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Abstract:
Biofilms accumulate in porous media with some positive and negative effects. Experiments were
designed to monitor hydraulic transport phenomena and the accumulation of biofilms under various
flow conditions. Results of these experiments showed that the tortuous flow path encountered in porous
media increases the biofilm accumulation rate if other parameters, such as average fluid velocity and
pore opening size are held constant. A model was used to predict the biofilm accumulation, but results
were inconclusive given the lack of understanding of particular biofilm processes in porous media flow
systems. However, it was shown that larger pores accumulate more biofilm than small pores under the
conditions maintained. 
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ABSTRACT

Biofilms accumulate in porous media with some positive and negative 
effects. . Experiments were designed to monitor hydraulic . transport 
phenomena and the accumulation of biofilms under various flow 
conditions. Results of these experiments showed that the tortuous flow 
path encountered in porous media increases the biofilm accumulation rate 
if other parameters, such as average fluid velocity and, pore opening 
size are held constant. A model was used to predict- the biofilm 
accumulation, but results were inconclusive given the lack of 
understanding of particular biofilm processes in porous media flow 
systems. However, it was shown that larger pores accumulate more 
biofilm than small pores under the conditions maintained.
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INTRODUCTION

Overview

Microbial cells adhere to nearly any surface that is submerged in 

an aquatic environment. The cells, which form a living, growing matrix 

of organisms, together with extracellular polymeric substances that bind 

the structure, are termed a biofilm. These films can be beneficial, as

in a trickling filter in a wastewater treatment facility, or they can be

detrimental, as in an injection well, where the accumulation of 

organisms on the well screen causes significant reduction of the well's 

productivity. Engineers need to understand both the positive and

negative effects associated with biofilms in order to design, analyze 

and maintain hydraulic systems, which can be categorized as follows:

1. Pipe flow systems.

2. Open channel flow systems.

3. Moving surfaces submerged in aquatic environments.

4. Porous media flow_systems.

Problems caused by biofilm accumulation in pipe flow systems 

include increased frictional and heat transfer resistance. Biofilms 

play an important role in contaminant removal in streams and other open 

channel flow systems, but also can reduce the rate of exchange between 

surface and groundwater. Moving surfaces, such as ship hulls, 

accumulate micro and macroorganisms that may greatly reduce efficiency
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and mobility. In porous media, biofilms can biodegrade organic 

contaminants, but may also cause permeability reductions and thus 

increase energy losses. This thesis addresses the hydraulic effects of 

biofilm accumulation in porous media flow systems. The complexity of 

fluid and nutrient transport through the tortuous paths encountered in 

porous media systems make the study of biofilms quite intricate.

The basic processes of microbial . adsorption, desorption, 

attachment, detachment, and growth (discussed in the "Background" 

chapter) have been investigated for uniform laminar flow systems by 

Bakke (1986) and Escher (1986). However, in a tortuous flow system, 

such as that found in a porous medium, the effects of these processes on 

mass and momentum transport become quite complicated, and additional 

fundamental processes, such as filtration, may become important.

Goal and Objectives

The goal of this investigation was to describe the interaction 

between hydraulic and microbial processes in simulated porous media 

flow systems. The specific objectives were to. I) develop experimental 

methods for monitoring hydraulic transport and biofilm process variables 

in porous media, 2) relate observed biofilm accumulation in porous media 

to hydraulic resistance as measured by permeability and friction factor, 

3) provide experimental verification of an existing mathematical model 

predicting biofilm accumulation under pipe flow conditions. An 

understanding of biofilm accumulation in pipe flow systems is useful for 

understanding accumulation in porous media flow systems.
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To accomplish these objectives, several simulated porous media 

reactors were designed and tested using both mixed and pure cultures of 

microbial populations. Possible applications for results obtained from 

this study include in situ biodegradation of subsurface organic 

contaminants, oil field applications such as microbially enhanced oil 

recovery by emulsification or selective pore clogging, problems 

associated with geologic formation plugging near wells, and filter

design.
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BACKGROUND 

Biofilm Processes

Overview

Microorganisms are present in virtually all aquatic environments. 

Cells live, grow, multiply and die and influence their surroundings.
>

They may move from place to place on a surface, remain stationary or 

exist in a floating suspension. Cells require some form of chemical for 

subsistence. An example is the carbon found in glucose. The cell 

requires a balanced chemical environment conducive to the chemical 

reactions which allow it to metabolize its energy source. There must be 

a supply of electron acceptors such as oxygen and a source of trace 

nutrients that facilitate the metabolic processes.

In order to increase nutrient consumption efficiency, it may be to 

the cell’s advantage to attach to a surface in an aquatic system. The 

aggregate of attached cells, together with polymeric substances which 

they secrete, is termed a "biofilm". Biofilm process theory deals with 

the accumulation of cells on surfaces and has been described by 

Characklis (1981). The processes of adsorption, desorption, growth, 

attachment and detachment have been addressed most commonly, with 

attachment and detachment being the least understood.

Biofilm accumulation is the net result of these processes. The 

accumulation rate is equal to the rate at which cells adsorb to the
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surface minus the rate at which cells desorb plus the rate at which 

cells grow and/or multiply plus the rate of cellular attachment to an 

existing biofilm, minus the rate of cellular detachment (See Figure I).

Modeling

A mass balance accounting for all of the processes that affect 

biofilm accumulation is shown below.

net net
Biofilm accumulation = adsorption + growth + attachment 

(rate) (rate) (rate) (rate)

The units of this equation are mass of biofilm cells per unit substratum

surface area per unit time. This is a rate equation with each term

representing a separate biofilm process. Each term is described below.

Adsorption and Desorption. The processes of adsorption and 

desorption describe the initial stages of biofilm development. These 

terms are used to describe the bonding of single cells to the clean 

substratum or the breaking away from this surface. For this discussion, 

the assumption is made that the "preconditioning" of the substratum 

takes place quickly and needs no special mathematical explanation. 

These initial events are described in detail by Escher (1986).

Using image analysis techniques, Escher (1986) measured the 

individual processes of adsorption and desorption. He found that 

sorption related processes are functions of the concentration of colony 

forming units in the bulk fluid, and the shear stress at the substratum 

due to fluid flow. In addition, he found that growth related biofilm 

processes are only affected by the microbial surface, concentration. ,

J
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s ion:

Growth, The process of growth is described by the Monod expres-
U S ,max

U “ K + Ss
In this equation, u is the specific growth rate and has the units of 
-It , or one new generation per time t, u is the maximum specific

growth rate of the organism and also has the units of t S is the

concentration of the growth limiting substrate and Kg is a saturation

coefficient. Kg is the substrate concentration at which the growth rate

is exactly half of the maximum growth rate.

Both u and K must be determined experimentally. Formax s
Pseudomonas aeruginosa, the bacterial species used in this

-Iinvestigation, u^ y is 0.4 h and Kg is 2 mg of glucose per liter. of 

solution (Trulear, 1983; Robinson et al, 1984).

Attachment and Detachment. As mentioned previously, the rates of 

cellular attachment and detachment are not well understood, but some 

attempts have been made to mathematically model the processes. Bakke 

(1986) investigated detachment and the transport of particulate mass 

across the biofilm/liquid interface. Results from Bakke1s experiments, 

which utilized straight, rectangular capillary tubes, suggested that the 

rate of cellular attachment is directly proportional to the 

concentration of. cells in suspension near the biofilm surface. Also the 

rate of biofilm detachment appears to be proportional to the square of 

the areal concentration of attached biofilm cells.
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Accumulation. The progression of biofilm accumulation (as measured 

by biofilm thickness or the number of attached cells) is the net result 

of these individual processes and generally follows an "S" shaped curve 

(Figure 2). The accumulation will begin at zero, and increase very 

slowly. This is the period when the organisms adapt to the environment 

and establish the base of the biofilm.

Next,' the curve rises sharply while the organisms are growing and 

reproducing at a rate dependent upon the substrate concentration. The 

effects of detachment are not yet significant because the increase in 

shear stress on the biofilm by the passing fluid is still minimal.

