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1. Introduction 

"Begin at the beginning," the King said 
gravely, "and go on till you come to the end; 

then stop." 
Lewis G. Carroll, Alice Through the Looking 

Glass 

Investigations of biofilm formation and persistence require a fundamental approach in the 
collection and analysis of data, irrespective of the specific environment or application. This 
approach must be based upon the principles of process analysis (see Bryers and Characklis, this 
volume) and the concomitant need to provide comprehensive and compatible data with which 
to evaluate appropriate mass balance equations. Experimental reactor systems employed in 
either (a) controlled laboratory environments, (b) field applications, or (c) in vivo biomedical 
situations should be designed and operated in order provide the appropriate data under known 
conditions to facilitate this mass balance approach. 

1.1 REACTOR ENGINEERING FUNDAMENTALS 

To define it rudely but not inaptly, 
engineering is the art of doing that well 

with one dollar which any bungler can 
do with two dollars. 

Arthur M. Wellington 

Reactor engineering describes three types of ideal reactor concepts: the continuously-fed 
stirred tank reactor (CSTR), the batch reactor, and the plug flow reactor (PFR). Batch reactors 
essentially represent a completely closed reaction volume that contains all the necessary 
reactants under the conditions necessary to carry out the desired reaction. There is no input or 
outlet from a batch system, consequently reactant and product concentrations will change with 
time. Sufficient mixing of the reaction volume is assumed so that there are no spatial gradients 
in reaction mixture temperature or density - i.e., the reaction volume is well-mixed. 
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The CSTR is essentially a constant volume open system that receives a continuous supply of 
the necessary reactants while providing a completely mixed reaction volume. After a certain 
time period under the constant delivery of reactants and withdrawal of reactor contents, the 
system attains a steady-state in the various reaction components. The advantages of the CSTR 
is that, at steady-state, the bulk liquid phase is uniform in composition which makes sampling 
and reaction analysis simple and reproducible. 

While CSTRs and batch reactors represent the ideal in a well mixed, gradient-less reaction 
system, plug flow reactors are the other extreme in that elements or packets of fluid are 
assumed to move through the reaction volume without exchanging or mixing of material 
between adjacent elements. Reactants are fed at a continuous, constant rate to the reactor thus 
establishing, at any position between the inlet and outlet, a steady-state in composition. Thus 
while reactant and product concentrations may change with location as an element proceeds 
through the reactor, at anyone location the concentrations are constant with time. 

Table 1 summarizes continuity equations (mass balances) for a single component A, a 

reactant in the reaction A -> B, that conforms the the reaction rate expression r A = U A r 

=uAj(A), for the three basic ideal reactor types. 

Many biofilm systems of industrial application and ecological concern occur in systems that 
can be classified as one of these reactor types. We shall provide examples of these systems in 
the appropriate sections below. Realize that in laboratory reactors or field surveillance 
systems, the specific biofilm reactor design selected can be operated in either of these three 
ideal modes. Also realize that while one can attempt to affect ideal reactor behavior in an 
experimental system, the degree of ideality must be assessed under the operating conditions in 
question. 

2. Biofilm Reactor Systems Prerequisites 

2.1 SYSTEM COMPONENTS 

Any mental activity is easy if 
it does not need to take reality 

into account. 
Proust 

Irrespective of the application or study objective, a biofilm experimental system must 
contain certain critical components: (a) the biofilm study reactor itself (where the surface 
accumulation of cells and biofilm will be studied) and (b) the environmental support system 
which controls the experimental conditions (e.g., temperature, flow velocity, nutrient 
concentrations, pH). This chapter will emphasize only those experimental systems that create 
a flow of the bulk fluid phase; this flow can be affected by either the study reactor itself or the 
environmental support system. Flow of the bulk liquid in a biofilm experiment can be mandated 
for several overlapping reasons: to study biofilm accumulation either (a) as a function of fluid 
velocity or shear stress, (b) as a function of a nutritional limitation or kinetic parameter 
(nutrients or growth rate) in a simulated flow environment, or (c) as a means of eliminating any 
potential mass transfer rate limitations. In field situations, the reactor may rely on the natural 
ecosystem or an operating engineered system to dictate nutritional and hydrodynamic 
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conditions. Our emphasis here on flow systems is complemented by a similar chapter in this 
volume on static or quiescent systems by M. Fletcher. 

