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I. INTRODUCTION

Fouling of surfaces in marine environments is a problem
whic-h affec.ts a wide variety of systemiis f -om ship hul i.= to
heat exchangers. System per forman(:e. as well as operatirg
costs, suffer due to energy losses in the form of increased
fluid frictional and heat transfer resistance. Most studies
to date have avoided addressinq fundamental questions
concerning foullng in fluid flow and heat transfer svstems
and their effect on fluid frictional and heat transfer
resi stance.

The fouling process begins with transport of materials
(soluble and particulate) to a surface and their adsorption
or firm adhesion to the surface. The factors which affect
these processes, such as surface material. surface active
films, and shear stress, determine the rate and extent of
deposit accumulation during the early stages of deposit
accumul ati on.

The initial accumulation phase is followed by a rapid,
frequently logarithmic, increase in the deposit thickness
and/or mass.. The extent and rate of growth are moderated by
factors such as water quality and shearing forces at the
fluid-deposit interface. Generally, a pseudo-steady state
deposit accumulation develops where loss of deposit mass to
the buUl fluid (primarily due to fluid shear forces)
balances production of new deposit due to physical,
chemical, and/or biological, processes. This report wil].
discuss the rate and extent of accumulation of biofouling
deposits, inorganic deposits. and their combination.

Resulting frictional and heat transfer resistance are
closely related to specific properties of the deposit. For
example, viscoelasticity and roughness of the deposit affect
fluid frictional and convective heat transfer resistance,
while deposit thickness and thermal conductivity influence
conductive heat transfer resistance. This report will
discuss the contrasting influences of fouling bio-films and
inorganic scale deposits on energy losses.

Corrosion is another important deleterious effect of
fouling deposits. Under-deposit corrosion is considered as
one of the most serious forms of deterioration.
Experimental results are reported regarding the influence of
biofouling on corrosion of titanium and copper-nickel 70-:70.

This final report for- our project period, 15 May 1960
through 14 May 1983 . describes results of research projects
related to fouling biofilm processes, the interaction
between biofouling and precipitation (scaling) processes.
and the interaction between biofouling and corrosion
prcesses. The research also focused on the influence of
alloys (titaniuim and copper-nickel 70-30) and to a lesser
extent, biofouling control procedures (Cathelco and
chlorine) on fouling, corrosion, and energy losses.

FOULING - A DEFINITION
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F-olu ing r-E-f ers to the f or-mation of deposits on
Pqi..ipent airfacps which signific:antly decreases equipment
pe:r-forflanc~e and/or the useful life of the equipment.

TYPES OF FOULANG DEFOSITrs

Sevraltypes Of fouling, and their combinations, may
ocur anid have been con-veniently classified (Epstein, 1979)

I . Eiologiccali foulig: the attachment and
metabol i smf of macroor-gani ems (macrobi al
foul(i nq ) -And/or microorganisms
(ITICrY.ob i alI -foulI i n n).

hf. c al reaction fouliIng: deposits
+ormied by chemical reaction in which the

saufate mteial(e~.,condenser tube)
:i not. a reactant. Poliymeri zation of
pjEtr"ole'um ref inrery feed--tocks is an
irmportant example o:f this type foul ing.

.. corrosi on f QAI i ig: the surface material
ite].f reacts with compounds in the
liquid phase to produce a deposit or
degrade the surface material.

4. freezing foul ing: solidification of
liquid cicr some of i ts. hi gher mel tirig
poi1nt constituents on a cooled surf ace.

5 . par t iC Ulate _.fouLl .ig:~ accumulation on
the equipment surface of finely divided
solids suspended in, the process fluid.
Sed Lime_!Tcntationfoul :in~ i S an appropriate
termri if gravity is the primary mechanism
for deposition.

6. JpjveCipjUAtion fouli: preci pitation of
di ssol ved substances on the eqi upment
siurface. Thi-is process is termed scal~n
if the dissolved substances have inverse
temperature sol ubility characteristics
(e.g., CaCO,) and the precipitation
occurs on a superheated surface.

In most opera.:tinrg environments, more than one type of
fouling W1.ll be occurring simultaneouisly. For example,
microbial fouling is niot limited to processes related to
biological activity. Trhe term may also include the
interaction of the mnicroarganism and the associ ated slime
la.-yer- with both the chemistry of the equipment surface and
the bi.ti 1: f 1ui d. The i nte-r-act-.i on can enhance some of the
mor e common] y obser ved pheiinmena cUh as part icul ate,

1 mdr--tit~ati on .Arnd co:t r os-1i.on foul ing.
The inO-er actions between the varioIus types of foul ing

.-rve poorly understood and, consequently, provide a challenge
to the water treatment chemist or engineer ir, terms of
diagniosis anid treatment.
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PROBLEMS CAUSED BY FOULING

The economic consequences of fouling are the essential
reason for research interest in the fouling of heat transfer
equipment. To assess the importance of a foul ing situatif,,
the economic and energy penalties arising from the operation
of heat transfer and other equipment subject to fouling must
be considered. The deleterious effects of fouling include
the following:

1. energy losses due to increased fluid
frictional resistance and increased heat

transfer resistance.
increased capital costs for excess
surface area in heat exchange equipment

to account for fouling heat transfer
resistance.

3. increased capital costs for premature
replacement of equipment experiencing
severe under-deposit corrosion.

4. unscheduled turnarounds or downtime,
resulting in loss of production, to
clean heat exchange equipment which
fouled at an unanticipated rate.

5. reduced performance of sonar domes and

periscope windows.
6. increased fuel consumption by ships due

to fouling of the hull and propeller
resulting in increased drag.

7. accelerated corrosion and impaired water
quality in shipboard drinking water
systems.

S. safety problems resulting from "leakers"
caused by corrosion pits which penetrate
the entire tube thickness in heat
exchange equipment.

In summary, the anticipated presence of significant
fouling can offset the size and other design features of
operating equipment. The operation of this equipment
subject to fouling is constrained by the need to formulate
economically justifiable cleaning schedules.

Some progress is evident in the understanding of the
specific types of fouling described above. However, the
criticism most often directed at such research is that
seldom does one specific type of fouling occur in any
relevant, technical--scale application. This report will
focus on the interaction between chemical, physical, and
biological p, acesses contributing to fouling deposition,
mea, -ing ' ., deleterious effects of those deposits on heat
exchar-.!r .rformance, and evaluation of strategies for
deposit control.

CONSEPUENCES
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Cooling water contains ar endless variety of
"impurl ies" which may Lead to the formation of a f oli ng

deposi.t including t:he -following: dissolved organics and
inrgn cpartiCUlAteS . and microorganisms. The fouling

depos5its, are major- causes of energy losses in the electric
power industry, chemical process industry, and for the Navy.
In fat-odighsbe eered to as the "major
k-nrresol ~ved Problem" in heat transfer (Taborek et~ al

197~') Lud :98) etiate -he annual fouling cost to the

Unitted States in 198C0 at 1.8-2.9 billion dollars. These
cot incl.ude a ces-ucapital costs for added heat

tranrii-er SLIrfacGe, energy losses. maintenance costs. and loss
of prcidLcti on. Other-H have also estimated the dramatically
.icgh costs of +ou..ling (SomerscalesanKudo.18;Gey

Pt di., 1900; Cher~oweth and Impagliazzio. 1981).
Generally, fouling is accounted for in engineering

design of heat exchangers by adding extra surface area
(. .e.. fouling resistance) in addition to the 'clean design
are" The Values for foul ing resistance are selected fr-am
t.at)Ie-. containing data of questionablte accuracy and
freqL.enitiy obtained from unidentified sources. The extra
Surface area frequentl y is more than half of the total heat

me:chagerararand accounts for a significant fraction of
th~e exchanger cost. Moreover, selection of a high fouling
resisztAnce does riot. guarantee prolonged operation of the
heat exchanger,. Thi s design procedure also increases the
size and wei ght of the exchanger unnecessarily, a problem of
mia.k -or concern to the Navy.
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II. MODELLING BIOFILM PROCESSES

Foul i ng i s a comp I e.. phenomer cr resul t 1 nl r oti -ever- Ail
prcjcesses occur-ring in paral Iel. and ir sier e .. Ihe rate arlcj
extent of these processes, inl t-rfm, are I flLiefIl ed b,'
numerous physical, c:hemica] , and biological +actors it, the
immediate environment of the sur~face. Many l aboratory
experiments and field observations have re.-.]. ted in wCLumeE
of data without deducing relationships of wide, general use.
Much of the historic:al data available, in addition to fUture
e-'peri.mental fouling work would benefit from a c orc:epturi

framework 4cor describing fouling processes. i!+ the
conceptual framework could be stated 17 mathemat ical terms,
more benefits would accrue includin g the abi Ii t,, to
mathematically simulate foul ing proc:esses on the
computer... computer "experiments" frequently being cheaper
than laboratory experiments.

A rational approach, as contrasted with an empirical
approach, develops the corceptual framework by resorting to
fundamental processes which are reasonably well understocd.
These fundamental processes car, usually be described
mathematical. ly which is necessary for computer simul ation.
Consequently, such "models" can be used to e'trapolate and
generalize experimental results.

The difficulty in generalizing or extrapolatinc
ex.perimental fouling data is related to the compl exi ty of
the process which frequently involves heat transfer., mass
transfer. momentum transfer, as well as physical, chemical,
and biological processes at the surfaces. The rational
approach attempts to elucidate each of the fundamental
processes that contribute to the overall fouling process.
Once these fundamental processes are properl ', under stood,
they are incorporated into a mathemati cal model of the
overall fouling process. This requires experiments desigred
specifically to investigate particular fundamental processes
rather than experiments which consider only the overall
process. This approach is clearly more time consuming than
research which only considers the overall fouling process,
but it ultimately leads to results that can be applied with
greater confidence to a wider range of fouling situat ons.