However, as the biofilm develops, there is a point at which the 

protruding biofilm penetrates into regions of higher fluid velocity 

resulting in a significant increase in shear stress on the biofilm. The 

shear stress promotes detachment of cells and erodes the biofilm to a 

quasi—steady state thickness. At this point, the accumulation rate, is 

approximately zero and the growth balances the detachment of cells.

Bakke (1986) observed that during the.quasi-steady state phase, the 

cell numbers continue to increase while biofilm thickness remains 

constant. This implies an increase in cellular biofilm density with

time.
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BIOFILM THICKNESS vs. TIME
TYPICAL "S " CURVE

TIME (days)

Figure 2. A typical "S" shaped plot of biofilm 
accumulation with time.
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Hydraulic Processes

Overview

Biofilm accumulation often results in reduced flow efficiency. In 

pipes, the presence of biofilm increases frictional resistance and 

reduces the flow capacity. In porous media, biofilm clogs the pores and 

decreases permeability, again resulting in reduced flow and mass 

transport capacity. Hydraulic resistance in porous media is the problem 

that has received the most attention in this thesis, but in order to 

understand the problem, pipe flow resistance was also studied.

The first major assumption made when considering flow in porous 

media systems is that the flow regime remains totally laminar. This is 

a very broad generalization which, according to Fahien (1983), may not 

be completely valid. However in this study, the flow was verified as 

being laminar, based on Reynolds number calculations. This greatly 

simplifies the mathematics of the problem. The study of the effects of 

biofilm accumulation in porous media systems involves characterizing the 

hydraulic resistance occurring in individual pore channels. In porous 

media, hydraulic resistance is measured by either the friction factor or 

the permeability of the bulk media.

Friction Factor

The friction factor, as employed by Darcy's head loss equation for 

pipes, is a function of the Reynolds number. The head loss, or loss of 

the fluid's energy in units of foot- pounds of energy per pound of fluid 

flowing, hL, is given by Equation I.
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hL
L V 
D (I)

f is the Darcy friction factor, L is the length of the test section, D 

is the pipe diameter, V is the average velocity and g is the 

acceleration due to gravity.

In laminar flow, the friction factor is expressed by Equation 2, 

where Rg is the Reynolds number.

£ - f  (2)
e

C is the laminar flow coefficient. In a circular conduit, C = 64. The 

Reynolds number is a dimensionless number:

Re v
v is the kinematic viscosity of the fluid (1.00x10 ^m^/s).

relationships can be found in Gerhart and Gross (1985) . Fahien
*

(3)

These

(1983)

used a modified friction factor, f , and Reynolds number, Rg , to 

describe energy relationships in porous media. Equations Al through All 

in Appendix A describe Fahienrs improved Moody type diagram (Figure 3). 

Data from several experiments including the spheres experiment described 

later, were plotted using these relationships.

Permeability

Darcy's Law is the fundamental relationship for flow through 

porous media:

V (4)

Here, V is the average velocity through the gross cross sectional 

area perpendicular to the flow, K is the hydraulic conductivity and
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Figure 3. Data from the spheres experiment plotted on the theoretical 
curve of modified friction factor vs. Reynolds number for 
porous media (Fahien, 1983).
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dh/dl is the hydraulic gradient across the element of porous media in 

question. The hydraulic conductivity can be expressed as follows:
M (5)

k is the intrinsic permeability of the medium and must be found 

experimentally. These equations can be found in Freeze and Cherry

(1979).

Velocity

The specific discharge through a porous medium, the discharge per 

unit cross sectional area, or Darcy velocity, may be computed from 

Darcy’s Law (Equation 4). However, this is a macroscopic quantity, 

while movement of the fluid through the pores is a microscopic 

phenomenon.

The specific discharge only describes the volume of water that 

passes through a cross sectional area of porous media per unit time. 

This area is composed of both solids and void space. The actual average 

pore velocity is the specific discharge divided by the porosity. The 

porosity is the ratio of void space volume to total porous media element 

volume.

But, this pore velocity is only an average and is not 

representative of the velocity of the fluid adjacent to all the surfaces 

throughout the medium. There are locations in the medium that 

experience high velocities and high shear stresses and others that see 

virtually no movement of fluid. The geometry of the medium complicates 

the prediction of biofilm accumulation along the tortuous, laminar flow 

paths.
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Shear Stress

The shear stress exerted on the biofilm surface is a result of the 

fluid velocity distribution in the pore space and is responsible for 

detachment of the biofilm. The shear stress, T, at the fluid/biofilm 

interface for laminar flow was expressed as follows (Roberson and Crowe,

1975).
2Vpv (6)

In this equation V is the average pore velocity, p is the density 

of the fluid and r is the hydraulic radius of the average pore opening. 

The average hydraulic radius is the ratio of the volume of voids to the 

corresponding porous media surface area within the volume (Fahien, 

1983).

Biofilm/Hydraulic Process Interaction

If biofilm accumulation persists until a significant fraction of 

the pore space is occupied, an interactive relationship will develop 

between hydraulic and microbial processes. For example, in a straight 

laminar flow conduit the transport of cells and nutrients facilitates 

the development of a biofilm on the conduit wall. But as the biofilm 

develops, the transport processes within the fluid and the biofilm 

change as the inside diameter is reduced. Reduction of the diameter 

increases the friction factor which reduces flow rate and, thus, 

transport of nutrients and cells. At the same time, the shear stress 

exerted by the fluid on the biofilm decreases as the diameter is 

reduced. As a result, there is less tendency for shearing of cells, but 

also less nutrient for growth.
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The tortuosity or bending of the flow path around the particles in 

a porous medium adds to the difficulty of analyzing the transport of 

nutrients and cells. Also, in a porous medium there is a a potential 

for straining of suspended cells and particles because the fluid is 

traveling through a granular matrix.

The tortuosity of porous media flow may accelerate the accumulation 

of a biofilm. The transport of nutrients and cells to the surface of a 

porous medium particle is enhanced as the fluid "runs into" the 

particles. From potential flow theory, the streamlines around a 

submerged particle curve as the flow approaches the particle, which 

means momentum is transferred to the surface on the leading face of the. 

particle. This bending of the streamlines indicates that a flux to the 

surface occurs and one could hypothesize that cells, which are slightly 

denser than water, would impact that surface. It is possible that this 

characteristic of porous media lends itself to a greater rate of biofilm 

accumulation. In order to study these concepts, several experiments 

were designed.
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EXPERIMENTAL METHODS AND APPARATUS 

Experimental System

The experimental system consisted of a porous media reactor and its 

support system. The support system maintained the conditions of the 

experiments. Three reactor geometries were used - cylinders, 

rectangular capillaries and spheres. These are described later.

Support System

The support system (Figure 4) was used for all experiments. 

Nutrients and air were pumped to a constant head reservoir which fed the 

porous media reactor. A flow meter and a manometer measured the fluid 

flow rate and the pressure drop across the reactor section and optical 

measurements were made to monitor biofilm accumulation inside the 

reactors.

The entire system was sealed to prevent microbial contamination. 

Tight connections were made between all components of the system. 

Silicone tubing was used for all the connecting lines. Filters and 

backflow prevention devices ensured that no unwanted organisms entered 

the system. The experiments were conducted at room temperature 

(approximately 18 to 23°C).

Nutrient Solution

The nutrient solution was composed of a mixture of distilled water, 

glucose and trace nutrients (Table I). Tryptic soy broth was used
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Figure 4. Porous media reactor support system.
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Table I. Nutrient Feed Composition After Dilution

Experiment

Cylinders Rectangular Capillaries 
and Spheres

Concentrations (mg/1)

Glucose . 50 . 25.6

Tryptic Soy Broth 50 0

NE. Cl 4 — 7.2

MgSO4'7H2'0 — 2.0

Na2HPO4 (Buffer) — 213.0

KH2PO4 (Buffer) — 204.5

CaCO03
— , 50.0

,(HOCOCH2)3N 0.4

(NE4)^ Mo^0244H20 — — 0.001

FeSO4 7H20 — 0.112

ZnSO4 7H20 ■ - 0.10

MnSO4 H2O .- . 0.008 .