The experimental laboratory system operating in vitro should have the ability to control or 
vary a number of experimental parameters as summarized in Table 2. Control of experimental 
parameters is the luxury of in vitro laboratory systems. While certain parameters can not be 
controlled 

TABLE 2. Experimental Variables 

Chemical Parameters 

substrate type 
substrate concentration 
pH 
inorganic ions 
dissolved oxygen 
microbial inhibitors 

Physical Parameters 

temperature 
fluid shear stress 
heat flux 
surface composition 
surface texture 
fluid residence time 

Biological Parameters 

microorganism type 
culture type (mixed 

vs. pure) 
suspended cell concn. 
antagonist organisms 

in field studies or in vivo situations, the reactor system should at least provide for their 
determination. 

2.2 DIAGNOSTIC METHODS 

Specific analyses of cell adhesion, biofilm formation, and reactivity will not be addressed 
here in great detail but are summarized elsewhere (Characklis and Marshall, 1990); specific 
diagnostic techniques for quantifying attached cell quantity and reactivity, biofilm amount, 
composition, and various properties are addressed in greater detail in this volume. Here we 
emphasize the various techniques employed in the study of biofilms and specifically detail 
how a detection method influences the design and construction of the study reactor. 

2.2.1 Invasive Sampling. Detection of biofilms often requires direct sampling and 
removal of a finite quantity of attached material from a reactor surface for a number of 
destructive analytical procedures that measure overall biofilm amount (mass or thickness), a 
component of the biofilm structure (biofilm carbon, cell number, biofilm protein), or biofilm cell 
activity (ATP, dehydrogenase activity, active DNA synthesis). Detection of parameters in 
the biofilm as determined by sensor probes (pH, DO, temperature, specific ions) still requires 
the invasive penetration of the biofilm by the probe, under typically quiescent conditions, 
although Characklis and co-workers have recently documented probe use in flowing fluid 
systems. Such reactor requirements allow for either (a) ease of access to the interior of the 
reactor in order to physically scrape off biofilm from a known sample area, or (b) the ability to 
aseptically remove a representative portion of the substratum and (hopefully) its portion of 
the biofilm, or (c) provide access to the biofilm for the penetration of diagnostic sensor probes. 
Reactor designs to provide access for sampling involve removable sections of substratum; some of 
which are quite arcane, other rather ingenious. All destructive sampling devices, however, 
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have an impact on the construction of the reactor. Examples of three different removable 
sample techniques are presented in Figure 1. 
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Figure 1. Examples of different types of removable reactor test surfaces 

2.2.2. Non-invasive Diagnostics. All biofilm researchers would ideally like the 
analysis of the immobilized cell layer to create as little disturbance to the biofilm and the 
reactor operation as possible. Regrettably, most parameters of interest in biofilm accumulation 
require destructive sampling and analyses. 
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One class of non-invasive 
techniques does not measure 
the biofilm itself but rather 
monitors the effects of 
biofilm formation on certain 
system performance 
parameters. For instance, 
biofilm formation can 
create significant increases 
in fluid frictional and heat 
transfer resistances 
(Picologlou et aZ., 1980; 

Figure 2. Biofilm net accumulation as a function of time. Turakhia and Characklis, 
1983); increases that 

respond in time in a fashion similar to biofilm accumulation (Figure 2). Consequently, the 
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measure of increases in frictional resistance (increased pressure drop at constant fluid velocity, 
decreased fluid velocity at constant pressure drop, or increased torque at a constant rotational 
speed in a RAR) can be non-invasively monitored continuously throughout biofilm accumulation 
by way of on-line flow meters, pressure transducers, or torque monitors. On-line determination 
of heat transfer resistances requires detection of bulk liquid temperature and substratum surface 
temperature and heat flux. Siebel et al. (1991) reports a non-invasive light absorbance 
technique that is based on the absorbance of infrared light by the biofilm; it requires a light 
emitter positioned on one side of the biofilm reactor and a detector on the other, and a 
transparent biofilm reactor. Differences in the current are presently being correlated to biofilm 
amount. 