This type of "process analysis" has been described
previously by Characklis (1981) for the specific case of
microbial fouling. Burrill (1981) presents another
illustration of the power of this technique in explaining a
practical problem of fouling and the decisions necessary to
minimize its effects.

These procedures can also lead to computer simulation
"experiments" which can be used to test design concepts such
as the influence of metallurgy, shear stress, heat flu.,
geometry, etc., on fouling processes and their influence on
equipment performance. Simulation can also be used to test
operating and maintenance procedures such as internal
treatments and cleaning schedules. The process analysis
technique may also lead to a more systematic method for
developing and evaluating fouling control techniques,
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r-F-gardF"55 s of whether they employ physical, chemical,* or
eVEv11 hirj r i~i ethods. These ideas wil11 be discussed

mL) C..
In sumrfmary, the rational approach to foutling entails a

process analysis= which identifies the contributing
ftidaiental pr-ocesses and determines the inf luence of
yr cc-,; var iabl1es on process rate and extent. The approach
re* qu. res e~tper ifyental mieasurement techni ques which permit
th-'-e l ucicat ion of the, speci fic processes.

THE fF ERAT.1 YE NATUF*E- OF* THE F'ROCEDURE

Devel op inFg a ratlcoal Understanding of the fouling
.rccesEs i. an iteri-Ative- process. Figure I I-i schematicly

cescribes some of the inter-relati onships between four of the
AnfmrPctant activities within this iteriative process:

Cycle I.-EY'FECT OF FOULING are MEASURED by some
ap:.pr opr iate instrUment to test the performac:e
of the eqUipment. The extent of the problem
is determied and a FOULING CONTROL
PREVENTION TREATMENT is applied. Any change
in the EFFEC:TS OF FOULING are observed arid
tht-e cycle is repeated.

Ciycl 2 II-A~ process: analysi s is accomplished to
determine the RA~TE AND STOICHIOMETRY of the
process frcom which a model is developed. Th e
Influence of treatment procedures on rate and
stoichmetry may he 'ritical. The model isF
tesIted with a SIMULATION of the real system
iri which process variables can be carefully
controlled. Reformui-lation or modification of+
thie Y-odel. may follow.

rhe Overlap between the two cycles is MEASUREMENT AND
~IM U LAr .D N. Simulating the process environment, in the

I a--bor- -4tor-y or the f icel c is critically important to the
r atiaonal approach and car-nnot be over emph asi zed. The

ucifulessOf a inodel * and its ability to describe reality,
is s--trict'[ y dependent on the a(-ccur-acy of the data Used to
devFl op and test the model.

R4'1TE ANDIf STOX C-I MEIR IC ANALYSI[S

Th pyei n. a *chemnical* anid biol ogi cal. transformations
resultitng in fo:uling deposit accumulation -Are completed in a
certain period of time. For examiple, some specific change
mi.y signal the shUtdown of manulfa-cturing operations aind the
beginri: ng of cleaning operations. The time required -for
t his spec { i ccc change is5 inversely proporti onal to the rate
.At which the pro(.cess occurs. Thus, the rate is the most
im1portant quantity in proc-ess analysis. If the process
consists of A number Of processes in series. the slowest
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DEVELOPING UNDERSTANDING -**-AN ITERATIVE PROCESS

EFFECTS

formulate model OF

eat FOULING

pertra

RATE AND MEASUREMENT
STOICHIOMETRIC AND apply

ANALYSIS SIMULATION treatment

k determine
I extent of
I problem

I test model

L Influence of treatment on rate and atochlomtry CO O L IN TIO

TREATME NTS
FigUre Il--i The relationship between Various5

aspects o-f research * analysis and
testing related to fouling~
processes.

0 BULK FLUID

0 00

"PHASE DIAGRAM"
FI Ur-e 11--2. The fouiling environiment including

microbial cells, mAcrornoleulesi, and
other partc:Llate materiaL. in the
bulh: water and in the depo.it.
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step of thc cse-quence exerts the greatest in-f lUence and
:ontrols the overall process rate. This step is called the
rate--detet mninina process' or- rate-control ling process"

Stcoichiornetry is the application of the law of
conservati on of masand the chemi cal 1laws of combining
.ei:! hts: to chemi cal processels. Sto chi ometry provi des
1 oform-iit o about extent of reActi on. composition, and
yi t.- c. d

Rate and stoichiometry are determined by measuring
c-.onc--entrat .cons o-f reactants and pr oducts. In the case of
foL. incj. the reactioni tak:e place it- the microenvironment of
the surfa-e iind rtt- c tconcentratioins are e:~remei y
di ++ icu-L(t t-C) Ce~r onseqUentl y rate and stoi chiometric

r ca iunhis I-LISt b~e developed -as functions o-f
C onC: en tr~ CM cS I r1 t h e b U I- f 41LuId environment. [0 do so
t eqjil riE- thorOUqh under stand i i ig of the flu~i d +low regi me.
1,;-e nat or e o4 the s ur+f-- e, and q when app I i cab I e, the
i imrnp er - t ir- o r : d i r it at t he wallI.

The oe~ve f this sec-tion will discuss the
Fcnv r iruTmE-inI r, Vl- h I h 0 U~ I i q r ec t i o n s to c cur and procvi de an
not Ai n,:? cii rnthod~- tor I t~i description and analysis.

F( FE M D E F.1 NI I [(I10N

Fiq u r e II--2 schematically describes the fouling
en-V L r c'ntnent. I-rportart features include the following four

p ha ses"

1. fluid phase
Suspe-nded parti Cul ate-s
solid or semi-solid fouling deposit

4. the Substratum

The flUld phase contains dissolved organics and inorganics
as wellI as the suspended partiC liateS. The fouling deposit
frequentl1y contains a large percentaq-e of water (e.g., as
much as 80-913 percent in biofoul ing deposits) but is Stil11
considered a solid phase due to lack of fluid motion. The
substracttum is the equi pment surFface of concern (e.g.,. metal
condenser tube) . In many cases oif interest, the flu~id phase
1 s i n tUrbul ent fl1ow and the Substratum i s at an el evated
(or reduced) teMpE-ratUre from that of the bulk f luid phase.

CONSERYPAT ION EDUAT IONS AND CONST ITUT IVE PROPERT IES

Analysis of this relatively complex system requires
consi derati on of mass transfer , momentum transfer (1 e.
fluid dynamics) , and heat transfer as well as physical,
ch em icl it1 and binlogical. processes. Required tools include

the equations for con-riervation of momentum, energy and mass
whtch are a result of Newton's laws and the laws of
ther-modynami cs.

Table TI--I1 indicates the intensive variable (i.e.,
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var L ab 1 es 1 ndependent of system mass or vol urei ard ex amp I es
of thermodynamic properties that must be measured to ut ilize

the conservation equations effectively. The intensive
variables and thermodynamic: properties are rel.ativly easy
to measure acc:urately.

Constitutive principles deal with the rates o4:
physicochemi cal processes. Conservation and thermodynamic
principles do not deal with mechanism, but constitutive
principles do; constitutive principles deal with mechanism
as it is influenced by the constitution of matter. E% amples
of constitutive p rinciples are the laws that govern rates of
transport and rates of chemical reactions.

Since conservation principles do not depend on the
constitution of matter, a mathematical model expressing a
conservation principle is "correct" if all flows, sources,
and sinks have been included. The usefulness of the model,
however, depends primarily on two things:

I. The choice of the system.
2. Availability of constitutive principles fo,

description of unknown quantities which appear in
the model (e.g., reaction rates).

Mechanisms and constitutions are often poorly understo(.od.
Theref ore, constitutive relations present the mo st
difficulty in modelling. Transport coefficients (Table
II-11), for example., are difficult to measure and accuracy
is qenerallv poor, yet, transport coefficients are essential
to determining rates of mass, heat and momentum transfer in
fouling environments. Reaction rate coefficients (Kf,
u_,., V. in Table II--l) depend on many environmental
factors. In fact, reaction rate coeffficients are most
often i nferred from conservation equations by assumring a
kinetic or rate model (e.g., power law or saturation rate
equation). The stoichiometric coefficients (As and Y in
Table II-1) 'are also constitutive properties and relate the
rate of consumption or production of one reactant to
another.

In modelling a fouling environment, it may be necessary

to deal simultaneously with all three conservation equations
as well as reaction kinetics. The interrelationships

between these various processes often provide the greatest

challenge to the investigator. A useful illustratIon is a
recirculating cooling tower (RCT) system in which

significant momentum, mass, and heat transfer is occurring

in the condenser (heat exchanger) as well as the tower

(Figure 11--3). These aspects of the RCT system have been

adequately described in a mathematical form by Sherwood et
al (1975). However, the constitutive relationships

describing fouling in the RCT system have received much tess
attention. The critical concern to equipment operators is

the influence of fouling on heat and momentum transfer in
the heat exchanger. With reasonably accurate constitutive
relationships for fouling processes, these influences can be
predicted and, thereby, avoided.
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CONSERVATION EQUATION

MOMENTUM ENERGY MASS

INTENSIVE v T c
VARIABLE
THERMODYNAMIC K

PROPERTIES _ _ Cp eq

CONSTITUITIVE
PROPERTIES

--TRANSPORT V o

-- CHEMICAL K. A

REACTIONJ ,
MICROBIALIREACTION __max' S

Table I-1. The c:onservation equations and
related variables and properties
related to fouling in heat echange
systems.