CuSO4 SH2O — 0.002

Na2B4O7 IOH2O — 0.001

PH 6.8
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instead of trace nutrients in the cylinders experiment. The nutrient 

solution was sterilized by autoclaving for 40 minutes at 121°C and 15 

psi for each 10 liters. This solution was diluted with filtered (0.20 

urn pore diameter filter) reverse osmosis water as needed to attain the 

desired concentration of nutrient. Influent and effluent samples were 

taken to ensure the maintenance of aerobic conditions.

Flow Condition

For the cylinders experiment, the effluent from the porous media 

reactor was recycled to the constant head reservoir. A constant flow of 

0.05 1/min was maintained through the reactor and the head was allowed 

to vary. In contrast the experiments using rectangular capillary tubes 

and spheres utilized a once through flow system. This resulted in a 

flow rate which decreased with increased hydraulic, resistance due to 

biofilm accumulation. In all the experiments the residence time of the 

fluid within the reactors was short enough that no difference in 

substrate concentration across the reactors could be detected.

Maintenance of Aseptic Conditions

Experimentation involved the use of both mixed culture and pure 

culture microbial populations. In order to monitor the microbial 

populations, agar plates were streaked each day and incubated for 24 

hours and then observed under a microscope. Colony characteristics were 

used to identify contaminants or the presence of a pure culture.

Before each experiment, the entire system was placed in the 

autoclave and sterilized. This was possible due to the flexibility of 

the silicone tubing connecting all the components of the support system.
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Inoculation of the reactor was followed by one day of batch 

operation to allow the organisms to adapt to their new environment. For 

the rectangular capillaries and the spheres reactors, this was the only 

opportunity for adsorption, except for possible downstream reattachment 

later, because of the flow through nature of the system. An undefined 

mixed culture was used in the cylinders reactor and a pure culture of 

Pseudomonas aeruginosa was used in the reactangular capillary and 

spheres reactors.

Reactors

Cylinders. In order to approximate flow through a coarse grained 

porous medium, a glass rectangular tube was filled with glass cylinders 

(Figure 5). This arrangement of cylinders created a flow path which was 

nonuniform yet hot fully tortuous in nature. The advantage of this 

particular design was that it allowed visual observation of biofilm 

accumulation patterns on the sides of. the cylinders in response to 

various fluid streamline patterns. This permitted qualitative 

monitoring of the effects of localized variations in shear stress and 

nutrient transport on biofilm accumulation.

Rectangular Capillaries. In order to observe biofilm thickness in 

a uniform flow system, thin, reactangular glass capillary tubes were 

used. The tubes measured 0.2 x 4.0 mm and 0.4 x 4.0 mm by 50 mm in 

length. The width and length were constant and the height varied from 

0.2 to 0.4 mm, which allowed comparison of the biofilm accumulation in 

different sized capillaries of similar geometry. Three replicates of



AVG OPENING = 0.68m

Figure 5. Schematic diagram of the cylinders reactor.
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each tube were installed in the support system in parallel with one 

another and with the spheres reactors. This created repeatability with 

one run of the experiment.

Both ends of the capillaries were glued into silicone tubing, with 

silicone sealant, and inserted in line. The upstream ends of the tubes 

were connected into a single manifold and the upstream manometer leg was 

connected upstream from the manifold. . This leg measured the initial 

head, which was constant for all the tubes.

The downstream end of each capillary had its own overflow point 

which emptied into a pipette at atmospheric pressure. As a result, the 

difference in head across any capillary was constant and equal to the 

difference in elevation between the free surface of the constant head 

upstream manometer leg and the elevation of the atmospheric pipette 

overflow. The pipettes were used to measure the volumetric flow rate 

periodically.

Spheres. As with the.rectangular capillary reactors, rectangular 

glass sections were used for the spheres reactors but they were filled 

with I mm glass spheres. This geometry created a tortuous, nonuniform 

flow path and thus provided a good approximation of porous media flow. 

The tubes holding the spheres were 1.0 mm x 6.0 mm and 50 mm long. All 

mounting procedures and hydraulic constraints were the.same as for the 

rectangular capillary reactors, except small pieces of screen were glued 

over each end of the spheres reactors to keep the spheres inside. The 

amount of biofilm that collected on these, screens was negligible upon 

inspection at the end of the experiment. Two replicates were used.
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Procedures

Thickness Measurement

Microscopic techniques developed by Bakke and Olsson (1986) were 

used to measure the thickness of the biofilm present in the rectangular 

capillary reactors. By focusing first on the substratum, then the 

fluid/biofilm interface, and noting the vertical displacement, y^, of 

the stage micrometer, direct computation of the biofilm thickness, L^, 

was made using a proportionality constant K = (L^/y^). The proportion

ality constant, K, is the ratio of the refractive index of the bio film 

to that of the media adjacent to the film and between the film and the 

microscope’s objective lens. The eyepiece micrometer was used to 

measure biofilm thickness when cylinders or spheres were viewed from the 

side, because of the refractive behavior of curved glass surfaces.

Cell Counts

Image analysis and epiflourescent staining techniques (Hobble, 

1977) were used to count cells directly. A computer program analyzed 

the raw data and gave the mean cell count from ten fields of focus on a 

microscope slide and also gave the standard deviation.

Biofilm cell counts were done by removing a representative reactor 

and crushing the glass reactor tube containing the sample. The crushed 

tube was then homogenized in water and the water' became the cell count 

sample. By knowing the number of cells present and the geometry of the 

reactor, one can compute the number of cells per unit reactor area.

Unfortunately, the standard deviations of the cell counts were very 

high compared to the standard deviations of the thickness measurements.
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For this reason, biofilm thickness was chosen as the best representation 

of biofilm accumulation. Thickness and cell count data are presented in 

the "Results" section.
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RESULTS

Biofilm Accumulation

Thickness vs. Time

In the case of the -cylinders experiment, there were three phases of 

biofilm development. During the first several days, greater biofilm 

accumulation appeared on the upstream faces of the cylinders (Figure 6). 

The downstream faces of the cylinders showed very little attached 

microbial activity. The second phase was noted circa day 11, at which 

time the biofilm in the throat of the flow passage began to bridge the 

opening. This event will be discussed later in the context of 

permeability reduction. The third phase of biofilm development 

consisted of a gradual distribution of bio film to the areas of the 

reactor that were previously inactive, such as the crevices and 

downstream faces of the cylinders.

Figures 7 and 8 show the "S" shaped progression of biofilm 

accumulation in the 0.2 x 4.0 mm and 0.4 x 4.0 mm rectangular capillary 

reactors. Replicates were removed during the experiment. The 

discontinuation of the triangles and Xs on the curves corresponds to the 

removal of the replicates. The standard deviation is an indication of 

the standard error of the estimate used in the least squares curve fit 

(Kirchoff, 1986). An "S" shaped curve fit was used because of the 

establishment of this approach by previous research efforts. ' The stages 

of the curve are predictable as mentioned earlier.



Gloss Plate
Opening = 384pm (before fouling)

Figure 6. Mixed culture biofilm accumulation pattern in the cylinders reactor.
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BIOFILM THICKNESS vs. TIME
0.2 * 4.0 m m  CAPILLARY

CS □

TIME (days)

Figure 7. Biofilm accumulation in the 0.2 x 4.0 mm
rectangular capillary reactors (Standard
deviation=0.78 urn).
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BIOFILM THICKNESS vs. TIME
0.4 * 4.0 m m  CAPILLARY

TIME (days)

Figure 8. Biofilm accumulation in the 0.4 x 4.0 mm
rectangular capillary reactors (Standard
deviation=5.71 urn).
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Biofilm thickness measurements from the spheres reactors (Figure 9) 

show that both the accumulation rate and ultimate" thickness ate 

significantly greater than for either size rectangular capillary tube. 

It should be noted that thickness measurements for the spheres could 

only be taken at points within the actual pore channels (Figure 10) and 

thus may not be representative of accumulation levels at other points oh 

the surfaces of the spheres. Appendix B contains all the raw biofilm 

thickness data.

Cell Counts vs. Time

Another way of describing the biofilm accumulation with time is by 

indicating the number of cells measured on the reactor surface. A 

separate experiment was conducted to test measurement techniques and 

Table 2 shows the number of cells found per unit substratum area at days 

three and four of this experiment. Pseudomonas aeruginosa was the 

organism used here also. Three rectangular capillary reactor sizes were 

used: 0.2 x 4.0 mm, 0.3 x 6.0 mm and 0.4 x 4.0 mm. The reactors were

all 50 mm long and subjected to similar chemical and hydraulic 

conditions as the rectangular capillary reactors mentioned previously.