Another class of non-invasive detection methods are measures of system performance such 
as temperature, pH, dissolved oxygen, specific ion probes where the detection probe is built 
directly into the reactor, flush with the surface of the target substratum. Consequently, one can 
derive continual on-line measurement of certain parameters (e.g., pH, temperature, dissolved 
oxygen) at the base of the biofilm with elapsed time. The disadvantage of surface mounted 
probes is that, once in place, any drift in signal can not be easily corrected. 

True non-invasive diagnostics of biofilm accumulation, amount, and biofilm-cell reactivity 
are limited to relatively few sophisticated techniques. The simplest of these techniques is on
line video microscopy that places the biofilm reactor within the viewing field of a microscope. 
This technique requires a reactor dimension compatible with the microscope, preferably flat 
reactor surface on which to focus, and obviously a reactor that is transparent. Microscopic 
observation can be quantified and preserved by use of video recorders or image analyzer systems 
which digitize observed images on a "degree of grayness" basis and saves these images on a 
computer for future numerical interpretations (Figure 3). Examples of such systems applied to 
cell adhesion are described by Escher, (1986) and Feurerstein & Kush (1986). 
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Figure 3. Illustration of an on-line video microscope system 
for continuous cell adhesion and biofilm surveillance. 
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A second technique that has tremendous potential for providing non-invasively information 
on the molecular chemistry of cell adhesion is Attenuated Total Reflectance (A TR) waveguides 
integrated within flow cells coupled with Fourier Transform Infrared Spectroscopy (FT-IR). 
Atoms and groups of atoms within a molecule vibrate with a characteristic frequency and will 
absorb light at these frequencies. Light containing infra-red frequencies can be focused on a 
molecule and the amount of light absorbed measured as a function of frequency. Specific IR 
absorptions can thus be assigned to particular bonds and alterations in these bonds due to 
changes in local environment can be assessed from resultant spectral details. Recent increases in 
the capability of FT-IRs and the focusing of the IR wave within specific crystal wave guides 
allows one to establish a standing IR wave at the surface of the crystal. Fourier transform 
signal processing and multiple scanning allows aqueous samples to be processed where the IR 
spectra of molecules directly adjacent to the waveguide can be collected. In biological systems 
the IR absorbance of water must be subtracted via computer manipulations to provide the IR 
spectra of molecules accumulating at the crystal surface. The effective depth of penetration for 
the evanescent IR wave is a function of crystal material and the wavenumber but ranges about 
0.3 - 0.7 !..lm thus providing spectra that reflect those chemical species directly adjacent to the 
surface. Bremer and Geesey (1991) report the chemical changes that occur, after inoculating 
with a microbial culture, at a germanium ATR crystal situated within a flow cell as detected by 
FT-IR. Spectral intensities representing various bonds within proteins and polysaccharide are 
seen to accumulate with time indicating the feasibility of the ATR/FT-IR system to detect 
biofilm formation; unfortunately, no independent assessment of biofilm accumulation was made. 
Since the IR wave can only penetrate less than 1 !..lm into the biofilm, the reported increases in 
absorbance intensities most likely indicate increases in cell surface coverage of the crystal and 
not increases in biofilm thickness. 

3. Biofilm Reactor Designs 

3.1 CHEMOSTAT VESSELS 

A large number of biofilm studies have been carried out in laboratory suspended culture 
bioreactor vessels where biofilm forms, uncontrolled, on all surfaces exposed to the aqueous 
phase. Such studies typically adapt standard lab fermenter vessels to accommodate for 
periodic sampling of the biofilm. The simplest method is to introduce, by way of an exist 
sterile sampling port, a glass rod through the vessel head plate and suspended to a known 
depth (thus a known exposed surface area) in the culture fluid. With such a system, Molin & 
Nilsson (1983) followed the accumulation of a Pseudomonas putida ATCC 11172 biofilm within 
a chemostat through progressive increases in system dilution rate. Unfortunately, the many 
surfaces in a fermentation vessel in contact with fluid are highly irregular and are exposed to 
locally different hydrodynamic forces such that resultant biofilms can differ spatially in 
thickness and cell concentration. Thus, one can estimate from such a removable glass rod, only 
an average biofilm amount throughout the vessel. In addition, the number of available sample 
ports in a standard fermenter head plate is finite, providing limited surface area for biofilm 
samples. All these limitations greatly reduce the practicality a classical fermentation vessel 
for quantitative analyses of biofilm formation processes. 