FD F
TIID E'Z_ FR

/ HEAT

Figure I A-. A recirculating cooling tower
system. FM, F.qfF, F"

and Fs are flow rates of make-up,
drift, evaporation. recycle and

blowdown streams, respectively.
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FUNDAMENTAL RAIE FROCESSES. fhe constitutive fouling
relationships can be classified into four rate processes
which are fundamental to all types of fouling.. Fouling
deposit accumulation can be considered the net result of ttie
following physical, chemical, and biological processes:

1. transport of soluble and pal ticulate mater]al. to
the wetted surface,

2. attachment of soluble or particulates to the
wetted sur face.

Z'. chemi cal or microbial react 1 on at the surf,-4ce or
within the deposit, and

4. detachment, sloughing. or spalling of portions of
the deposit from the wetted surface.

The overall result is a progression of events characteri zed
by three identifiable periods (Figure 11-4):

i. an induction period,
2. a rapid increase in accuMulation. and

an assymptotic or plateau period.

Because fouling rate can be controlled by many procet-si
variables, one of the three periods may be negligible in
duration compared to the other two.
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III. BIOFILMFORMATION: ....A_ PROCESS ANALYSIS

In this discussion, biofilm development will be
considered to be the net result of the following physical,
chemical, and biological processes (Figure II-I):

Transport of organic molecules and microbial
cells to the wetted surface.

Adsorption of organic molecules to the wetted
surface resulting in a "conditioned" surface.

Adhesion of microbial cells to the
"conditioned" surface.

Metabolism by the attached microbial cells
resulting in more attached cells and
associated material.

Detachment of portions of the biofilm.

TRANSPORT TO THE WETTED SURFACE

When a clean surface is immersed in natural water,
transport controls the initial rate of deposition. In very
dilute suspensions of microbial cells and nutrients,
transport of microbial cells to the surface may be the
rate-controlling step for long periods of time. Biofilm
development in open ocean waters or distilled water storage
tarnks may be illustrative of these cases. Transport of
molecules and particles smaller than 0.01 - 0.1 um is
described satisfactorily in terms of diffusion. In
turbulent flow, the diffusion equation must be modified to
include turbulent eddy transport (an eddy ia a current or
bundle of fluid moving contrary to the main current).
Transport of such small molecules and particles is
relatively rapid compared to transport of larger particles.
Consequently, adsorption of an organic film is reported to
occur "instantaneously" in many cases.

Transport processes are also significant in later
stages of biofilm development. For example, mass transfer
and diffusion of nutrients can influence the growth rate of
cells within the biofilm (see Section below).

Larger particles develop a sluggishness with respect to
the surrounding fluid. As the particle approaches the
wetted surface, eddy transport diminishes and the viscous

sublayer exerts a greater influence. For soluble matter and
small particles, diffusion can adequately describe transport
in the viscous sublayer (Lister, 1979; Lin et al, 1983;
Wells and Chamberlin, 1967). For larger particles, other
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mechanisms must be considered to explain experimental
observations.

Within a turbulent flow regime, larger particles
suspended within the fluid are transported to the solid
surface primarily by fluid dynamic forces. Particle flux to
the surface increases with increasing particle
concentration. However, particle flux is also strongly
dependent on the physical properties of the particles (e.g.,
size, shape, density) and is influenced by many other forces
near the attachment surface.

Microbial cells (0.5 - 10.0 um effective diameter) can
be transported from the bulk fluid to the wetted surface by
several mechanisms including the following:

diffusion (Brownian)
gravity
thermophoresi s
tax is
fluid dynamic forces

inertia
lift
drag
drainage
downsweeps

TRANSPORT MECHANISMS. Particles in turbulent flow are
transported to within short distances of the surface by eddy
diffusion. Particles are propelled into the viscous (or
laminar) sublayer under their own momentum. Turbulent
eddies supply the initial impetus and frictional drag slows
down the particle as it penetrates the viscous sublayer
(Friedlander and Johnstone. 1957; Beal, 1970). For
microbial cells, the inertial forces are very small because
of their small diameter and density (in relation to water).

If the particle is travelling faster than the fluid in
the region of the wall, the lift force directs the particle
toward the wall (Rouhiainen and Stachiewicz, 1970). This
would normally be the case if particle density is greater
than fluid density and the particle is moving toward the
wall. Frictional drag forces can be significant,
especially in the viscous sublayer region. The drag force
slows down the particle as it approaches the surface and is
proportional to the difference between particle velocity and
fluid velocity.

If the mass density of the particle differs
substantially from the fluid density, the gravity force
may be significant. For microbial cells in turbulent flow,
the gravity force is generally negligible.
Therpophoresis is only relevant when particles are being
transported in a temperature gradient (Lister, 1979). If
the surface is hot and the bulk fluid is cold, the
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thermophoretic force will repel the particle from the

su faC:e. Eddy diffusz2on may be instrumental in dispersinq

partzicles in the turbulent core region, thus maintaining a

relatively uniform c:oncentration in that region. However,

eddy diffusion will not be significant in transporting

particles to the wall. Brownian diffusioy) contributes

little to the transport of microbial cells ( .I.0 uM

diameter) in turbulent flow. Certain microbes are capable
of motil2ty or tax2zs through their own internal energy

independent of fluid forces. Velocities as high as 5'J um

s- 1 have been observed. Taxis could possibly be a

significant transport process in laminar flow or within the

viscous sublayer. For particles in liquids, the fluzd

drainage force is significant (Lister, 1979). The drainage

force describes the resistance the particle encounters near
the wall due to the pressure in the draining fluid film

between the two approaching surfaces. This force is quite

large for a microbial cell as it approaches the wall.

Recent research on the structure of the viscous

sublayer in turbulent flow indicates that "donsweep " of
fluid from the turbulent core penetrate all the way to the

wall (Cleaver and Yates. 1974, 1976). Farticles in the bulk

fluid are transported all the way to the wall by these

convective downsweeps. Aside from lift, this is the only

fluid mechanic force directing the particle to the wall.

Downsweeps are apparently quite important in terms of
particle transport to the wall in turbulent flow.

For a tube 3 cm I.D. with fluid velocity i00 cm s 

at a temperature of 20=C. the bursts resulting from the

downsweeps have the following characteristics:

burst diameter 0.11 cm

average axial

distance between 0.50 cm

bursts

mean time

between bursts 0.0006 s

Minimum transport rate of particles would be observed when

particle diameter approximates 0.1 x 10 - cm under
constant fluid flow conditions. At this diameter, Brownian
diffusion starts exerting a significant effect. Particle
flux from the bulk fluid to the pipe wall for a bulk fluid

particle concentration I0 particles cm -s is

approximately 0.1 particles cm-2 s- 1.

INFLUENCE OF SURFACE ROUGHNESS. Surface roughness

significantly influences transport rate and microbial

cell attachment for several reasons including the
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fol 1 owi no:

1. increases convective mass transport (i.e., mass
transport due to fluid motion) near the surface

2. provides more "shelter" from shear forces for
small particles
increases surface area for attachment

If surface rouqhness elements are larger than the
viscous sublayer , the roughness can be measured
quantitatively by hydraulic methods. If surface roughness
elements are smaller than the viscous sublayer (i.e.,
microrouqhness), measurements of roughness are difficult to
quantify and interpret (Thomas, 1982). Browne (1974)
reports that particle deposition from gases is very
sensitive to surface roughness too small to affect fluid
+rictional resistance.

CONSEQUENCES OF TRANSPORT RATES ON BIOFILM DEVELOPMENT.
When a "clean" surface first contacts water containing
biological activity, organic substances and microbial cells
must be transported to the surface before biofilm
development can begin. Consequently, the rate of transport
of these components determines the length of the "induction"
period, i.e., the initial period during which no macroscopic
effects of the biofilm are evident. In very dilute
solutions (e.g., open ocean), the rate of transport may
control the overall rate of biofilm development for long
periods. Rate of transport is proportional to the
concentration dif+erence between the bulk fluid and the
surface (Bryers and Characklis, 1981). In dilute solution,
this difference is small. The flow regime (zero, laminar or
turbulent flow) also significantly influences transport
rates and should be defined carefully in any experimental
system used for biofilm studies. Maintenance of surface
characteristics is also critical in the reproducibility of
the results and their application because as surface
roughness increases so will transport and attachment rates.
Which rate controls--that of transport or that of adhesion"

SUMMARY OF TRANSPORT PROCESSES. So little is known about
rate of transport of particles (e.g., bacterial cells) in
water under fluid flow or quiescent conditions that the cell
"striking" rate at a surface cannot be determined.
Consequently, net attachment, adsorption, or adhesion is
the quantity generally reported. Determination of cell
transport rate would permit calculation of a cell sticking
efficiency, a useful criterion for comparing performance of
coatings. chemicals, and other anti-fouling treatment.
Particulate transpurt research could also determine the
dominant transport mechanisms under different conditions and
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lead to unique proposals for fouling prevention and/or
control.

ADSORFTION OF A "CONDITIONING" FILM

Microorganisms select their habitats on the basis of
many factors. including the nature of the wetted surface
(material of construction and surface roughness).
Adsorption of an organic monolayer occurs within minutes ot
exposure and changes the properties of the wetted surface.
Investigations have shown that materials with diverse
surface properties (e.g., wettability, surface tension,
electrophoretic mobility) are rapidly conditioned by
adsorbing organics when exposed to natural waters with low
organic concentrations. These organic molecules frequently
appear to be polysaccharides or glycoproteins.

RATE AND EXTENT OF ADSORPTION. Loeb and Neihof (1975) and
DePalma et. al.. (1979) have measured adsorption rates of
organic molecules in seawater, and Bryers (1979) has
observed adsorption rates in a laboratory system. Rate and
extent of adsorption in these investigations are presented
elsewhere (Characklis, 1981). Rates as high as 0.45 nm
min - ' were observed but maximum accumulation from
molecular fouling was always less than 0.1 uM. The rate of
molecular fouling can be considered instantaneous since it
is much greater than the rate of microbial fouling. Based
on "thickness" measurements, molecular fouling can have no
significant effect on fluid flow or heat transfer.
Nevertheless, the surface properties resulting from
adsorption of an organic film may affect the sequence of
microbial events which follow.