Table 2. The numbers of cells per unit area measured in a trial run of 
the rectangular capillary reactors using Pseudomonas 
aeruginosa. ,

(Cell # x 10 /Square mm)
Rectangular
Capillary Size Day 3 Day 4

0.2x4.0 mm 1.24 1.38

0.3x6.0 mm 3.96 4.37

0.4x4.0 mm 5.80 6.18
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BIOFILM THICKNESS vs. TIME
SPHERES REACTOR

(Z) 40 -

TIME (days)

Figure 9. Biofilm accumulation in the spheres reactors
(Standard deviation=5.64 urn).
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I- - - - 1
0.1 mm

Figure 10. A Pseudomonas aeruginosa biofilm in a spheres 
reactor after 3 days (top) and 8 days (bottom) 
of continuous operation.
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Although the data from this previous experiment indicate that the 

cell count method of representing biofilm accumulation is valid, the 

data from the thesis experiments were not so consistent. Results of 

cell counts for the rectangular capillary reactors and the spheres 

reactors experiment are presented in Figure 11. As mentioned before, 

the biofilm thickness was more consistent and was therefore used as the 

best indication of biofilm accumulation.
I

Hydraulic Resistance

Because the cylinders experiment was operated at a constant flow 

rate, it was convenient to express hydraulic resistance in terms of the 

variation of head loss with time (Figure 12). In the case of the 

rectangular capillary and spheres reactors, head loss across the' 

reactors was constant (2.7 cm) and flow rate variation with time was 

used as the primary indicator of hydraulic resistance (Figures 13, 14, 

and 15). The Logit Program (Kirchoff, 1986) generated the statistically 

best fit curves (Figures 13 through 15) and the triangles and Xs again 

represent replicate reactors that were removed. Appendix B contains all 

the raw hydraulic resistance data.
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CELL NUMBER PER UNIT AREA
OTHER REACTORS

TIME (days)

0.2 • 4.0 m m  
0.4 * 4.0 m m  
SPHERES

Figure 11. The number of cells per unit area measured 
throughout the rectangular capillary and 
spheres experiments.



34

HEAD LOSS vs. TIME
CYLINDERS REACTOR (0 = 0 .0 5  l/m in )

TIME (days)

Figure 12. The increase in head loss measured in 
the cylinders experiment.
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FLOW RATE AT HEAD LOSS =  2 .7  cm
0.2 * 4.0 m m  CAPILLARY

.015 -

H- .01

.005 -

TIME (days)

Figure 13. The flow rate progression in the 0.2 x 4.0
mm capillary reactor experiment (Standard
deviation=0.00071 ml/s).
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TIME (days)

Figure 14. The flow rate progression in the 0.4 x 4.0 mm
capillary reactor experiment (Standard
deviation=0.0050 ml/s).
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FLOW RATE AT HEAD LOSS =  2 .7  cm
SPHERES REACTOR

TIME (days)

Figure 15. The flow rate progression in the spheres
reactor experiment (Standard deviation=
0.0019 ml/s).
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DISCUSSION.

Introduction

This chapter is divided into two categories: I) "Biofilm

Accumulation" and 2) "Hydraulic Resistance". "Biofilm Accumulation" 

explains the significance of the rates of increase and ultimate 

thickness of biofilm observed in each reactor. This discussion also 

examines the effectiveness of the mathematical mass balance model 

presented in the "Background" chapter as a tool for predicting biofilm 

accumulation in capillary tubes.

"Hydraulic Resistance" deals primarily with manipulation of the 

hydraulic resistance results presented earlier and discussing the 

traditional indicators of hydraulic resistance. In particular, 

computations of permeability and friction factor are presented for the 

various experiments along with comments on the degree to which biofilm 

accumulation affects the hydraulic properties of simulated porous media 

flow systems.

Biofilm Accumulation

Cylinders Experiment

The cylinders reactor permitted the observation of biofilm 

accumulation patterns, as well as corresponding hydraulic effects, using 

an undefined mixed culture biofilm under nonuniform, partially tortuous 

flow conditions. The reactor design allowed visual observation of the



39

accumulation pattern on the surfaces of the cylinders. The use of a 

mixed culture facilitated rapid development of biofilm on the reactor 

surfaces. The concentration of substrate was 50 mg/1 of both glucose 

and tryptic soy broth.

After six days of operation, the accumulation pattern in Figure 6 

was observed. The opening at the constriction was 0.384 mm (384 urn) for 

this particular cylinder, and the biofilm had reached a thickness of 132 

um or greater.

The most significant localized accumulation was observed at 

stagnation points where the streamlines approach the cylinders. The 

approximate streamlines (Figure 6) were estimated from observations of 

the paths of floating detached particles as they flowed through the 

system. Greater biofilm accumulation in these regions seems reasonable 

in the context of momentum transport. The momentum of the fluid carries 

cells to the surfaces of the cylinders. The suspended cells have a 

better chance of attaching in locations where they are carried to . the 

surface than in regions where the streamlines diverge. Under the 

microscope, the biofilm was much thicker on the upstream faces of the 

cylinders.

The expected particle trajectory and location of deposition in a 

granular filter are illustrated in Figure. 16. Several mechanical 

removal processes are occurring but the result is the same as was 

observed in the cylinders experiment.

During the cylinders experiment, the accumulation of biofilm was 

much greater on the leading faces of the cylinders. The increase was 

most probably due to the filtration process of cell transport to these
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Pomculote matter 
. Flocculant particle -  Mecnanical straining

Straining by chance contact 
in filte r bed

Suspended
particle Particle tra jectory

Suspended
particle Streamline and 

particle tra jectory

Figure 16. Definition sketch for the removal 
of suspended matter in a granular- 
medium filter. (Tchobanoglous and 
Schroeder, 1985).
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surfaces. Direct observation of mechanical straining of suspended 

particles was not made. From the progression of the permeability with 

time (Figure 20), it appears that the immediate change in the rate of 

permeability reduction near the eleventh day was due -to mechanical 

straining of cells. However, it could also have been due to an increas

ed rate of attachment of particles due to a very high concentration of 

suspended cells. The suspended microbial aggregates could be seen 

without a microscope. In either case, filtration processes did increase 

the rate of biofilm accumulation in this simulated porous medium.

Rectangular Capillaries Experiment

Rectangular capillary tubes were used to facilitate observation of 

the accumulation process under uniform flow conditions, without the 

effects of tortuosity. The thin flat glass tubes were well suited for 

microscopic measurement of the biofilm thickness. The support system 

configuration allowed reactor sections to be moved in and out of the 

microscope stage area nondestructively.

Biofilm accumulation occurred both faster and to a greater extent 

in the larger rectangular capillaries than in the small capillaries 

(Figures 7 and 8) . This result is predictable given the higher 

substrate concentration at the biofilm/fluid interface as computed using 

a pipe flow model which provides a mathematical description of substate 

transport in a pipe (Kirkpatrick et al, 1980). Torbatti and Raiders 

(1986) drew the same conclusion for cores of Berea sandstone. They 

found that microorganisms preferentially plugged the larger pores.



' 42

causing the overall pore size distribution of the medium to be shifted. 

In a medium experiencing continuous flow, clogging of the larger pores 

results in the flow being diverted through the small openings. , In 

secondary oil recovery the aim is to divert the flow of injected fluid 

to the smaller pores where the residual oil is held. So this work has 

shown the possible effectiveness of microbially enhanced oil recovery.

The competition of the organisms for nutrients and the 

hydrodynamics create a sensitive balance in a porous medium. Larger 

flow rates in the larger" pores allow greater flux of nutrient to the 

biofilm, but as the bio film grows and protrudes into the cavity, the 

area available to flow is reduced and the result is more hydraulic 

resistance and a decrease in flow rate. The flux of nutrients is then, 

limited so the biofilm compensates by shrinking to adapt to the less 

favorable environment. Eventually a balance is reached and the biofilm 

exists at a steady state thickness.

The results in Figures 7 and 8 show the progression of the biofilm 

accumulation under constant head conditions and Figures 13 and 14 show 

the resulting decrease in flow rate.

