15 20 100 5 1 0.2

33 D6 10 150 15 24.297 100 4.116 1 0.2

34 D7 10 150 15 30.878 100 3.239 1 0.2

35 D8 10 150 15 42.310 100 2.364 1 0.2

36 D9 10 150 15 67.168 100 1.489 1 0.2

37 E3 3.001 45.011 15 20 100 5 0.8 0.2

38 E5 10 150 15 20 100 5 0.8 0.2

39 E7 18.744 281.163 15 20 100 5 0.8 0.2

40 F4 4.616 69.244 15 20 100 5 1.2 0.2

41 F5 10 150 15 20 100 5 1.2 0.2

42 F7 18.744 281.163 15 20 100 5 1.2 0.2

43 G3 3.001 45.011 15 20 100 5 1 0.15

44 G5 10 150 15 20 100 5 1 0.15

45 G7 18.744 281.163 15 20 100 5 1 0.15

46 H3 3.001 45.011 15 20 100 5 1 0.25

47 H5 10 150 15 20 100 5 1 0.25

48 H7 18.744 281.163 15 20 100 5 1 0.25
of the Maxwell elastic modulus in the baseline simulation,
set 5.
Results

The model successfully converged in all but three simula-
tions. The deformations in A1 and A2 were large enough to
compress downstream elements to the point where the
element volumes became zero or negative. This resulted in
convergence failure. The remaining simulations in series A
converged successfully. All simulations in series B, C, and D
264 Biotechnology and Bioengineering, Vol. 96, No. 2, February 1, 2007
converged successfully. In Series E, simulations 3, 5, and 7
were run using a channel velocity of 800 mm /s. In Series F,
simulations 4, 5, and 7 were run using a channel velocity of
1,200 mm /s. Set F4 was used in lieu of Set F3 which also
produced displacement great enough to cause convergence
failure.
Resolving Hydrodynamic Load into Drag and Lift Forces

The force a fluid imparts to a boundary can be classified as
one of two forms. Pressure forces are those that act normal
DOI 10.1002/bit



to the surface and can be further categorized as hydrostatic
or stagnation pressures. The total pressure refers to the sum
of forces caused by the transfer of momentum normal to a
boundary. Shear forces refer to the tractive forces that act
tangential to a boundary surface. In a general two
dimensional problem, pressure and shear forces will both
have x and y components. When considering forces applied
by flow around an object, it is often convenient to resolve the
forces acting in the downstream direction into a single drag
force. Thus, the drag force is comprised of a surface drag due
to tractive forces and a form drag due to pressure
differentials. Similarly, the fluid forces acting perpendicular
to the downstream direction are resolved into a single lift
force. In the context of this biofilm model, the fluid forces
acting on the biofilm structure in the x direction were
resolved into a single drag force. The forces acting in the y
direction were resolved into a single lift force.
Figure 2. Stress distribution on cluster: Contours represent gradations of

internal Von Mises stresses in N/m2.

Figure 3. x component of the resultant fluid force versus G1 for series A.
Simulation Series

Series A, Maxwell Elastic Modulus Varied

Fluid-induced pressure and shear forces acted to deform the
biofilm structure. In response to these applied loads, internal
stresses developed in the biofilm. Moreover, the shape of the
viscoelastic biofilm changed with time in response to the
pressure and shear loads. In general, the fluid forces
deformed the biofilms in the positive x and y directions.
Thus, the biofilms were lifted and pushed downstream.