3.2 ROTA TING ANNULAR REACTORS 

One advantage of the continuously fed bioreactor (i.e., chemostat) above is that the entire 
culture is supposedly at the same growth rate, exposed to the same growth limiting substrate 
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concentration. But as a biofilm study reactor, a fermentation vessel's surface area:volume ratio 
is poor and the prevailing hydrodynamics in and around the numerous submerged sensing 
devices and baffles are, at best, ill-defined. Consequently, the Rotating Annular Reactor 
(RAR) was developed (Kornegay, 1967) to alleviate the ills of a fermenter while retaining 
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Figure 4. Rotating annular reactor. 

control over certain growth rate 
parameters. The same reactor coupled to 
an on-line torque monitor has been 
termed a RotoTorque reactor by its 
developers (NSF-Engineering Research 
Center). 

An example of this type of RAR is 
illustrated in Figure 4. A RAR comprises 
two concentric cylinders, fitted one 
within another separated by a small 
gap. One cylinder remains stationary 
and the other is free to rotate. The most 
common design has the outer cylinder 
stationary while the inner cylinder is 
rotated mechanically at a rotational 
speed to affect a desired surface velocity 
or shear stress. At extremely high 
rotational speeds, this particular design 
of the RAR can lead to Taylor vortices; a 
situation of non-ideal mixing where 
layers of rings of fluid vortices are 
formed where fluid moving to the outer 
cylinder wall curls and reverses 
direction returning towards the inner 
cylinder (Schlichting, 1968). The 
alternative version of a rotating outer 

cylinder (LaMotta, 1974) and stationary inner cylinder provides more hydrodynamic stability 
but the outer cylinder proves more difficult to mechanically rotate and does not allow easy 
access for surface sampling. Another method to break up Taylor vortices is by constructing the 
rotating inner cylinder with draft tubes to internally recirculate fluid. 

Removable slides or test plugs as illustrated in Figure 1 can be constructed within the outer, 
stationary cylinder of a RAR to provide for destructive sampling of the developing biofilm. If 
the gap width between inner and outer cylinder is small, then the RAR design provides a 
bioreactor system that has a very high surface area: volume ratio which promotes biofilm 
development while minimizing suspended growth. Further, if the system is operated at a 
residence time less than the maximum generation time of the culture, then planktonic growth is 
negligible and all microbial activity within the RAR can be attributed to the biofilm. Most of 
the surface area in a RAR is exposed to the same uniform shear stresses providing ample 
sampling area of a relatively uniform biofilm. One advantage of the RAR has over flow cell 
reactors (next section) is that shear stress and linear velocity are determined by rotational 
speed and are thus independent of the nutrient input flow ri'te to the system. A torque 
transducer can be mounted on the shaft between the motor and the rotating cylinder to monitor 
continuously the drqg force on the moving cylinder. Frictional resistance increases due to 
biofilm formation can thus be calculated from rotational speed and torque measurements. The 
Reynolds number for a RAR, based on the rotational or tangential velocity component, can be 
written, 
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(1) 

where Q is the rotational speed, a is the ratio of the radii of the inner to outer cylinder, Ro is 

the inner radius of the outer cylinder, p and 11 are the density and absolute viscosity of the 
fluid, respectively. Another analogous dimensionless group often used with the RAR geometry 
is the Taylor number (Taylor, 1923): 