The observation of a significantly greater steady state thickness 

in the 0.4 x 4.0 mm tubes than in the smaller 0.2 x 4.0 mm tubes seems 

to conflict with BakkefS conclusion that a mathematical boundary 

condition for modelling a . Pseudomonas aeruginosa biofilm is its 

predictable steady state thickness. Bakke*s experiments, which covered 

a shear stress range that included the conditions in this experiment, 

predicted a steady state thickness of about 35 urn. This thickness is
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close to the 33 um attained in the 0.4 x 4.0 mm capillaries, but is 

inconsistent with the 15.4 um reached in the 0.2 x 4.0 mm tubes.

In an attempt to. explain this discrepancy, a mathematical model was 

used. The governing equations shown are traditional mass balance 

equations that describe biofilm accumulation in a well mixed reactor 

with negligible suspended growth. Adsorption and desorption were also 

neglected.

dt + ra
(accumulation = growth - detachment + attachment) 

rate rate rate rate

where is the number of biofilm cells per unit substratum area (which 

can be converted to a biofilm thickness given an assumed biofilm densi

ty) , u is the growth rate from Monod growth kinetics, r^ is the biofilm 

detachment rate and r is the attachment rate.

In order to quantify r  ̂ it was assumed that the rate of detachment 

is zero when no biofilm exists (t = 0) and that it is a maximum when the 

film reaches a steady state thickness.
2It was assumed that the detachment rate is proportional to (X̂ )

2resulting in the term K^X^ as the model for r^. In order to evaluate

Kj, values of the ultimate thickness were taken from the measured data d
8 3and converted to X^ using a biofilm density of 1.38 x 10 cells per mm

of biofilm as obtained from cell counts. The two sizes of capillaries

dyielded average values of K j = 7.198 x 10 ^mm^/hr/cell
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The concentration of substrate available to the attached cells was 

computed from the model of Kirkpatrick et al (1980) assuming laminar 

flow. The resulting substrate concentrations at the biofilm/fluid 

interface were 1.8 mg/1 of glucose in the 0.2 x 4.0 mm capillaries and 

3.3 mg/1 in the 0.4 x 4.0 mm capillaries. These are markedly lower than 

the measured bulk concentration of 25.6 mg/1 (See Appendix C).

The attachment of suspended cells in the reactors was given by r .
-4This term is. expressed as K^X, where is 5.02 x 10 (attached cells 

2 3per mm ) / (suspended cells per mm per hour) from previous work by 

Escher, and X is from the mass balance of suspended cells below.

dX
dt

, A K XA
-DrxfKd(Xb) Z - - -

r r

Kj,Xy and K^ are the same as defined in earlier. X is the number

of suspended cells per unit reactor volume, D 1 is the reactor dilution

rate, which is the flow rate through the reactor divided by the reactor

volume, A is the substratum surface area of the capillary reactor, and

V is the reactor volume, r
The calculated value of was used in the model to compute

accumulation patterns (Figures 17 -and 18). Curves statistically fit to 

the observed data are also shown.

The overall shape of the computed curve agrees with the observed 

data. However, the rates of accumulation in the steep transition phase 

do not agree well with the statistically fitted curves. The ultimate 

plateau thicknesses could have been forced to fit if, instead of 

averaging the values of from the two rectangular tube sizes, their



0 . 2  mm X 4 . 0  mm C A P I L L A R Y  STANDARD DEVIAIION = 0,776

M O D E L L E D

O B S E R V E D

-0,18+0,14 15,35+0,32 3,835 + 0,098 0,441 + 0,067 0,98+0,71

T I M E  ( D A Y S )

Figure 17. Results of a mathematical model predicting biofilm thickness 
in the 0.2 x 4.0 mm capillaries and the statistical curve 
fit to the observed data.



0 . 4  X 4 . 0  mm C A P I L L A R Y

0,1 I 5,6 33,0 + 3,2-

M O D E L L E D

O B S E R V E D

T I M E  ( D A Y S )

4>CT,

Figure 18. Results of a mathematical model predicting biofilm thickness 
in the 0.4 x 4.0 mm capillaries and the statistical curve 
fit to the observed data.
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respective values had been used. Also, the assumption of a constant 

biofilm density is probably incorrect since Bakke (1986) has shown that 

biofilm density changes significantly with time.

Nonetheless, the modelling points out the need for more work 

describing biofilm detachment. Some concise expression for the 

detachment process must be found if further biofilm accumulation 

modelling is to occur.

Spheres Experiment

Results from the spheres reactor experiment provided insight into 

biofilm accumulation processes in a porous medium characterized by 

tortuous, laminar flow. By way of comparison, the rectangular 

capillaries created a uniform flow path cross section while the 

cylinders reactor created a flow path that was nonuniform yet not 

completely tortuous.

The cylinders and the spheres experiments indicated that fluid 

momentum transport at the surfaces of the curved objects affected the 

biofilm accumulation rates. Figure 9 shows the biofilm accumulation 

progression in the reactors containing spheres and Figure 15 shows the 

flow rate trend. An interesting comparison can be made between the 

results in Figure 9 and those shown earlier in Figures 7 and 8, showing 

the progressions of biofilm thickness in the rectangular capillaries.

As mentioned before, calculations from the pipe flow model by 

Kirkpatrick (1980) predict substrate concentrations of 1.8 mg/1 of 

glucose at the biofilm/fluid interface in the 0.2 x 4.0 mm rectangular 

capillary reactors and 3.3 mg/1 in the 0.4 x 4.0 mm capillary reactors.
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The model requires the length of the pipe, a constant diffusion coeffic

ient, the average fluid velocity and the hydraulic radius of the pipe*. 

If these parameters are computed for the spheres reactor, which in 

essence straightens out the flow paths and approximates the flow as pipe 

flow, the resulting concentration at the biofilm/fluid interface is 1.8 

mg/1. This is the same as for the small rectangular capillary reactors.

The shear stress at the interface computed by using the clean 

hydraulic diameter of the spheres reactor and Equation 6, was found to 

be 0.08 Pa. Coincidentally, the shear stress at the clean interface in 

the small rectangular capillary reactors was also 0.08 Pa, while the 

large rectangular capillary reactors experienced a shear stress of .0.30 

Pa.

Based on this comparison, one would expect the biofilm to develop 

the same way in both the 0.2 x 4.0 mm rectangular capillary and the 

spheres reactors. But Figure 19 shows that this was not the case. The 

biofilm in the spheres reactors reached a steady state thickness of 71 

urn while the biofilm thickness in the smaller 0.2 x 4.0 mm capillary 

reactors reached 15 urn. These thickness values represent averages of 

point measurements taken from approximately 5 locations in each reactor.

This analysis shows that both the rate of accumulation arid the 

ultimate thickness of the biofilm are increased due to -the effects of 

the tortuous, three-dimensional flow path. The accumulation increase is 

probably due to increased growth rates and filtration of suspended cells 

and solids. Clearly these are important topics for future research

efforts.
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BIOFILM THICKNESS vs. TIME
RESULTS COMPARISON

SPHERES

CO 40 ■
0 . 4  x  4 . 0

0 . 2  x  4 . 0

TIME (days)

Figure 19. A comparison of biofilm thickness observed 
in the 0.2 x 4.0 mm and 0.4 x 4.0 mm 
capillary reactors and the spheres reactors.
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Hydraulic Resistance

Cylinders Experiment

The permeability in the cylinders reactor was computed from 

Equations 4 and 5, knowing the values of Q, A, and therefore knowing the 

velocity, and dh/dl. Figure 20 shows the permeability trend throughout 

the experiment. The average height of the constricted flow path was 

680 urn (Figure 5), which is very large compared to the size of a typical 

cell (approximately I urn). Yet, the permeability steadily decreased 

throughout the experiment (Figure 20) indicating that the irregular 

surface resulting from biofilm accumulation- caused . an increase in 

momentum transfer from the fluid to the reactor surface. After eleven 

days of reactor operation, the rate of permeability decrease increased 

substantially. The discontinuity in permeability reduction rate 

corresponded to the observation of fragments of biofilm bridging the 

constricted openings between the cylinders and the outside wall of the 

reactor. Thus, filtration is a significant biofilm process contributing 

to the hydraulic resistance in laminar porous media flow systems.