Not surprisingly, the x-component of the resultant of the
shear and pressure forces, or collectively, the drag force, D,
was positive throughout the deformation history of each
simulation. This drag force deformed the biofilm in the
downstream direction. Less predictable, however, was thatD
increased in magnitude as the cluster deformed despite the
fact that the average bulk fluid velocity remained constant.
The y-component of the resultant fluid force or lift force, L,
tended to lift the biofilm, and in doing so, exposed the
structure to the higher velocities and greater drag found in
the upper parts of the flow field. However, lift forces did
decrease as the biofilm cluster moved through deformation
path. The combined effect was that pressure and shear
reshaped the structure in such a way as to make it more
susceptible to those same two forces. As Figure 2 illustrates,
this initially hemispherical cluster deformed into a less
streamlined geometry. The overall trend was such that the
biofilm deformed into a less streamlined shape (i.e., subject
to a greater drag force) but that the rate of this change
decreased due to the influence of a decreasing lift force.

Though the Burger analog is not a simple elastic material,
the Maxwell elastic modulus, G1, can be regarded as a
component of this biofilm’s stiffness. More specifically, G1

represents the biofilm’s instantaneous elasticity. As such,
lowering G1 effectively softened the biofilm; increasing this
coefficient made it less compliant. Drag forces increased as
G1 decreased. Conversely, lift forces decreased as G1
decreased. The aforementioned progression of the biofilm
hemisphere to a less streamlined shape was accelerated by
decreasing G1.

Interestingly, a significant change in the rate of increase in
fluid forces was evident at approximately 5 s into the
simulation (see Figs. 3 and 4). The stage from t¼ 0 s to t¼ 5 s
was characterized by a rapid increase in the applied fluid
forces. After t¼ 5 s the rate of change in lift and drag loads
was much smaller. While the rate of change in lift and drag
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Figure 4. y component of the resultant fluid force versus G1 for series A. Figure 6. Changes in y centroid of biofilm cluster versus G1 for series A.
varied with G1, they were approximately constant during
and after this transition stage for a fixed value of theMaxwell
elastic coefficient. The changes in lift and drag were clearly a
response to changes in biofilm shape. The change in shape is
illustrated by the translation of the centroid of the structure
(see Figs. 5 and 6).
Series B, Kelvin Elastic Modulus Varied

As with Series A, the shape of the viscoelastic biofilm
changed with time in response to the pressure and shear
forces. In general, displacements were not as great in Series B
as they were in Series A. Again, the centroid of the structure
was used as a measure of this change. The magnitudes of the
displacement were not as great in this series as they were in
Series A. A change of displacement rates was also evident in
this set of simulations. In series B, these transitions to a new
displacement rate occurred more quickly when compared to
Figure 5. Changes in x centroid of biofilm cluster versus G1 for series A.
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series A. Furthermore, this change occurred faster as the
Kelvin elastic modulus, G2, was decreased. However, the
system approached a near steady state almost immediately
after the transition stage. The ultimate displacement rate was
relatively insensitive to G2. Figures 7 and 8 show the change
in the centroid’s x and y coordinates with time.
Series C, Maxwell Elastic Modulus Varied

Again, fluid forces tended to both drag and lift the attached
biofilm structure. While G1 was varied in both Series A and
C, the overall results of Series C more closely resembled
those of Series B, not Series A. This suggests that theMaxwell
viscous coefficient plays a dominant role in the ultimate
displacement of the attached biofilm structure. Figure 9
shows the change in the resultant fluid force for each
simulation in Series C.
Figure 7. Changes in x centroid of biofilm cluster versus G2 in series B.
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Figure 8. Changes in y centroid of biofilm cluster versus G2 in series B. Figure 10. Changes in resultant versus G2 in series D.
Series D, Kelvin Elastic Modulus Varied

As G2 decreased, t2 increased and this increase in the Kelvin
relaxation time was expressed in the time required for the
resultant fluid force (see Fig. 10) to reach a constant rate of
increase.
Series E and F, Mean Channel Velocity Varied