A unique aspect of diatom adhesion is that at least one
organism may not require surface conditioning films to be
present on the substrata before adhesion takes place.
Cooksey (1981) found that a washed culture of the diatom
Amphora coffeaefomis adheres to glass surfaces in less
than five minutes. In these experiments. pre-adsorbed
macromolecular films could arise from the washing procedure
for the glassware, the analytical grade simple salts used in
the suspending fluid, or from the cells themselves.
Pre-conditioning the substrata with media from previous
experiments did not alter the kinetics of the diatom
attachment. (B. Cooksey, unpublished results).

Brash and Samak (1978) present experimental evidence
that significant turnover occurs in molecular
(proteinaceous) fouling films on polyethylene. Protein
molecules in the bulk fluid are continuously exchanging with
absorbed proteins. This suggests that dispersed microbial
cells and their associated extracellular material maybe
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continually e',changing with biofilm material at the wall.

CHARACTERIZATION OF tHE CONDITIONING FILM. These new,
organically-conditioned interfaces influence considerably
the adhesion of microbes. This conditioning film has been
ir-vestigated by various means. For instance Loeb and Neihof
(1975) found that the contact angle (Zismam, 1964) of the
platinum-water or -methylene iodide interface increased
considerably when the platinum had been exposrd to natural
sea water. Similar results have been obtained by DePalma
et al (1979) in natural systems. The phenomenon did not
occur when the organic: fraction of the sea water had been
photo-oxi dized with short-wave uv radiation. From this and
some studies of the fluorescence of the adsorbed layer., Loeb
and Neihof conclude that the film responsible for the
decreased wetting of the platinum is organic and that humic
acids may be implicated in its formation. Baier and various
wo-workers have characterized these acquired films as
larqely glycoprotein (Baier, 1980 ; Baier and Weiss. 1975;
Marshall., 1979). These conclusions depend on the internal
total reflectance infrared spectrophotometric analysis of
the films adsorbed on pure germanium prisms. The technique
has been described in detail by Harrick (1967). Marshall
(1979), from results obtained in collaboration with Baier,
implies that because the protein and polysaccharide I.R.
absorption signals are detectable on the germanium prism
before the onset of bacterial adherence, the formation of
the conditioning film is an obligate first step in the
attachment of organisms to surfaces. Baier (1980) has made
the statement more emphatically. This is probably so in all
natural systems because of the universal presence of organic
macromolecules in natural waters and differential kinetics
of the two processes. There appears to be no evidence,
however, that microorganisms can only attach to
conditioned surfaces. Indeed, some surfaces with adsorbed
proteins inhibit bacterial adhesion. For example, Fletcher
(1976) showed that the adhesion of a marine Pseudomonad to
polystyrene was inhibited by albumin, gelatin, fibrinogen
and pepsin. The influence of such compounds is certainly
not clear-cut since Meadows (1971) found that although
albumin was inhibiting in his system, casein and gelatin
facilitated the process of adhesion. Adt-,orption of such
molecules decreases the surface-energy of clean, high energy
surfaces (70 dynes cm -1 ) but has little effect on low
energ:y surfaces (20 dynes cm- 1 ) (Daier, 1980). The
concept of surface energy is discussed further below. One
would e'pect that surfaces of initially differing energies.
after conditioning with an adsorbed layer of protein, would
influence the adhesion of cells similarly. This appears
not to be the case. Baler (1980) has shown that the spread
area,: of mammali an cells, a parameter related to the
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4 ir mnwess of adhesion, is correlated with the initial energy
of the surface, i.e., before c:onditioning has taken place.
Thus, siliconized surfaces promoted adhesion of cells, even
after protein conditioning of those surfaces. The
configuration of the conditioning film, therefore, must be
influenced by the initial surface state of the substratum
(Bajer, 1980). However, alternative explanations are
possible (see below). These subtle modifications of
surfaces by organic macromolecules are not reflected in
changes of their surface charge. Neihof and Loeb (1972)
showed the convergence of surface charge on various types
(by means of microelectophoresis experiments) of particles
when e-posed to natural sea water. Thus, it seems that the
role of conditioning films in the adhesion of cells to
surfaces is not yet clear. One of the problems in drawing
conclusions from the published investigations in this area
of research is related to the use of divergent experimental
designs. For instance, various workers have used different
microbial types, substrata, and conditioning macromolecules.
One further problem lies in the fact that the ability of
cells in laboratory culture to adhere sometimes changes with
time (Costerton, et al, 1981).

ADHESION OF MICROBIAL CELLS TO THE WETTED SURFACE
Shortly following the conditioning of the substratum.,

bacterial adhesion begins. In most studies, adhesion has
not been distinguished from colonization which includes the
effects of subsequent growth of bacteria. Thus, numbers of
bacteria reported on substrata may represent an integration
of both processes.

Previous research (Marshall et al. 1971; Zobell,
1947) suggests the exi stence of a two-stage adhesion
process: (1) reversible adhesion followed by, (2) an
irreversible adhesion. Reversible adhesion refers to an
initially weak adhesion of a cell which can still exhibit
Brownian motion but is readily removed by mild rinsing.
Conversely, irreversible adhesion is a permanent bonding to
the surface, usually aided by the production of EPS. Cells
attached in this way can only be removed by rather severe
mechanical or chemical treatment. The forces influencing
both reversible and irreversible adhesion will be discussed
below.

HYDRODYNAMIC EFFECTS. Most of the research on cell adhesion
has been conducted at very low fluid shear stress or in
quiescent conditions which suggests sedimentation or
diffusion may control the rate of adhesion. There is yet
to be a demonstration of reversible adhesion in turbulent
f 1 ow.

In turbulent flow, the net rate of adhesion is the
quantity most easily measured. The net rate of cell
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adhesion is the difference between the rate of cell adhesion
and rate of cell detachment. Powell and Slater (1983)
clearly show that any analysis which assumes that all cells
contacting the surface become irreversibly attached, grossly
overestimates the surface cell population. Cell detachment
results from several forces including the following:

fluid dynamic forces
shear forces
lift (upsweeps)
tax i s

Usweeps are analogous to the downsweeps discussed in
relation to transport. Downsweeps and upsweeps result in
turbulent bursts which move to and away from the surface
into the bulk flow. Upsweeps generate a lift force normal
to the surface which can influence detachment. Drag or
lqsCous shear forces act in the direction of flow on
attached cells and are approximately 1000 times greater than

the lift forces acting on attached cells. Note that
although viscous shear may dislodge a particle, unless a
lift force is present, the particle will presumably roll
along the surface until another surface adhesion site is
found.

PHYSICOCHEMICAL FORCES. The forces that reversibly 6. J a
cell to a surface have been reviewed at various levels of
mathematical complexity (Pethica, 1969, 1980; Baier, 1980;
Daniels, 1980; Dolowy, 1980; Fletcher, 1980; Gingell and
Vince, 1980; Rutter, 1980; Rutter and Vincent, 1980).
Despite the large number of reviews and a considerable
amount of work, theory does not explain the natural
phenomena very well.

There are basically two theories of the initial
interactions of cells and substrata. In the first, the
electrostatic properties of the system (DLVO theory) are
considered, whereas the second considers interfacial free
energy of the system ('wettability' theory).
LVYtheory__pftsion. The DLVO theory is named for

Derjuaguin and Landau (1941) and Verwey and Overbeek
(1948).The positions of attraction have been called the
primary minimum (at small separations) and the secondary
minimum (at larger distances of separation). At a point
between repulsive forces are maximal. Problems with this
approach reside in the values used for the charges on the
surfaces. the different geometry at the attachment site, and
the varying dielectric constant of the liquid as the two
surfaces approach. In addition, Hamaker's constant cannot
be measured in these types of systems (Rutter, 1980). The
theory predicts that reversible adhesion can take place at
the secondary minimum (about 5-10 nm). This at least
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appears true and has been described by Marshall et dl
(1971). Time spent at this distance may be sufficient for
other adhesive forces to become effective, e.g., polymer
bridging. It is unlikely that cells are able to approach a
substratum sufficiently closely (e.g., less than I nm) to
overcome the repulsive peak which exists between the primary
and secondary minima. For instance, it has been calculated
that the energy developed by a pseudomonad swimming at 33 um
s- 1 is insufficient to overcome this barrier (Marshall
Pt a2,. 1971). The mathematical expression of DLVO theory
of particle interaction includes the radius of the
particles. As the radius of the particles decreases, the
repulsive energy barrier decreases. Thus, when cells are
able to reduce their effective radius, as in the production
of filopodia (e.g., mammalian cells) or fimbriae (bacteria),
they may overcome the repulsive maximum and adhere at the
primary attraction minimum (Rogers, 1979; Weiss and Harlos,
1977). All of the results mentioned above have been
obtained in systems with little or no fluid shear stress--a
situation that rarely obtains in the natural environment.
Interfacial free energyandadhesion. Theoretically, if the
total free energy of a system containing a cell and an
ad acent substratum is reduced by contact, then adhesion of
the cell to the substratum will result. In many cases,
adhesion of cells has been related to the critical wetting
tension (mammalian tumour cells, Baler, 1980; bacteria,
Dexter et al, 1979; diatoms. Cooksey, Cooksey, and Baler,
see Figure). This parameter is, in turn, related to the
contact angle between model liquids and the substrata being
studied (Zisman, 1964). Harper and Harper (1967) showed
that diatom adhesion to glass was stronger than to plastic.
The activity of the surfaces was not reported but the glass
probably had the higher surface energy. Diatom adhesion to
substrata, as judged by experiments with A. coffeaeformis,
exhibits the same relationship with substratum surface
energy as has been described for other organisms, including
minimal adhesion at approximately 25 dynes cm - 1 (Grinnell
et. al.. 1972; Dexter, 1978; Baler. 1970, 1973, 1975).