Another way of displaying the results of biofouling in the cylin

ders reactor is by computing the equivalent diameter, or the diameter 

that satisfies the Darcy pipe flow Equation (I) and the equation for the 

friction factor in laminar flow (Equation 2):

Deq 128QLv
hLgl1

h (7)
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PERMEABILITY vs. TIME
CYLINDERS REACTOR

TIME (days)

Figure 20. The permeability progression during the 
cylinders experiment.
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L was 30.5 cm, v was 1.00 x 10  ̂m^/S and g was 9.81 m/s^and the flow 

rate and head loss were measured. The results showing the decrease in 

the equivalent diameter with time are shown in Figure 21.

The correlation between permeability and equivalent diameter is an 

indication of the consistency of the measurements since the increase in 

hydraulic resistance in laminar flow is due to a decrease in the cross 

sectional area available to flow. This is reflected as a steady 

decrease in media permeability as the available diameter is reduced 

(Figure 22).

Rectangular Capillaries Experiment

In the rectangular capillaries experiment, a decrease in flow rate 

resulted from the increased hydraulic resistance due to the presence of 

biofilm. Because the flow path geometry of this reactor was rectangular 

and uniform, the increase in hydraulic resistance was represented by an 

increase in the friction factor in Equation I, rather than as a decrease 

in permeability. The friction factor curves were calculated using the 

statistical curves for flow rate along with the cross sectional area 

reduced to account for the presence of biofilm. The diameter was 

represented by the hydraulic diameter, which is 4 times the cross 

sectional area divided by the wetted perimeter. The resulting friction 

factor progressions in Figures 23 and 24 indicate that hydraulic 

resistance, as measured by f, follows basically the same pattern as 

biofilm accumulation.
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EQUIVALENT DIAMETER vs. TIME
CYLINDERS REACTOR

TIME (days)

Figure 21. The change in equivalent diameter during 
the cylinders experiment.
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PERMEABILITY vs. EQUIVALENT DIAMETER
CYLINDERS REACTOR

Time

u  3  -

DIAMETER (cm )

Figure 22. Correlation of permeability and equivalent 
diameter in the cylinders reactor.
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FRICTION FACTOR vs. TIME
0.2  * 4.0 m m  CAPILLARY

350 -

250 -

* -  200 -

150 -

100 -

TIME (days)

Figure 23. Friction factor for the 0.2 x 4.0 mm
capillary reactor experiment.
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FRICTION FACTOR vs. TIME
0.4  * 4.0 m m  CAPILLARY

TIME (days)

Figure 24. Friction factor for the 0.4 x 4.0 mm
capillary reactor experiment.
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The computed friction factors increase continually to the end of

the experiments (Figures 23 and 24). In contrast, the average biofilm

thickness reaches steady state on the fifth day for the 0.2 x 4.0 mm

capillaries and the eighth day for the 0.4 x 4.0 mm capillaries (Figures

7 and 8). To illustrate this divergence, dimensionless friction factor

and biofilm thickness plots were made (Figures 25 and 26) (f = 
*

fZfmax m̂um, TH = [biofilm thickness]/[maximum biofilm thickness]).

To explain the divergence of the friction factor from the biofilm 

thickness, the following can be considered. Using the data for flow 

rate and hydraulic diameter and the cross sectional area of the clean 

tubes, the Reynolds numbers and friction factors can. be computed for 

both capillary sizes. Gerhart and Gross (1985) present data for the 

laminar friction coefficient, C (Equation I), in flat rectangular 

conduits. The friction coefficient is the product of the friction 

factor and the Reynolds number based on the hydraulic diameter; For the 

0.2 x 4.0 mm capillary, Gerhart and Gross propose a friction coefficient 

of 89.91 and for the 0.4 x 4.0 mm capillary, the coefficient is 84.68. 

The data from the capillaries experiments result in friction 

coefficients of 90.45 for the 0.2 x 4.0 mm tubes and 83.41 for the 0.4 x 

4.0 mm tubes. These agree quite well with the predictions by Gerhart 

and Gross and confirm the laminar nature of the flow.

Since these laminar flow coefficients hold for the entire laminar 

range, assuming the shape of the conduit does not change significantly 

due to biofilm accumulation, it is true that the laminar coefficients
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f*  and TH* vs. TIME
0.2 * 4.0 m m  CAPILLARY

0 2 4 6 8 U)
TIME (days)

Figure 25. Dimensionless friction factor and biofilm
thickness for the 0.2 x 4.0 mm capillaries
experiment.
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f*  and TH* vs. TIME
0.4  * 4.0 m m  CAPILLARY

TIME (days)

Figure 26. Dimensionless friction factor and biofilm
thickness for the 0.4 x 4.0 mm capillaries
experiment.
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should be the same at the end of the experiments when the tubes are 

fouled and the flow rates are reduced (Figures 13 and 14). But, at the 

end of the experiments, the values of the laminar coefficients were 

found to be extremely high using the average biofilm thicknesses to 

reduce the hydraulic diameters and using the observed flow rates. 

However, if the fluid experiences smaller "effective diameters" due to 

encroaching biofilm peaks, it is reasonable to expect more reasonable 

values for the laminar coefficients. In fact, if the hydraulic diameter 

used to compute the laminar coefficient is algebraically reduced by the 

average biofilm thickness, and an additional value of 3.5 times the 

maximum standard deviation for the measured values of biofilm thickness 

in the 0.2 x 4.0 mm capillaries, the resulting laminar coefficient 

agrees with that computed for the clean tubes. A value of 2.6 times the 

maximum standard deviation of the biofilm thickness measurements gives 

the correct value of the laminar coefficient for the 0.4 x 4.0 mm 

capillaries. In the 0.2 x 4.0 mm tubes, the resulting thickness value 

is 43 urn. The resulting thickness is 62 urn in the 0.4 x 4.0 mm tubes. 

This means that the average biofilm thickness is not the best indicator 

of the degree of fouling with respect to hydraulic resistance. A better 

indication is a statistical measure of the maximum biofilm thickness 

experienced by the flow.

More work must be done in this area and it would have been more 

conclusive if more measurements of biofilm thickness had been made, but 

it is clear that the "effective diameter" affecting the. frictional 

resistance is reduced by more than the average biofilm thickness, due to
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biofilm surface irregularities. Bakke (1986) addresses biofilm 

roughness quite thoroughly.

Spheres Experiment

The flow pattern within a spheres reactor is both tortuous and 

three dimensional. The microscopic flow through individual pore 

channels directly affects the development of biofilm, on the cellular 

level and even smaller. For example, the shear stresses due to velocity 

gradients within a pore channel result in cell detachment from the 

biofilm matrix. Also, the transport of nutrients to the biofilm cells 

is controlled by fIifld velocity and diffusion within individual pore 

spaces and channels. Thus, observations at the microscopic level are 

necessary to completely characterize the separate biofilm processes in 

porous media flow systems like the spheres reactors. However, point 

measurements of several key variables including velocity, velocity 

gradient, shear stress, and cell detachment were not possible. Thus, 

experimental observations could only be expressed by comparing measure

ments of biofilm accumulation with the hydraulic resistance properties 

of the bulk media (i.e. permeability and friction factor).

Work done by Fahien (1983), including analysis of hydraulic data 

available from experiments and literature by Ergun from 1952, resulted 

in the development of a mathematical correlation between a modified 

friction factor and a modified Reynolds number for porous media flow 

systems. The relationship was accurate for flow through spheres and two 

types of saddles and holds for laminar, transitional, and turbulent



62

flow, though these are not easily differentiated in porous media. The 

relationship provides for the possibility that laminar and turbulent 

flow occur simultaneously at different points throughout the medium and 

theoretically predicts the fractions of laminar and turbulent flow 

within the flow system.

Fahienfs results, along with plots of the spheres reactor 

experimental data from this study are presented in Figure 3. Equations 

Al through All were used (See Appendix A). It is clear that the 

relationship holds for this new data as well.

One point to note is that the computations required to plot on 

FahienfS curve call for the medium porosity. In the case of the fouling 

spheres reactors, the porosity was calculated accounting for the volume 

of void filled with biofilm for each time at which a point was plotted. 