A comparison of the channel velocity, V, to the resultant
fluid forces provided insight into biofilm boundary layer
penetration. In Series E, the ratio of channel velocity to the
baseline velocity of Series A was 0.8. The initial ratio of
resultant forces for the two series was 0.60. In all three
simulations in Series E (E3, E5, E7) this force ratio decreased
as the biofilm deformed over time (see Fig. 11). Softer
biofilms (lower G1) experienced a greater decrease in the
force ratio. Conversely, when comparing the ratios of the
Figure 9. Changes in resultant versus G1 in series C.
resultants in Series F and Series A, it was found that the force
ratio increased from 1.51 to 1.69 in the biofilm with the
lowest Maxwell elastic modulus.
Series G and H, Biofilm Hemisphere Radius Varied

The nature of the results was similar to those in Series E and
F. By increasing the radius, r, of the attached structure, the
momentum transfer to the biofilm was increased. Figure 12
illustrates the effect of varying cluster size on the resultant
fluid force impacting the biofilm.
Discussion

General trends in the interplay between cluster shape,
hydrodynamic loads, and the material coefficients were
evident. Many of these trends were observable precisely
Figure 11. Changes in resultant versus G1 for three different channel velocities;

series A, E, and F.
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Figure 12. Changes in resultant versus G1 for three different biofilm cluster

radii; series A, G, and H.
because of the geometric simplicity of the biofilm cluster
and because the boundary conditions, such as flow rate,
pressure, and roughness, could be prescribed. These same
parameters are not measurable in most laboratory experi-
ments. The relevance of the viscoelastic relaxation time,
the significance of flow rates on a compliant body and the
potential value of dimensionless lift and drag coefficients
are presented.
Relaxation Time and Removal Strategies

Relaxation times can be regarded as the time required for a
viscoelastic material to dissipate internal stresses after being
subjected to a constant strain instantaneously applied at
t¼ 0 s. The Burger model possesses two different relaxation
times, one for the Maxwell element and another for the
Kelvin element. The Kelvin relaxation time for each
simulation in series A was 5 s. This is approximately equal
to the elapsed time between the start of the simulation and
the change in slopes of the drag and lift forces versus time.
Therefore, it is likely that the sharp changes in loading rates,
best demonstrated in series A, were expressions of the
relaxation time, t2, of the Kelvin element.

The behavior observed in series B agreed with the
theoretical response of a Burger model which, at t¼1, acts
as a fluid (governed by the Maxwell dashpot). Recall that h2
was held constant in series B thus explaining why the
ultimate strain rates for all nine simulations were
approximately equal. The changes in displacement rates
of the centroid were also expressions of the Kelvin relaxation
time and a metric of the time required to dissipate internal
stresses in the biofilm. However, t2 was not distinguishable
on the time axis of these plots. It was clear, however, that
once the internal stresses in the biofilm were dissipated the
resultant forces changed at approximately the same rate in
268 Biotechnology and Bioengineering, Vol. 96, No. 2, February 1, 2007
each series B simulation. In short, the cluster responded as a
viscoelastic fluid.

It is important to note that this expression of relaxation
time was not merely an artifact of the numerical method or
of the Burger material law. Indeed, these different modes of
strain behavior have been observed in laboratory settings. It
was noted anecdotally by Stoodley et al. (1999b) and
measured by Towler et al. (2003). That the computational
model reproduces this complex strain response underscores
its accuracy.

Measurements of the relaxation time for a particular
species may lead to improved biofilm removal strategies.
Wholesale or partial detachment of a cluster would occur
when the internal stresses exceed the material’s failure stress.
As outlined above, internal stresses in a biofilm governed by
a linear viscoelastic material law are greatest prior to the
expiration of the Kelvin relaxation time. At longer times, the
biofilm has dissipated internal stress and flows as a fluid.
Accordingly, the potential for removal by mechanically (i.e.,
hydrodynamically) loading the biofilm is greatest during the
initial relaxation time. This would suggest that short
duration, high velocity pulses in the flow field would prove
more effective at inducing detachment than would sustained
high flow events.
The Effect of High Flow Rates