Ta = Vin Ro(1-a)1.5/u (a)0.5 (2) 

where Vin is the linear velocity of the outer edge of the inner cylinder and u is the kinematic 

viscosity of the fluid (11 / p). The friction factor for a RAR system can be derived from the basic 
definition as the ratio of the drag force per unit area to the kinetic energy per unit volume, or 

Figure 5 Taylor vortices 

3.3 FLOW CELL REACTORS 

(3) 

where H is the height of the cylinders. At 
extremely high rotational speeds, the design 
of the RAR with the inner cylinder rotating, 
can lead to Taylor vortices (Figure 5); a 
situation of non-ideal mixing where layers of 
rings of fluid vortices are formed where fluid 
moving to the outer cylinder wall curls and 
reverses direction returning towards the inner 
cylinder (Schlichting, 1968). 

However, due to their compact size and 
the independence of fluid velocity on liquid 
flow, RAR devices are quite practical for 
field studies, where RARs can be found in use 
in the secondary oil recovery and power 
industries serving to monitor the onset of 
biofouling as indicated by an increase in fluid 
frictional resistance. 

Flow cell biofilm reactors have evolved due to their obvious geometrical analogy to a wide 
range of engineered and biomedical systems (e.g., heat exchanger tubes, cardiovascular grafts, 
catheters, water supply lines) that experience biofilm formation under fluid flow conditions. 
As discussed below, for sampling and surveillance reasons, flow cells can be either circular or 
rectangular in cross-section. In addition, a flow cell biofilm reactor can be operated within its 
environmental support system either in a CSTR or a plug flow mode. 

3.3.1 Tubular Flow Cells. A flow cell of circular cross section has obvious geometric 
similarities to such engineered systems as cardiovascular grafts, catheters, heat exchange 
tubes, and water supply lines. Circular tubes can be machined of any material of interest in any 
dimension to simulate field conditions. Measurement of increases in frictional resistance due to 
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biofilm formation can be determined easily by measuring either increases in pressure drop at 
constant velocity or decreases in volumetric flow rate at constant pressure drop. Incorporation of 
removable sampling surfaces within the flow cell wall is a design known as a Robbins device 
(McCoy et a/., 1981); Figure 6 shows a Robbins device for either circular or rectangular cross
section. An alternative sampling design, that provides a larger sampling area, consists of a 
number of small tube sections held tightly together by either an outer sleeve (Bryers, 1980) or a 
circular clamping device (Turakhia and Characklis, 1983) as seen in Figure 7. 

Reynolds number for fluid flow in a circular tube is classically defined as 

Re = vDp//-l (4) 

where Re < 2000 are considered laminar flow and Re > 3-4000 are considered turbulent flow. 
Velocity in a circular tube, v, is defined as the ratio of the volumetric flow rate, F, to the cross
sectional area of the tube, Ax. Shear stress in a circular tube under laminar flow is defined as 

.wall = D~P/4L where ~P is the difference in the combined static pressure and 
gravitational forces acting on the fluid over a distance L of tube length. 

3.3.2 Parallel Plate Flow Cells. Another form of flow cell employes a rectangular 
flow channel that can be either constant in cross-sectional area down the entire length of the 
channel or an intentional expansion in channel width can be employed to affect turbulence and 
controlled flow separation in the channel. Rectangular flow cells can also incorporate 
removable test plugs or slides in order to monitor biofilm growth; pressure ports can also be 
installed to monitor increases in frictional resistance. One advantage of a rectangular versus a 
circular flow is that on-line non-invasive microscopic observations of cell adhesion at an inner 
surface can be carried out without distortion using a rectangular flow cell (Figure 3). Bryers and 
Rudoll (1992) have also employed a rectangular flow geometry that incorporates a germanium 
crystal as an attenuated total reflectance (ATR) waveguide to follow with FT-IR spectroscopy 
the spectra of various materials accumulating at the crystal-biofilm interface. 

The reader must be aware, that although both circular and rectangular flow cells can subject 
attaching bacterial cells to either laminar or turbulent flow conditions, with known surface 
velocities and shear stresses, calculation of the Reynolds Number and surface shear stresses are 
different for each reactor. A specific volumetric flow rate applied to a circular tube will not 
establish the same fluid velocity, Reynolds number, or shear stresses in a rectangular duct. 
Reynolds number for a rectangular duct is based on a "hydraulic diameter" defined as ... 