The points at low Reynolds numbers were from the end of the experiment, 

when the flow rate and porosity were both low. Here, the friction 

factor was the highest, as expected. All the points for the spheres 

reactors fell in the laminar region (See Figure 3).

The permeability of the spheres reactor was computed using the same 

computational method as was used for the cylinders reactor. Equations 4 

and 5 were used with the data corresponding to the statistical curve for 

flow rate with time in the spheres reactors (Figure 15). The resulting 

permeability is shown in Figure 27 and again shows the clear increase in 

hydraulic resistance in the medium as biofouling progressed (Refer to 

Figure 9).
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PERMEABILITY vs. TIME
SPHERES REACTOR

w  2 i

m 1.5 -

TIME (days)

Figure 27. The permeability progression in the 
spheres experiment.
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The hydraulic resistance continued to increase after the average

biofilm thickness had peaked in the spheres reactors, as was the case in

the rectangular capillaries experiments. The same concerns about

"effective diameter" apply to this experiment as well, though

computations are much more detailed. A dimensionless plot of

permeability and average biofilm thickness versus time in the spheres
& Aexperiment is illustrative (Figure 28). Here k = k/k^^_^^ and TH = 

[biofilm thickness]/[maximum biofilm thickness]. The continued decrease 

in permeability is caused by the irregularity of the biofilm surface 

(Figure 10).
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k* and TH* vs. TIME
SPHERES

TIME (days)

Figure 28. Dimensionless permeability and biofilm 
thickness for the spheres experiment.
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CONCLUSIONS

The following conclusions may be drawn from the experimental 

results presented, within the range of experimental conditions tested in 

this study: "

1. Biofilm accumulation in the pore space increases the 

• hydraulic resistance in small . laminar capillary and

porous media flow systems.

2. The tortuous flow paths in porous media increase the rate 

and extent of biofilm accumulation when other parameters 

such as average pore velocity and the pore opening 

available to flow are held constant.

3. Visual observations of biofilm accumulation and measure

ments of hydraulic resistance show that filtration is a 

significant process contributing to hydraulic resistance 

in laminar, porous media flow systems.

4. Accumulation (as measured by ultimate average thickness) 

is greater in larger diameter pore, channels under 

constant head conditions.

5. The diameter affecting hydraulic resistance in laminar 

flow capillary tubes and simulated porous media is 

reduced by the average bidfilm thickness plus surface 

irregularities of the biofilm.



NOMENCLATURE
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A

Ag
C

D

Deq
D ’

DP
dh/dl 

E ' 

f 

h

hL
K

k

P

Q
r

R
I

S

NOMENCLATURE

2reactor surface area [L ]
2gross reactor cross sectional area perpendicular to flow [L ]

laminar flow friction factor coefficient [-]

diameter [L]

equivalent diameter [L]

dilution rate [t

diameter of average porous medium particle [L] 

hydraulic gradient [-] 

medium porosity [-]

Darcy friction factor [-] 

hydraulic head [L] 

head loss [L]

hydraulic conductivity of a porous medium [Lt
2intrinsic permeability of a porous medium [L ]

2 -I -I1cellular attachment rate coefficient [L cells t ]
2 - I  - I 1biofilm detachment rate coefficient [L cells t ] 

length [L]
_3

fluid density [ML ]
3 — Ivolumetric flow rate [L t ] 

hydraulic radius [L]

Reynolds number [-] 

substrate concentration [ML ]
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t

u

umax
um

Vr
V

v

X

Xb

time [t]

specific growth rate [t * 

maximum specific growth rate [t *]

I x 10  ̂meter
3reactor volume [L ]

average fluid velocity [Lt ^]

kinematic viscosity [L^t ^]
_3

volumetric suspended cell concentration [cells L ]
_2

areal biofilm cell concentration [cells L ]
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APPENDIX A

CALCULATIONS USING FRICTION FACTOR-REYNOLDS NUMBER 

RELATIONSHIPS FOR POROUS MEDIA FLOW SYSTEMS "
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Fahien (1983) developed a set of empirical equations to improve 

upon earlier work by Ergun to describe hydraulic resistance in porous 

media. Ergun combined work by Kozeny, Gorman, Burke and Plummer and 

found that a friction factor - Reynolds number relationship for porous 

media could be stated as follows:

where

and

■ f * 150
R f e

+ 1.75

f'

R' • e

V 3V
L V2(I-E)

D V _P___
v(l-E)

(AO)

The friction factor, f', and the Reynolds number, R 1, are functions of

the head loss, h^, the medium porosity, E, the diameter, of a porous 

medium particle, D^, the length of the test section, L, the average 

fluid velocity, V (as computed by dividing the flow rate by the gross 

reactor cross sectional area), and the kinematic viscosity of the fluid, 

v. Fahien determined that a better correlation of existing data could 

be made if the equations above were modified. He used empirical 

expressions for the terms in equations Al and A2. Equations A3 through 

All describe the terms in equations Al and A2.
,£1l ( M M f 11 + £2r ;>

f* = — — - +
r; f 2 R; f 2 (Al)



and R * e + -I

®e*>L
q-g)
<ReS)T

(A2)

where

q = exp(-Co R^) (A3).

Co

R'e

E2(I-E)
12.6

! 2!
v(l-E)

(A4)

(A5)

A Eg

136
(I-E)0,38

(I-E)ll45E2

1.87 E0,75
'2 ~ (I-E)O'2*

R r f0

(Re*),= £2r:

(A6)

(A7)

(A8)

(A9)

(MO)

(All)
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In these equations, q is the fraction of the flow that is laminar, Q is 

the fluid flow rate and is the gross cross sectional area of the 

medium perpendicular to the flow.

Fahien used the same definition for Reynolds number, R^, that Ergun

used. But the critical relationship from Fahien's work is that between 
*  Af and Rg . Figure 3 shows a plot of some data from previous

experiments using spheres, "Berl" saddles and "Nickel" saddles. Figure

3 also shows data plotted from the spheres experiment in this report.
A  AThe following is a sample calculation of f and Rg for a spheres 

reactor at the beginning of the spheres experiment, before biofouling. 

For other data points, the porosity was reduced by decreasing the void 

volume by the average biofilm thickness multiplied by the exposed 

surface area of the spheres reactor.

At time = 0, the flow rate for this example was taken as Q = 0.0681 

ml/s. The porosity was E = 0.386. The spherical particles were I mm in 

diameter (D = I mm) and the gross cross sectional area of the reactors 

was 6 mm^. v = 1.00 x 10 ^m^/S.

From Equation A6, Vq = 0.0114 m/S.

So, from Equation AS, RJ = 18.46.

Equations A3 and A4 yield q = 0.874.

From Equation A7, f ^  = 163.7.

From Equation AS, f^  = 394.4.

From Equation A9, f^ =  1.040.

Equations AlO and Al I yield (R^ = 0.117 and (Rg )lp = 0.0487

respectively.
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* *Finally, from Equations Al and A2, f = 10.16 and = 0.100.

This point is plotted in Figure 3, the furthest spheres reactor point to 

the right hand side of the figure.

For comparison the Ergun friction factor was computed from Equation 

AO using the same value for Rj as above (RJ = 18.46). f' = 9.88.
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APPENDIX B

DATA SUMMARY FOR EXPERIMENTS
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Table 3. RAW BIOFILM THICKNESS DATA FOR THE 0.2 x 4.0 mm AND 
0.4 x 4.0 mm RECTANGULAR;CAPILLARY AND THE 

SPHERES EXPERIMENTS.

).2 x 4.0 mm) (0.4 x 4.0 mm ) (Spheres)
I (Days) Th (urn) Time (days) Th (urn) Time (days) Th I
0 0 0 0 0 0
2 . 1.8 2 2 3 5
2 1.8 2 2 3 5
2 2. 2.6 2 3 10.