As demonstrated in Figures 4 and 6, lift causes vertical
deformation of the compliant biofilm. Vertical deformation
creates a higher profile cluster. A higher profile structure is
subject to larger velocities and, consequently, greater drag
forces as illustrated in Figure 3. Real, turbulent flows do not
have a uniform velocity distribution. The distribution is
linear within the boundary layer and approximately
logarithmic beyond the boundary layer. Therefore the effect
of increasing load due to vertical deformation should be
magnified in turbulent flows. In general, quantifying this
effect is not possible because the boundary layer thickness is
a function of Reynolds number and resultant forces were a
function of the complete strain history. However, in general,
the velocity increases as one moves away from the wall
boundary. Thus, these simulations show that biofilm’s
capacity for deformation, as expressed by the material
properties, is doubly important; lift creates a greater vertical
profile for the fluid to impinge upon and drag forces vary
non-linearly due to the non-uniform velocity distribution in
turbulent flow.
The Effect of Lift and Drag on a Biofilm Cluster

Polar diagrams (see Appendix) were created using the
results of Series A through Series H to investigate the
relationship between drag and lift in a non-dimensional
setting. Figure 13 is a polar diagram of the drag versus lift
coefficients in Series A. All seven simulations started with the
same initial drag and lift coefficients of 0.114 and 0.072,
DOI 10.1002/bit



Figure 14. Composite polar diagram of lift versus drag on 0.20 mm biofilm

cluster for Series A–D.
Figure 13. Polar diagram of lift versus drag on 0.20 mm biofilm cluster for

Series A.

Figure 15. Polar diagram of lift versus drag on 0.20 mm biofilm cluster for Series

A, E, and F.
respectively. In each simulation, the biofilm hemispheres
deformed in response to these forces and, consequently, this
altered the forces that were applied later in time. As time
advanced, the drag forces increased while the lift forces
decreased. While the ultimate values of these coefficients
differed among simulations, it is very interesting to note that
the entire series plotted along the same curve. That is, the
paths that each of these simulations took in reaching their
final values of lift and drag were nearly identical. They
differed only in how far along the path they progressed after
30 s. If the ratios of the lift and drag forces are indicators of
deformed geometry, this also suggests that the deformation
path was identical for each of these simulations.

In Series B, the Kelvin elastic modulus was varied while
holding the Kelvin relaxation time constant. The coefficients
of drag and lift for all nine simulations in this series were
plotted on a polar diagram. The results indicated a pattern
similar to the one seen in Figure 13. This tendency to
preserve a common deformation history among a permuta-
tion set was also present in Series C and D. These behavior of
these simulations are shown on Figure 14.

These polar diagrams demonstrate that varying a single
elastic modulus in the Burger model, while holding either
the viscous coefficient or the relaxation time constant, a
similar deformation history is produced. The effect of
varying the modulus is seen in how far into the deformation
path (or how far down the path traced out on the polar
diagrams) the simulation progress. Although each of these
simulations produced a single deformation path and
although each path originated at the same point, they did
not produce the same path. When displayed on a common
plot, a clear bifurcation in these curves was evident and is
displayed in Figure 14. There was close agreement between
Series A and D and between Series B and C. The previous
examination of Series A and D demonstrated that these two
series clearly expressed two different modes of behavior or
rates of deformation. Furthermore, it was suggested that
these different slopes were an expression of viscoelastic
relaxation times. It seems likely therefore that the
bifurcation of these polar paths in Figure 14 is also due
to differences in relaxation times.

The effects of changing the mean channel velocity and the
radius of the biofilm hemisphere were also examined using
polar diagrams. Figure 15 is a polar diagram of the
simulations in Series A, E, and F. Figure 16 is a similar plot
demonstrating the effect of varying biofilm radius using
Series A, F, and G.