Pethica (1980) finds the relationship between critical
wetting tension and adhesion of particles (cells) to be
qualitative at best. Pethica notes that the Young equation
demands that particles be homogeneous and the surface be
insoluble in the wetting liquid used to measure the contact
angle. In practice, none of these requirements are
rigorously obtained. Experimental results do allow us,
however, some confidence in the use of contact angles for
ranking both particles (cells) and the substrata.

Some of the objections related to the measurement of
contact angles under one set of conditions, and their
application in quite different experimental circumstances,
have been overcome by Fletcher and Marshall (1982). They
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measured contact angles of experimental surfaces both in the
'clean' and conditioned state in an aqueous system using an
air bubble contact method. They found that the relative
adhesion of bacteria to plastic substrata became modified by
the adsorption of various proteins and these modifications
were reflected in a change in measured contact angles.
Other non--covalent forces. Other forces that are responsible
foCr cellular adhesion include hydrogen bonds, hydrophobic
interactions, and ionic bonds (bridging). All of these act
t short-range (i.e., approximately 1 nm).

rXTPACELLULAR POLYMERIC SUBSTANCES (EPS).Marshall (Marshall
-t a!, 1971; Marshall., 198() has interpreted the
physLcochemical theories above in practical terms.
Tnitially, cells are held close to a surface in a state of
reversible or temporary adhesion. Cells in this state are
often removed by gentle washing of the substratum, but those
orcganisms iundergoing gliding motility, although temporarily
7,dhered, are not removed by this stress. If the cell
resides at a surface for some critical time, it becomes
irreversibly bound through the mediation of a cementing
substance. This implies that such cells are no longer
mot i I e.

Zobell (1943), a pioneer in the field of microbial
adhesion, suggested the participation of extracellular
cementing substances in the adhesion of cells to substrata.
Since then, considerable attention has been directed at
these extracellular polymeric substances (EPS). However,
much confusion exists over the terminology for the
extracellular material intimately related to biofilms
(Bowles and Marsh, 1962). Glycocalyx, slime, capsule, and
sheath have all been used in referring to extracellular
polymeric substances associated with individual cells, cell
aggregates, or biofilms. EPS appears to be the least
restrictive term. For example, glycocalyx is defined as
"tangled fibers of polysaccharides or branching sugar
molecules..." (Costerton et al. 1978). However, in
biofilm processes and in microbial adhesion in general,
other macromolecules besides pulysaccharides and sugars are
found within the organic matrix including glycoproteins
(Humphrey, et al, 1979). proteins. and nucleic acids
(Nishikawa and Kuriyama, 1968). Therefore, unless extensive
identification has been performed, components of the organic
matrix will be referred to as EPS (Geesey, 1982). EFS can
conceivably contribute to biofilm processes in many ways
inc luding the following:

1. provide cohesive forces within the hiofilm

2. adsorb nutrients
protect immobilized cells from rapid environmental
changes including the influence of biocides
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4. adsorb heavy metals from the environment
5. adsorb particulate material and other detritus
6. serve as a means of intercellular communication within

the biofilm
7. provide short term energy storage via the cell membrane

potential
8. enhance intercellular transfer of genetic material

EPS also significantly influences the physical properties of
the biofilm including the diffusivity, thermal conductivity,
and rheological properties. Presumably. water activity
and/or osmotic pressure are elevated in a dense aggregate of
EPS.

Bacterial EPS. As yet, we have little information
concerning the structural analysis of purified adhesive EPS
in microbial systems. This is in contrast to the expansive
literature on the structure of one of the adhesive EPS of
mammalian cells, fibronectin (Olden et a], 1980). For
light microscopy, EPS can be stained with crystal violet,
ruthenium red, and alcian yellow (or blue). Some of the
stains have been used also for transmission electron
microscopy (TEM). Conclusions concerning the chemical
structure of EPS based on staining alone are tenuous (see
below). In electron microscopic studies, especially where
staining with ruthenium red or other dyes has been applied,
bacteria attached to surfaces appear to be enmeshed in
fibrillAr material with certain of the fibrils bridging to
the substratum (e.g. Corpe et al. 1976; Fletcher, 1980).
The fibrillar nature of such polymers may be an artifact of
fixation or drying in preparation for TEM examination, since
in nature the EPS is hi, hly hydrated (Geesey, 1982).

There are many qualitative analyses of bacterial EF'S---
usually considered to be carbohydrate with acidic groups
(Corpe et al, 1976; Fletcher and Floodgate, 197), amino
groups (Baier, 1975), and sometimes associated with proteins
(Corpe et al, 1976). In most qualitative analyses.
however, the possibility of multiple polymers of different
structures and composition is rarely considered. Thus, the
various functional groups may reside on separate polymers,
e.g., detection of protein and carbohyddrate in an EPS does
not imply the presence of a glycoprotein unless the polymer
is known to be single, covalently-linked entity. This
problem has been recognized recently by Fletcher (1980).
Based on electron microscopical histochemical evidence, she
earlier postulated (Fletcher and Floodgate. 1973) that the
attachment polymer of a marine pseudomonad NCMB 2021 was an
acid polysaccharide. Hydrolysis of an extracellular
carbohydrate fraction of these cells often showed the
presence of neutral sugars (Sutherland, 1982) found in
polymers of this type (glucose, mannose and galactose,
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Q1 LIcosami ne, rhamnose and ribose) , but no uronic acids.
Carbo-):,lir acid groups detected in the polymer by infrared
spec:troscopy were considered to be associated with protein
' .irtcfe no uronic acids were detected after hydrolysis.
Uronic acids were, however, detected in adhesive polymers
from Fle'ribacter analyzed by Humphrey et al (1979).
rh. s aalysAi s is probably one of the most detailed for a
substancre knnwn to be involved directly in bacterial
adhesion. These workers found that a partially purified
e tracellular slime contained both protein and carbohydrate,
Wsv-h Cl.ucose, oalactose. fucose, deoxysugars besides uronic
.cids in the hydrolysate. Repeated attempts to remove the
protein from the carbohydratre fraction were unsuccessful.
Thus, it was concluded that the polymer could be
Ql .Voprotein. Calculcations based on measurements and
reasonable assumptions for the system showed that the force
required to separate Flexibacter cells from surfaces was
five times more than was needed for horizontal movement,
i.e., the polymer really did possess Stefan adhesive
properties. Polymers in EPS may well attach to substrata by
ionic bonds (if they contain -CO0- groups) or hydrogen
bonds. The possibility certainly exists that bacterial
polymers could form heterocopolymers with surface-adsorbed
materials. Thus, partially accounting for their adhesive
nature (Roqers, 1979).

There is no clear picture concerning the participation
of fimbriae in the formation of biofilms. Although the
adhesion of E. coli to mammalian epithelial cells involves
fimbriae, they are not involved in its attachment to glass.

tiomyces and Pacteroides species inhabiting the human
mouth are +imbriate and these organisms are involved in the
formation of dental plaque, most certainly a form of biofilm
(Slots and Gibbons, 1978). One particularly interesting
aspect of adhesion mediated by fimbriae has been described
by Rosenberg et al (1982). These workers showed
conclusively that fimbriae on the cell surface of

,zretobacter calcoacetic-_s were involved in its adhesion
and subsequent growth on hexadecane at the hydrophobic
liquid-liquid interfaces. Mutants lacking fimbriae were not
adherent; revertants adhered and also acquired the ability
to produce fimbriae. One aspect of adhesion mediated by
fimbriae that does not seem to have been exploited in
research on adhesion to inanimate objects is its specific
inhibition by mannose and sometimes 2-deoxy glucose.

There seems to be no evidence for the participation of
bacterial flagella in biofilm adhesion. They may be
concerned in propelling cells to the secondary minimum, but
we have not been able to find examples of cells attached
only by their flagella. Conclusions implicating flagella in
adhesion which depend on results obtained with chemically
fi>,ed microbial cell.; should be treated with caution (Ward
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and Berkeley, 1980)
There are no documented cases of lectin mediation in

adhesion of microorganisms to non-living surfaces. However,
if one regards the dental pellicle as non-living. then
bacteria possessing lectin-like ligands are known to attach
with considerable specificity to receptors on its surface
(Gibbons, 1980). Further examples of lectin-like
interactions will likely be documented in the future as
research workers study the specificity of adhesion both at
the macro- and microbiological level.

Microalgal EFS. The most common microalgae to adhere to
submerged substrata are diatoms. There are several mnethods
by which these cells attach as discussed at length by
Chamberlain (1976). Light microscopy shows cells attached
by mucilage pads, stalks or, in some cases, they are found
inside mucilage tubes attached to a substratum e.g.,
Pmphipleura rutilans. A further method of attachment
concerns the raphe canal. In these cases, light microscopy
does not show the means of adhesion. The raphe system of a
diatom is a single or double slit in the silica cell wall
and runs along the long axis of the cell allowing direct
communication of the cytoplasmic membrane and the
extracellular environment. The raphe is clearly involved in
gliding motility and. therefore, adhesion (Harper, 1977).
Daniel et al, 1980 have described a series of
mucilage-containing intracellular vesicles in A. veneta
which appear to arise from the cisternae of the dictyosome.
These may be the same organelles described earlier by Drum
and Hopkins (1966) as crystalloid bodies and postulated by
them to be the source of diatom trail substance, and thus
implicated in both adhesion and motility. We have electron

micrographic evidence that indeed these vesicles are
secreted into the raphe canal (Webster, et al., 1982). and
thus may be the source of the cellular adhesive. Since
tunicamycin (I ug ml-1), which is an inhibitor of the
formation of the linkage between carbohydrate and protein in
fibronectin, inhibits diatom adhesion, it might be
speculativley implied that the vesicles contain glycoprotein
(Cooksey and Cooksey, Unpublished).