2.6 2 2.6 7 .3 ■ 10
2.6 2 2.6 7 3 15
3 2 2.6 3.5 3 15
3 2 3 4.4 .3.3 ■ 15
3.4 3.5 3. 7. 3.3 15
3.4 3.5 3 7 4.1 ' 25
3.4 1.8 3 10.4 4.1 33
3.4 1.8 3 5.3 4.1 40
3.4 10.4 3 17.5 4.4 40
3.4 5.3 3.4 10.4 4.4 35
3.4 9.7 3.4 10.4 4.4 • 45
4.1 7 3.4 10.4 5.1 50
4.1 14.8 3.4 24.5 5.1 45
4.1 17.5 ' 3.4 12.3 ' 5.1 55
4.1 4.4. 3.4 ' 9.7 6.3 50
4.1 8.8 • 3.4 14.8 6.3 45
4.1 8.8 3.4 12.3 6.3 55
4.1 8.8 3.4 22.7 7.4 65
4.1 8.8 3.4 9.7 7.4 60
4.1 6.1 3.7 11.3 7.4 70
4.1 ' 11.3 3.7 ■ 9.7 ■ 8.1 75
4.4 17.5 3.7 15.7 8.1 70
4.4 12.3 3.7 10.4 8.1 ‘ 80
4.4 16.6 3.7 13.2 9.1 65
4.4 14.1 4.1 8.8 9.1 70
4.4 6.1 ■ 4.1 17.5 9.1 60
5.1 8.8 4.1 11.3 10 65
5.1 8.8 4.1 . 17.5 10 70
5.1 21 ' 4,1 17.5 . 10 60
5.1 18.3 4.1 19.2
5.1 14.1 . 4.1 ■ 21
6.3 7 4.1 14.8
6.3 5.3 4.1 15.7
6.3 8.8 4,1 22.7
6.3 19.2 4.1 13.2
6.3 . 11.3 4.1 13.2
7.4 10.4 4.1 ■ 17.5
7.4 .21 4.1 7
7.4 12.3 4.4 18.3
7.4 6.1 4.4 22.7

(urn)
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(0.2 x 4.0 mm) (0.4 x 4.0 mm)
Time (days) Th (um) Time (days) Th (um)

7.4 17.5 4.4 11.3
8.1 16.6 4.4 7
8.1 19.2 4.4 19.2
8.1 17.5 5.1 22.7
8.1 21 5.1 28
8.1 28.9 5.1 19.2
9.1 20.1 5.1 21.9
9.1 21.9 5.1 13.2
9.1 8.8 6.3 37.7
9.1 30.6 6.3 78.8
9.1 6.1 6.3 17.5
10 17.5 6.3 40.2
10 . 20.1 6.3 33.3
10 15.7 7.4 16.6
10 10.4 7.4 14.8
10 15.7 7.4 38.6

7.4 20.1
7.4 20.1
8.1 44.6
8.1 55.1
8.1 24.5
8.1 35

• 8.1 29.8
9.1 28
9.1 38.6
9.1 . 25.4
9.1 24.5
9.1 21.9
10 . 23.6
10 39.3
10 52.5
10 17.5
10 42.8
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Table 4. AVERAGE BIOFILM THICKNESSES FOR THE 0.2 x 4.0 mm AND 
0.4 x 4.0 mm RECTANGULAR CAPILLARY AND THE SPHERES 
EXPERIMENTS: (separated by replicate tube numbers).

Biofilm thickness (um) vs. time (see figure 7)
0.2 x 4.0 mm CAPILLARY

REPLICATE # '
TIME (days) I 2 3

0 0 0 0
2 2

2.6 2 2 .
3 2 2

3.3
3.4 2 6.6
3.7
4.1 6.8 8.1
4.4 10.3
5.1 11
6.3 8
7.4 10.5
8.1 16 .
9.1 13.6
10 12.3

BIOFILM THICKNESS (um) vs. TIME (SEE FIGURE
0.4 x 4.0 mm CAPILLARY

■ REPLICATE #
TIME (days) I 2 3

0 0 0 0
2 2 2

2.6 2 4.5
3

3.3
4.7 . 8.6

3.4 10.1 11
3.7 ■ 11
4.1 11.4 12.4
4.4 12
5.1 16.3
6.3 ■ 32
7.4 17
8.1 29
■9.1 21.4
10 27.3
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BIOFILM THICKNESS (um) vs. TIME (SEE FIGURE 9) SPHERES

REPLICATE #
TIME (days) I . 2

0 0 0
2
2.6
3 10 10
3.3 15 15 ■
3.4 - 
3.7
4.1 33
4.4 40
5.1 50
6.3 50
7.4' 65
8.1 75
9.1 65
10 65
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Table 5. RAW HEAD LOSS DATA FOR THE CYLINDERS EXPERIMENT
(AT FLOW RATE =0.05 l/min).

TIME (days) ^L (cm)

0.
I
4
11
12
13
15
18

1.22
1.25
1.30
1.39
1.46
1.87 
2.14
2.88

(SEE FIGURE 12)
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Table 6. RAW FLOW RATE DATA FOR THE 0.2 x 4.0 mm AND 0.4 x
4.0 mm RECTANGULAR CAPILLARY AND THE SPHERES EXPERIMENTS 

(SEPARATED BY REPLICATE TUBE NUMBERS).

FLOW RATE (ml/s) AT HEAD LOSS = 2.7 cm (See Figure 13)

0.2 x 4.0 mm CAPILLARY

TIME (days) I
REPLICATE #

2 3

0 .0117 .0104 .0153
1.3 .0122 .0118 .0191
1.8 .012 .0114 .0174
2.6 .0116 .0112
3 .0105 .0101

4.2
5.2

.0085 .00833

5.3 .00565
6.3 .004
7.4 .00289
8.3 .00227
9.1 .00278
10 .00293

FLOW RATE (ml/s) AT HEAD LOSS = 2.7 cm (See Figure

0.4 x 4.0 mm CAPILLARY
REPLICATE #

TIME (days) I 2 3

0 .0986 .0963 .106
1.3 .109 .109
1.8 .107 .107

- 2.6 .108 .108
3 .101 .102

4.2 .0873 .0931
5.2
5.3 .073
6.3 .0546
7.4 .0517
8.3 .0368
9.1 .0423
10 .0307
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FLOW RATE (ml/s) AT HEAD LOSS = 2.7 cm (See Figure 15) 

SPHERES

• REPLICATE #
TIME (days) I_________ 2

0 .0806 .0681
1.3 .0855 .0693

, 1.8 ' .0806 .0665
2.6 .0763 .0667
3 .0643 .0584

4.2 .0434
5.2
5.3 .0262
6.3 .0151
7.4 .0056
8.3 .00474
9.1 .00664
10 .00425
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APPENDIX C

CALCULATIONS USING A PIPEFLOW MODEL
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Kirkpatrick (1980) presented the following simplified dimensionless 

model for mass transfer of substrate in a circular conduit with 

biofouling under laminar flow conditions:

For the pipeflow model the following variables are defined (Figure 29):

C substrate concentration,s
C inlet substrate concentrationo

molecular substrate diffusivity in biofilm 

r " radius

r^ inner radius of pipe

r^ hydraulic radius of pipe

■rj radius to biofilm/fluid interface

V average fluid velocity

Z axial fluid velocity

It was assumed that T1 = r,
* * ,C = C /C r = r/rs o  I

T1* - T1Zr1 Z* - (ZDm)Zr12V)
The molecular substrate diffusivity in biofilm was taken as 2.475 x

IO-10 m2/S. Z was taken as 2.5 cm - half the length of the reactors.

C = 25.6 mg/1. V was computed as the flow rate divided by the gross

cross sectional area, and then divided by the porosity for the spheres

reactors. From the definitions and assumptions above, the following

computations were made:
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Reactors r1 (cm) V (m/s)

0.2 x 4.0 mm 0.00952 0.0172

0.4 x 4.0 mm 0.0182 0.0674

Spheres . 6.42 x IO-5 0.0328

* < r* = ri* ’Z C (Figure 30) Cg(mg/1)

0.0397 0.07. 1.8

0.00279 0.13 3.3

0.0458 0.07 1.8
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rlr° BIOFILM
r*=r*

FLUID

r

r=0 z r*=0

Figure 29. Schematic diagram of circular tube 
with attached biofilm (Kirkpatrick, 
1980).

Figure 30. Dimensionless radial concentration 
profiles, laminar flow. (Note that 
the scale in the biofilm is expanded). 
(Kirkpatrick, 1980).
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