As the mean channel velocity was increased from 800 to
1,000 mm/s to 1,200 mm/s the forces acting upon the
attached biofilm increased. Figure 15 demonstrates a clear
shift in the polar diagram as channel velocity is increased.
Though more simulations may be required to determine the
Towler et al.: A Model of Fluid–Biofilm Interaction 269
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Figure 16. Polar diagram of lift versus drag on 0.15, 0.20, and 0.25 mm biofilm

clusters for Series A, G, and H.
exact relationship, the shift does not appear to be
proportional to the increase in velocity. The offset of the
path taken at RE¼ 3,600 from the path taken at RE¼ 3,000
appears to be less than the similar offset from the path taken
at RE¼ 2,400. Nevertheless, the separate paths are similar in
character suggesting that a simple relationship may exist
between channel velocity (and Reynolds number) and the
polar diagram shift.

The radius of the biofilm structure was varied from 0.15
to 0.20 mm to 0.25 mm in Series A, F, and G. All other
parameters were the same. A larger radius led to more
biofilm surface area and a greater penetration of the viscous
sub-boundary layer. The expectation was that the lift and
drag forces acting on the larger biofilms would be greater.
Figure 16 illustrates the increases biofilm size did indeed
increase lift and drag forces. As with Figure 15, more
simulations may be required to determine the actual
relationship between radius and applied force. The offset for
these paths do not appear directly proportional to the
increase in radius. The offset from the path generated by a
biofilm of radius 0.20 mm to the one with a radius of
0.25 mm is slightly greater than the offset to the path for
a biofilm of radius 0.15 mm. It is likely that additional
simulations may elucidate this relationship, however.
Moreover, additional simulations examining the influence
of other parameters may be equally insightful.
Conclusions

Biofilm is a ubiquitous natural phenomenon that impacts a
variety of industrial applications. While some investigators
have begun to study the structural behavior of microbial
biofilms few have properly couched their observations in the
context of a constitutive relation. A computational model
was developed that solves the physics of fluid–structure
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interactions using the linear viscoelastic Burger constitutive
relation. Simulations of hydrodynamically loaded biofilm
structures were generated to illustrate the utility of the
model and elucidate biofilm–fluid interaction.

All four of the independent Burger equation parameters
were examined as well as the effects of mean channel flow
velocity and biofilm size. It was shown that softer biofilms
(characterized by lower elastic moduli) were highly
susceptible to lift forces and consequently were subject to
even greater drag forces found higher in the velocity field.
Also, a bimodal deformation rate was observed in several
simulation series. These two different rates of deformation
were expressions of the two relaxation times in the Burger
material law. This suggested that an attached cluster is most
susceptible to detachment during the initial relaxation time.
This result may prove useful in developing mechanical
(hydrodynamic) removal strategies. Additionally, polar
diagrams of lift versus drag suggested that the deformation
paths taken by viscoelastic biofilms are largely insensitive to
specific material coefficients. Softer biofilms merely follow
the same path (as a stiffer biofilm) at a faster rate. These
relationships may be useful in estimating the hydrodynamic
forces acting on an attached biofilm based on changes in
scale and cataloged material properties. Though additional
refinement may be necessary, this model may help to
develop a friction factor relationship for biofilm analogous
to the Moody diagram for pipe flow. In light of the
economic and human health impacts of interfacial biofilm
growth and detachment, the value of these results is
substantial.
Appendix

Polar Diagrams

In the study of airfoils, drag and lift coefficients are
determined by normalizing the drag force by the velocity
head. More specifically, the drag coefficient, CD, is

CD ¼ FD
rV2 2=ð Þ (13)

where FD is the drag force, r is the density of the fluid, and V
is the mean fluid velocity. The lift coefficient, CL, is
calculated in a similar manner and takes the form

CL ¼ FL
rV2 2=ð Þ (14)

where FL is the total lift force acting on the airfoil. By
extending this argument to the study of the hydrodynamic
impact on attached biofilms, one can use drag and lift
coefficients as non-dimensional metrics of the forces on a
biofilm structure. A polar diagram is a plot of the drag
coefficient versus the lift coefficient (Vennard, 1940).
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