Several workers have made attempts at analysis of
attachment polymers of diatoms. By means of histochemical
tests, Chamberlain (1976) showed that the polar mucilage
pads, investing mucilages, the polymers of the tube dwelling
diatoms, and mucilagenous stalks were acidic
polysaccharides. As has been mentioned previously (see
), analytical results based on staining reactions of
unpurified materials must be regarded as properties of a
miXture. Some hydrolyses have been performed, but in no
case has an attempt been made to show that. the polymeric
material was a single molecular species. Thus, the capsule
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o4 fo'. a peJ 1 .1 2,_-0 ua con-t a in% g ILA Lcr on ic acid (Lewini
I 955) ,th At of the ovalI cell s o4- Phaeodactyl CIu tricornutur)
iontains ..,y]lose, mannose. fructose, and gal actose (Lewin ,
eFt a] 1 I95R_), the MUCilIage tubes of Pmphipl Ura ratil ans
C.::! F nt i n yl o se, man nose, pc)ss ib I e y r-h amn ose an d some
proteins_ (R. Lewin, .1953) , and the stalk.-s of Goffphonema

.,,: ceum are composed o+ a B--linked sulfated polymer
c onta:.ining gAlactose and xylose (Huntsman and Slonecd.er,

1971',All the polymers analyzed so far are difterent from
the diratom stor agie pol ymer chrysolaminarin, a B 1-3 link.-ed
q Iu c in. Even less i. known concernina the trail substance
r efFerred to earlier,. probably bLecause_ It appears to differ
11. physical properties from the enveloping polymers
'capsules. etc.) described above. Trail substance is slowly
VJZiter-Solub1_e (Unpublished results quoted in Edgar and
FicJkett--Heaps. 1982. Webster et: al, 1982). In a detailed
histochemical study where temporary and permanent adhesive
rcrlimers of+ g veT~cta were not distinguished. Daniel et
,ii, " 90 showed that the extracel lUlar polymer contains
!'r cni c acids and sul fate groups but no protein or lipid.
CAITIONS. RcOuI:< (1394) reporOted the necessity for divalent

caiinnotc.Ably Cal-, in cellular adhesion. Calcium has
been shown to be necessary for adhesion of aquatic bacteria
(Marshall, et al, 1971; Fletcher and Floodgate, 1973) and
marine diatoms (Cooksey, 1981), although in this report it
was found that strontium could substitute poorly for

a,.The role of these cations in adhesion is presently
Unknown. It has been su~ggested that divalent ions,
espeially Ca'-, can form bridges between negatively
chariled substrata and microorganisms, can tabilize the
structure of EFS (Fletcher and Floodgate. 197-3), or cause
precipitation of EPS in the space between a Lell and
su~bstratum (Rutter, 1960). Fletcher and Floodgata (1973)
noted that lanthanum decreased bacterial adhesion and
postulated an EFS-denaturinq action -for the ion. Lanthanum
is known to inhibit Ca-----transport into cells and to
displace Calitum from Cellular membranes (Weiss, 1974), so
that the effect noted above may have been related to a
diminution of the fIluX of Ca 2 to the intracellular
space. LanthanuAm inhibits diatom adhesion. a process which
is Ga-dependent. Further evidence for the involvement of

C in the adhesive- process Comes -from the use of
complexing agents. Attachment of a marine bacterium was
inhibited by EDTA. but the same agent did not remove cells
alr1eady attached t~o substrata (Fletcher, 1980)O. Cook:sey and
Cool:sey (1980) were able to remove the marine diatom P.
coffeaefor,,zs from glass with a more specific
Ca2 ---chelant. EGTA. Attached diatom cells treated with
this substance left behind substratuAm-attached material in
the exact shape o+ the raphe canals. The material, which
stained with acridine orange. was certainly involved in the



27

attachment of the organism. Similar more detailed
experiments by CuIp and his co-workers illustrate the
dangers of adopting simplistic explanations of adhesion
(Culp and Black, 1972; Terry and Culp. 1974; Rosen and Culp,
1977). These workers found that EGTA removed tissue culture
cells from culture vessels but left behind
'substrate-attached material7 (SA material). Based on this,
it was thought that mammalian tissue Cells attached to this
substratum by ionic bridges. Recent papers by the same
group (Culp et al, 1979) have shown that the situation
regarding attachment, detachment, and the formation of SA
material is considerably more complex. SA material
certainly exists, but not only does it contain glycoprotein,
but also certain elements of the cytoskeleton such as actin.
SEM studies suggest EGTA causes minimal changes in the
adhesive 'footpads' which gave rise to the SA material.
This caused the cells to 'round-up:' and, in doing so. fibers
of cellular material between the cells and the substratum
were formed. The cytoskeleton within these fibers
reorganized, the fibers broke, and the cells were liberated,
leaving behind the footpads as SA material. There are no

studies at this level of detail with microbiological
biofilms.

REACTIONS WITHIN THE BIOFILM

FUNDAMENTAL AND OBSERVED RATE PROCESSES. Biofilm and
biofouling studies thus far have relied on a relatively
unstructured approach to analysis of the biomass component.
The biotic component is generally characterized only in
terms of cell numbers or cell mass with little attention
given to the physiological state of the organisms although
there have been some limited attempts at providing more
structure (Trulear, 1983; Bakke, 1983). Within the
restrictions of unstructured microbial process models, four
fundamental rate processes can be identified:

growth
product formation
maintenance and/or endogenous decay
death and/or lysis

Any or all of these processes may be occurring in a

biofilm at any time. Growth refers to cell growth and
multiplication. The cells also form products some of which
are retained in the biofilm (e.g., EPS) and some of which
diffuse out into the bulk fluid. The cells also have to
maintain their internal structure, another energy-consuming
process. If nutrients are depleted or toxic substances are
present, death and/or lysis ensues.

The rates of the fundamental microbial processes are
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difficult to measure directly and are generally inferred
from more easily observed rate processes. The more
familar observed rate processes include the following:

substrate consumption
electron acceptor consumption
bi omass production
product formation

Table III--i presents the relationship between
fundamental and observed process rates. The stoichiometry
of the process is qualitatively represented by each row in
the ,matrix (- refers to reactants and + refers to products).
The Columns of the matrix indicate the fundamental rate
processes that may contribute to the observed rates (last
row in the matrix). For example, substrate removal (column
1) is the net result of growth, maintenance, and product
fiormation.

Trulear and Characklis (1982). Bryers and Characklis
(1.982 2* and Trulear (1983) have used process analysis
techniques in experimental biofilm reactors to quantify the
fundamental rate processes within a biofilm. Their results
suggest the following:

'. The growth rate of cells in the biofilm can be
estimated from their growth rate in chemostats when
substrate concentration in the microenvironment of the
cell is equal.

2. Product formation by biofilm cells is generally the
same as dispersed cells and depends on substrate
loading rates as well as substrate concentration.

3. Maintenance requirements are essentially negligible
until the biofilm becomes very thick. Even then, the
results of anaerobic metabolism deep within the biofilm
may be mistaken for maintenance energy requirements.

Process analysis techniques may be useful in
determining whether attached cells are more active than
dispersed cells. Substrate removal rate alone is not a
sufficient criterion for comparing their activity since
substrate removal is the net result of several fundamental
processes. Removing the cells from the surface obviates any
relevance in subsequent measurements which purportedly
describe the activity of attached cells.

MASS TRANSFER AND DIFFUSION. Analysis of biofilm process
rate and stoichiometry are frequently complicated by
significant mass transfer resistances in the liquid or
diffusIonal resistances within the biofilm. Trulear and
Characklis, (1982) have observed that substrate removal rate
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increases in proportion to biofi'm thickness up to a
critical thickness beyond which removal rate remained
concstant. The critical or "active" thickness was observed
to increase with increasing substrate concentration. This
behavior has been observed by others (Mueller.et al, 1966;
Baillod and Boyle, 1970; Willamson and McCarty, 1976; Matson
and Characklis, 1976) and attributed to diffusional
resistance within the bioiflm. Once the biofilm thickness
exceeds the depth of substrate penetration into the biofilm,
the removal rate is unaffected by further biofilm
accumLIl at i. on.

The biofiilm rate processes may also be controlled by
mass transfer limitations in the bulk fluid phase (Trulear
ard Characklis. 1982). For example, substrate removal rate
is dependent on fluid velocity past the biofilm. At low
fluid velocities, a relatively thick mass transfer boundary

E.ayer can cause a fluid phase mass transfer resistance which
decreases SUbstrate concentration at the fluid-biofilm
interface and, thereby, decreases substrate removal rate.
Two factors may result in low mass transfer rates from the
bulk fluid to the biofilm:

low fluid velocities
dilute liquid phase concentrations of the

material being transported

Much fouling biofilm research has been conducted at
relatively low flows or in quiescent conditions. Mass
-transfer may be the rate-controlling step in the overall
process in these studies and, without further analysis, may
be confused with the rates of more fundamental processes
such as growth rates, adsorption rates, etc. In highly
turbulent systems, mass transfer in the liquid phase is
rarely a significant factor.

SUMMARY OF BI(3FILM REACTIONS. The microbial processes
occurring in a biofilm are more complex than suggested by
the four fundamental processes defined above. However, this
classification has been useful in determining, to some
extent, the flow of substrate energy through the bioflm.
Mathematical description of the kinetic expressions has also
been accomplished (Trulear, 198). Further structuring of
biofilm processes may await more sophisticated methods for
observing the processes within the biofilm (as opposed to
the influence of the processes on the overlying liquid
phase) and more specific identification ot the products
being formed.