(5) 

where P = wetted perimeter of the rectangular cross-section. The Reynolds number for a 
rectangular duct is thus defined as 

(6) 

For rectangular ducts, laminar flow exists at Re < 2000 and turbulent flow at Re > 4000-
5000. 
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To create flow separation (i.e., turbulence) in a rectangular flow cell while still at a low 
flow velocity, a variable cross-sectional area can be employed. To study endothelial cell 
responses to complex flows, one can simulate regions of flow separation observed in vivo using a 
conventional parallel plate flow chamber modified to produce an asymmetric sudden expansion 
(Figure 8). Briefly, the chamber consists of an upper plate of plexiglas™ with inlet and outlet 
ports and either a 0.02 inch or 0.01 inch recess, and an stainless steel lower plate with a recess 
for a glass slide containing cells. The upper plate has a recess carved into its lower face. The 
asymmetric sudden expansion flow path is created using a medical grade silicone rubber gasket 
inserted between the two plates. Thickness of the gasket sets the expansion. At the gasket 
edge the wall shear stress is zero and its magnitude increases with increasing distance from the 
gasket edge until a maximum is reached. Then, the shear stress declines, passing through zero 
at the separation point, until it reaches its final value downstream. The size of the 
recirculation zone (X), which represents the distance from the gasket edge to the point at 
which the wall shear stress is zero, depends upon the Reynolds number and the expansion ratio 
(H-h/h). In general, for a given expansion ratio, the size of the recirculation zone increases 
linearly with Reynolds Number until a critical Reynolds number is reached and additional 
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Figure 8. Schematic of sudden expansion flow chamber. Inset 
shows typical shear stress distribution along the glass slide. 

recirculation eddies appear (Macagno and Hung, 1967; Armaly et al., 1983). 

3.4 RADIAL FLOW REACTOR 

As first described by Fowler and McKay (1980) the reactor consists of two parallel circular 
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Figure 9. Radial flow reactor 

disks separated by a small gap distance, about 
500 f.lm (Figure 9). Culture media or cell suspen
sion is delivered into the center of the bottom 
disk at a constant flow rate where it impinges on 
the upper plate then flows radially outward 
from the center to the outer edge where it collects 
in a circular manifold and leaves the system. As 
the total cross-sectional area for flow increases 
with increasing radius, the linear velocity and 
the fluid shear stress decrease as fluid moves 
away from the center. The radial flow reactor is 
constructed with one disk made of optically clear 
material so that cell adhesion and initial 
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biofilm formation can be observed on the bottom plate (which requires rather significant 
amounts of biofilm for visual observation). Since high shear forces exist nearer the center and 
decrease radially outward, there exists a region near the entrance where cell adhesion does not 
occur. This reactor design is useful in establishing that upper maximum of fluid velocity which 
will prevent biofilm formation. However, this reactor design is not very practical since the 
prerequisite hydrodynamics only prevail during initial cell adhesion and early biofilm 
formation. Due to the rather narrow gap width; once biofilm colonies establish, fluid flow 
patterns can be disturbed sufficiently to affect subsequent surface colonization. Unfortunately, 
the only biofilm detection method available in the original design required rather significant 
amounts of biofilm for visual observation; thus negating the reactor's usefulness in early cell 
adhesion studies. This latter shortcoming can be obviated by installing removable test surfaces 
randomly about the disks. 

4. Biofilm System Operation and Analysis 

In theory, any of the biofilm reactors above and their environmental support systems can be 
operated to simulate anyone of the three ideal reactor concepts (i.e., CSTR, Plug Flow, and 
Batch) presented earlier. In this section, we will present details as to how biofilm studies can 
be carried out in order to affect the behavior of one of these ideal reactors. 