Bakke (19B.) has observed a remarkable biofilm
phenomenon which demands more attention. He increased the
supply of growth substrate step-wise to a biofilm and
observed the following:
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a. immediate detaczhment of biofilm material
b. biofilm cell numbers remained constant
c. specific substrate removal rate and product formation

rate increased instantaneously

These observations cannot be described with
unstructured models but suggest that the biofilm organisms
may slough their EPS in response to the "shock". In
addition, the attached cells seem to possess a "reaction
potential" which is expressed in response to instantaneous
increase in substrate loading. The experiments clearly
indicate the need to observe microbial physiology while the
organisms are attached in their growth environment (in
;itu). More attention must be directed to transients
because of their relevance to natural and technological
phenomena.

DETACHMENT OF BIOFILM

Detachment of microbial cells and related biofilm
material Occurs from the moment of initial attachment
However, the macroscopic observation of biofilm detachment
is easier as the biofilm beccmes thicker.

Detachment phenomena can be arbitrarily categorized as
shearing or sloughing. Shearing refers to continluous
removal of small portions of the bioFilm which is highly
dependent on fluid dynamic conditions. Under these
circumstances, rate of detachment increases with increasing
biofilm thickness and fluid shear stress at the
bioFilm-fluid interface (Trulear and Characklis, 1982).
Sloughing refers to a random, massive removal of biofilm
generally attributed to nutrient or oxygen depletion deep
within the biofilm (Howell and Atkinson, 1976) or some
dramatic change in the immediate environment of the biofilm
(see previous section). Sloughing is more frequently
witnessed with thicker biofilms developed in nutrient-rich
environments. Shearing is probably c- urring under the same
conditions under which sloughing is u-. rring but no such
direct measurements have been attempted.

HYDRODYNAMIC INFLUENCES. Both Powell and Slater (1982- and
Timperley (1981) conducted studies to determine the
influence of fluid dynamics on detachment. Both
investigators observed an increase in detachment with an
increase in Reynolds number, i.e.. fluid velocity.
Timperley also considered different tube sizes and, within
that context, concluded that mean fluid velocity was more
significant in determining cleaning effectiveness than
Reynolds number.
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As fluid velocity increases, the ViSCOitS sublayer
thickness decreases. Consequently, the region near the tube
wall subject to relatively low shear forces (i.e.. the
viSCOUS SUblayer) is reduced. As a result, there (nay be
some upper limit to the effectiveness of any cleaning
operiiti on bas:ed on fluid shear stress. The viscous subi ayer
may provide a valuable R przori criterion for predicting
thf: Ma:;iMUM effectiveness (the minimum thickness attainable)
o aniy cleaning technique dependent on fluid dynamic forces.

Detachment processes Must also be significant in the
processes of cell turnover in the biofilm. As a biofilm

-l~vops, succession in species is observed. Trul ear (1987I)

*.ev opda biofi lm of PsqeudoyDora5 aerug .nosa in
zuuditicons of relativiey high shear stress and then

chollenqed it with SphaeErotzlas natarns. The SphaerotilLlS
c K 1ly b~eCamp. the dominant species within the biofilm.

Detachment, infl Iuenced stronglyv by f1lui d shear stress, may
-r - vS to "wash :)ut" orcianisins from the bi oil m.

CHEM[CAL TRFATMFNT. Detachment may occur for reasons other
thnhydrodynamic forces. EBak.ke (1983) has observed massive

d, tachment when substrate loading to the biofilm was
instanta.neou(sly doubled. He hypothesizes that cell
membrane potential plays a key role in the phenomena.
Turakhia, (unpublished results) and (Charackl-is. 1960) have
observed dramatically increased detachment upon the addition
of chelants (ERTA and EDTA. respectively) Suggesting the
importance of calcium to the cohesiveness of the biofilm..
Many other chemical treatments have been used to detach
biofilm material with varying success including:

chlorine (Characklis e't al, 1980; Characklis and
Dydek, 1976; Norrman et al, 1977)

bromine chloride (Eongers et al, 1977)
tbromo-chloro-dimethyhydantoin (Matson and Characklis,

19133)
S~irf act ants

SUMMARY OF DEIACHMENT F'ROCESSES. Detachment processes must
play a major role in the ecology of the biofilm. Detachment
from and absorption into the biofilm of microorganisms
provides the means for interaction between dispersed
(plank tonic) organisms and the biofilm. Detachment of
biof-Llm is the major objective of many anti-fouling
additives used in manufacturing processes.

Very little is known regarding the kinetics of
detachment and the factors affecting the removal. Such
tinetic expressions would he useful for modelling purposes
and for serving as comparative criteria in testing of
alnti --foulinq treatments.
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IV. PROPERTIES AND COMP051TION OF BIOFILMS

Microorganisms, primarily bacteria, adhere to surfaces
ranging from the human tooth and intestine to the metal
surface of condenser tubes exposed to turbulent flow of
water. The microorganisms "stick" by means of extracellular
polymeric fibers, fabricated and oriented by the cell, that
extend from the cell surface to form a tangled matrix of
extracellular polymer substances (EPS). The fibers may
conserve and concentrate extracellular enzymes necessary for
preparing substrate molecules for ingestion, especially high
molecular weight or particulate substrate frequently found
in natural waters.

The biofilm surface is highly adsorptive, partially due

to its polyelectrolyte nature, and can collect significant
quantities of silt, clay and other detritus in natural
waters.

Physical, chemical, and biological properties of

biofilms are dependent on the environment to which the
attachment surface is exposed. The physical and chemical
components of the microenvironment combine to select the
prevalent microorganisms which, in turn, modify the
microenvironment of the surface. As colonization proceeds
and a biofilm develops, gradients develop within the biofilm
and average biofilm properties change. Changes in biofilm
properties that occur during biofilm development must be
considered when attempting to predict the influence of
biofilms on the immediate environment. These changes have
been largely ignored in past studies.

PHYSICAL PROPERTIES

Relevant thermodynamic properties of biofilm are its
volume (thickness) and mass. In turbulent flow systems, wet

biofilm thickness seldom exceeds 1000 um (Picologlou et
al., 1980). The biofilm dry mass density can be determined
from the wet biofilm thickness if the biofilm mass and the

wetted surface area are known. The dry mass density
reflects the attached dry mass per unit wet biofilm volume

and measured values in turbulent flow systems range from 1(-
- 50 mg/cm - . Biofilm density increases with increasing
turbulence and increasing substrate loading (Picologlou et
al. 1980; Trulear and Characklis, 1982). The increase in
biofilm density with increasing turbulence may be caused by
one of the following phenomena:

1. selective attachment of only certain microbial
species from the available population

2. microbial metabolic response to environmental
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stress

7. fluid pressure forces "squeeze" loosely bound
water from the biofilm.

The relatively low biofilm mass densities compare well
with observed water content of biofilm (Characklis, 1980;
Charac:klis. 1973.)

The transport properties of biofilm are of critical
importance in quantifying effects of biofilms on mass, heat
and momentum transfer. Diffusion coefficients for various
t nmpounds through microbial aggregates have been reported in
the literature (Matson and Characklis, 1976), mostly for
fIoc particles. Matson and Characklis (1976) report
vriation in the diffusion coefficient for glucose and
oxyqen with growth rate and carbon-to--nitrogen ratio. In
biofilms, the diffusion coefficient is most probably' related
to biofi.ln density. Ir situ rheological measurements
indicate that the biofilm is viscoelastic with a relatively
hinh viscous modulus (Characklis. 1980). Reported biofilm
thermal conductivities are not significantly different from
water (Characklis et a]., 1981).

CHEMICAL PROPERTIES

ELEMENTAL COMPOSITION. Inorganic composition of biofilms
undoubtedly varies with the chemical composition of the bulk
water and probably affects the physical and biological
structure of the film. Calcium. magnesium, and iron
probably affec.t intermolecular bonding of biofilm polymers
which are primarily responsible for the structural integrity
of the deposit. In fact. chelants are effective, in
detaching biofilm (Characklis, 1980; Turakhia, unpublished
results). In heat exchangers, corrosion products and inert

suspended solids can adsorb to the biofilm matrix and
influence its chemical composition. Characklis (1981)
reports ; range of inorganic compositions observed in
selected biofilms.

MACROMOLECULAR COMPOSITION. The organic composition of the
biofilm is strongly related to the energy and carbon sources
ava)lable for metabolism. Classical papers (Herbert, 1961;
Schaecter et al.. 1958) have demonstrated the effect of
environment and microbial growth rate on the composition of
the cells and their extracellular products. For example,
nitrocgen limitation can result in production of copious
quantities of mi rohLal extracellk ular polysaccharides.
C(haract lis (19R1 presents data on the composition a+
biofilms developed in the field and in the laboratory. In
terms of macromolecular composition, Bryers (1979) has
measured protein-to-polysaccharide mass ratios ranging from
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c) to 1() (polysaccharide concentration in terms of glucose

and protein concentration based on casein) with increasing
biof ilm accumulation. Other chemical analyses of biofilm
have been reported by Bryers and Characklis (1979).