4.1 CSTR OPERATING MODE 

CSTR ideality presumes complete mixing of the reaction volume, with no concentration 
gradients, along with a continuous input of limiting reactant and an effluent flow to affect a 
constant volume. Obviously, a RAR can easily accommodate these restrictions while providing 
sufficient surface area for the biofilm. Residence time in the RAR can be set at any value above 
or below the maximum growth rate of the pure or mixed culture, simply by adjusting the input 
nutrient volumetric flow rate. However, often in biofilm studies, it is expedient to minimize 
the effects of suspended cell metabolism. Thus, input nutrient flow rate can be set to establish a 

residence time ('t = V IF) in the reactor that is much less than the maximum generation time of 
the culture. Consequently, any suspended biomass found in the reactor effluent can be assumed to 
originate by way of detachment from the biofilm. This operational technique also serves to 
simplify the mathematics of material balances on suspended biomass by eliminating the term 
for planktonic growth. 

Flow 
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pump 

Nutrient 
Solution 
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mixing 
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Figure 10. Biofilm flow cell 
o erated on a rec de mode 

While their geometry connotes plug flow behavior, 
flow cell reactors can also be operated in a CSTR mode 
by utilizing a fluid recycle or recirculation loop as 
illustrated in Figure 10. Residence time is set by the 
ratio of the total system volume to the inlet flow rate. 
By recycling a portion or all of the flow cell effluent, the 
axial fluid phase concentration gradients, characteristic 
of plug flow behavior, can be eliminated. Referring to 
Figure 10, to operate a flow cell reactor in the CSTR 
mode, one must insure that the recycle flow rate, FR, is 
much greater than, F, the nutrient feed flow rate. As 
with all laboratory reactor systems, the degree of ideal 
mixing must be verified for the operating conditions in 
question (Levenspiel, 1972). In essence, does the real 
reactor behave like a CSTR, a PFR, or neither? 
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4.2 PLUG FLOW OPERATING MODE 

Many biofilm systems of industrial and ecological importance occur in plug flow systems, 
such as: biofouling of medical catheters, corrosion of pipes and sewers, or the ecology of a 
natural surface- or ground-water flow. Plug flow behavior in biofilm systems is characterized 
by longitudinal (and perhaps, radial) concentration profiles of nutrients in the liquid phase. 
Even if the surface of the reactor system were uniformly inoculated with cells, those attached 
colonies nearer the entrance of the reactor would be exposed to the highest concentration of 
limiting nutrient which, after time, would establish larger amounts of biofilm at the flow cell 
entrance. This would eventually lead to longitudinal gradients, not only in soluble nutrients, 
but also in attached cell concentrations. Similar spatial gradients are common to either packed 
bed or trickling filter reactor systems operated on a once-through basis. 

Circular flow cells are obviously geometrically identical to steam condenser heat exchange 
tubes, water distribution lines, and wastewater sewers. The hydrodynamics of flow in a 
circular geometry are well defined as briefly presented above (Schlichting, 1968). Rectangular 
flow cells and capillaries, while providing the accessibility for microscopic observation and 
surface diagnostics, also have similar hydrodynamics as circular tubes (provided certain 
geometric criteria are met) and have been used with great success. Operation of flow cells in a 
plug flow mode is achieved quite simply by passing the nutrient solution (or a side stream from 
a operating system in the field) down the flow cell. 

Plug flow behavior can also be established with a RAR, or more accurately, a number of 
RAR units operated in series. Theoretically, as the number of RAR units increases, the overall 
system performance approaches that of plug flow behavior. 

5. Summary 

Some of the more common reactor systems employed in the study of cell adhesion and 
biofilm formation under the influence of fluid flow have been described. Sampling and 
experimental requirements are shown to greatly influence the design and construction of a 
biofilm reactor. As analytical techniques evolve, the capability to non-invasively follow the 
development of biofilm and to assess the attached cell reactivity has increased. Both non
invasive and invasive diagnostic methods affect the type and design of biofilm flow reactor 
with both types of analyses providing complementary information on biofilm processes. 
Biofilm reactors coupled with their environmental support systems can be operated in the 
laboratory, in vivo, or in the field to simulate the ideal reactor behavior of either a CSTR, 
plug flow, or batch reactor; which facilitates the collection of data necessary for a complete 
material balance analysis of the system. 
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