CELLULAR DENSITIES

The organisms which colonize the attachment surface
will strongly influence biofilm development rate and biofilm

chemical and physical properties. However.
organism-organism and organism-environment interactions
undoubtedly shift population distributions during biofilm
accumulation. Several investigators have observed
succession during biofouling. The first visible signs of
microbial activity on a surface are usually small "colonies"
of cells distributed randomly on the surface. As biofilm
development continues, the colonies sometimes grow together
forming a relatively uniform biofilm. The viable cell
numbers are relatively low in relation to the biofilm volume

(104 - 10 cm -- biofilm) occupying only from 1-10
percent of the biofilm in dilute nutrient solutions
(Charac~lis, 1980; Trulear. 1983). Jones et al (1969)
present photomicrographs which corroborate these data.
Areal densities have been observed as high as 1011 cells

m- 1 (Zelver. et al. 1982). Many surfaces, presumably
clean but untreated in any rigorous way, contain as many as
101 cells m -2 (Zelver. unpublished results).
Sometimes it is not obvious that the precautions described
by DiSalvo (1q73) have been ta:en when withdrawing substrata
from the aqueous phase through the air-water interface.
This interface, which I rich in bacteria, will contaminate
surfaces drawn through it and lead to over-estimations of
the numbers of bacteria atached on ex.perimental substrata.

In many cases. filamentous forms emerge as the biofilm
develops further. Hvpho'.c-obiu.. Sphaerotilus (Trulear
and Charac~lis, 1982) Caulobacter (Corpe, 1970)
Saprospira(Lewin. 1965) and Beggiatoa (Heukelekian,
1956) are frequently identified. The filamentous forms may
gain an ecological advantage as the biofilm develops since
their cells can extend into the flow to obtain needed

nutrients or oxygen which may be depleted in the deeper
portions. Obtaining representative cell numbers from
filamentous biofilms is very difficult.
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V. FACTOR S _.. INFLUENCING -FUNDAMENTAL -RATE -PROCESSES

Fhysical. chemical, and biological factors influence
the fundamental rate processes. These factors influence the
rate as well as the extent to which fouling deposits
accumLUl ate.

FHYSI CAL FACTORS

The most important physical factors affecting the
fundamental processes are shear stress, temperature (bulk
fl(Ald and surface) , and surface (micro) roughness. All
three factors influence transport. interfacial phenomena,
detachiment and reactions at the interface. Only temperature
wNiT influence reactions within _the depsit. Other factors
ifluence foul ing processes at the macroscopic system level

including geometry or configuration of the heat exchanger.
residence time, and physical treatment methods (e.g.,
Amertap, MAN brushes) .

CHEMICAL FACTORS

The chemical factors influencing the fundamental rate
processes are too mumerous to list. However, some of the
more important are pH, Ca--, Fe..., Si. dissolved
oxygen, and organic carbon. These factors do not affect
transport rates but may affect interfacial phenomena and
certainly influence reaction rate and extent in the deposit
and at the metal surface. Another chemical factor
influencing fouling processes is the metal alloy. There
have been numerous tests which have evaluated the fouling
and/or corrosion potential of various alloys. The influence
of surface (micro) roughness versus surface chemical
composition, however, is not always clear. Internal
chemical treatment programs to minimize fouling provide a
multitude of other chemical compounds which influence
fouling processes. Chemical treatment programs depend on
the type of deposit and, in some cases, treatment for one
condition may be antagonistic to control of another. For
example, phosphorous compounds added to minimize
precipitation fouling may enhance biological foulng. Many
chemical compounds exert a significant influence on fouling
processes at relatively low concentrations which further
complicates analvsis.

EIOLOG7ICAl FACTORS

Riologic-al factors have their greatest influence on



37

biochemical reactions within the deposit where bacterial
cell numbers, physiological state of the cells, and
microbial community structure determines the influence of
the deposit on equipment performance (Characklis. 1981).
However, biological factors may also influence interfacial
adsorption/adhesion as well as detachment. For example,
microbial deposits contain significant quantities of
extracellular polymer substances (EF'S) which increase the
adsorptive capacity of the wetted surface and trap
particulates (Trulear, 1983). Microbial activity within the
deposit may also increase the cohesiveness of the deposit
(Zelver et al., 1982) forming an organic matrix which
provides resistance to fluid shear forces. Biological
factors probably influence the effectiveness of chemical
treatment programs in minimizing other types of fouling
(e.g., precipitation and corrosion fouling) although the
author has found no literature documentation for this
statement.
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VI. MEASUREME.NT -AND.SI.MULATI.ON,

NEED AND PURPOJSE

The e'-per-imenta1 i nvestigation~ of -tOUl1- iou isA
necessary And important roiute t.: obtaining an u-nderstanding
of the fundamental. pr-ocesses. If reliable fouling data
Couild be obtai ned on full-scale heat ex charige equi pment
us3ing the actual f1.luids. other- ffeasuremenits and si Dul ati or
would be Unnecessary. However,* many o-f the pararreters of+
interest vary1 considerably thr-ouihout the equipmrenlt -Anid, in
addi tion,* vary with ti me. As a resul1t., measur-ements in the
laboratory and in field locations are ncsayat: specified
and constant values for critical paramyeters .

LAEB(PA TORY MEASUREMENTS. The I aborator-y provi1de'S, the? pl' Oper-
envir-onment for conducting meciani Sti c studies whi ch le cad to--
useful.. model- in terms of simul ating real systems. (hese
tes ts are a "starting point." Physical, cheri cal * anid
biological factors can be contr olled at desir-ed levels.
Va[ iuable information can be obtained relatefd to desi3gn
concepts such as influence of alloy (aacli.et al.

98,fluid VelcICity, tu~be geometry (e.g. enl,- ncued heat
transfer- surf aces) , and temperature profiles (Chatrackli-,

1979) The effect Of water- quality (chemical and
bi ol ogical) on these factor-s can also be eval uated.
Operat ion and mai ntenance pr-oc.edur-*es can be evaluate--d. F o r
example, laborator-y tests can evaluate the effecti./n-,-- VCiC3

a tr-eatment (chemical or phy/sical, procedure applie--d -At
vary~ing frequency (Norrman et al. 1 ,777; Zel ver et il.
1981). These tests f requentl y i denti fy the aperatincl
conditions which are best for a given tr eatment prCcedUr r-..
Laboratory experimentation fr-equentl1y reSUltsi: in de-velopjment
Of Measurement techni ques Usefuil for- field te-ts .. nd
monitoring (Characklis et al, 1981).

Aside fr-om mechanistic data and testing, la-;borato:ry
tests are generall1y less expensive than -field tests based on
value of the information obtained.

FIELD MEASUREMENTS. Measurements at the operating pl nt are
essential because no system can be Simulated perfecti ,,. Lqu t
the purpose of field measurements is generally monitor-ing
equi pment performance and/or- warninrg of impending probl ems.
Field Measurements which simulate the equipment environment
could be used to evaluate the effectiveness of+ irnternal
chemical treatment programs buit this activity, -for reasons
Ulnknown, has been rare. Field tests have been used to
evaluiate the influence of physical factors and a limited
nuL~mber of chemical fActors on fouling and corrosi on. For
example, the performance of different alloys is presently
being tested at a power plant site using an instrumyent which
Simulates the heat exchange equipment (Zelver etal
19 82) Field tests are also useful in evaluatinig the
performance of contemplated changes in tr-eatment progr-ams
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quan 1 t i t
A. T per i +i co i un Within the
d e posI t
b . fo t bio'f i ms. microbial activity
withiFn the dleposit

Di ~ci masuemet.inclu deS- deposit mass and deposit
thicinssand I S esisent '.al for several reasons. Calibration

0+any ndi rect myethod itrnvo]. es comparison with actual
4uan01tlity O'f aC-CUMUlated deposit. Direct measurements are a

fltLOI-At/when usi3ng Mass conYiervation equations to
deterti ine process r, ates and stctxchj ometry. Direct methods

:tl t, il!. :, !nu;u l Ii r eIa(-l ncj depo!sIA t AC:CUMtltat ion t~o 'flu id
frit. t urial r5.Ltaceanid heAt t rans'fer r esi stance in a.
A.t ) otail w ay,.

Indirect me-Lhods pt ovi de si gnif+1cant bernefits in ltdi ng
nrr-eised sensi ti±vi Ly. Fur e-xample, organic car-bon analysis

U+ L.Yj'fi Mi 1i~ aS mLIch 4-1 25 times as sensitive as bio'fi im
ma0ssz mHeas41trement.s- (Char ad is et 1982e.-) In this

*_a':: *th sec1 . L.corLIst i. ~tt o4: the deposi t (i *e..* organ i
(.Arbori) prt:'-vides An ex<cel lent measure of accuimutlation.
Hk,:iweveF .. if Lhe deposit. c ortai nis a large amount of sil1t and
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sedimient,* organi c carbon m'-nr't i~e r epr eser tt: ./e

Iridi1r ec~t methods 1 iclude m-on L tori nc the 1 ec oif
depoisi ts on hea.:k tranf er and fl1u id fvicti oral ei~tac

diacusedabove. i hese techn i qies hiave trenm ciS(.ULn3sFd irn
moreC detail1 b v others a Charac k is tztE., 1 V0~ 1 doc
inodicrate that the i n-f ueicie r)+ depos i to7 on hecat arnd -roomentirm
trans-fer depends strongly on deposit caatr~ tia~.q
composi t ion * thermal condk-ct iv i t 9 rtil-n

C.HARACTERIS'TICS OF FOUl.. I NG DEFT1S5I I. 1:001 lng clepos tE. can

e.-h j.bit a wide range u-f cheimi cal and miCo lcom)pcSi tIC-Fr
Not sk.rprisingly then, two deposit- of equiAl thcseaCan
i nfl. en~ce heat and momentuo) tran-sfer in da icl
diffePrent ways:;. The reason fjr this behavior ii: wi del ,
varyi nq deposit thermal C OniLIC-ti±vi ty and roi-tihnfe-sa :
i nd icated in -rab le VI-I. hrr-a. onodepi S aa
nec. essar-y preI. i minrary to choosi ngjcnL-:isrtc

-resumi ng an z,. siztu. dleposi t thic(;i< e S ineEu Ekremrent Is
posibLie *- effect ive deposit ther-i-a]. conduct ivi ty and
ro~ughneF-s-, can be determi ned thr ough mieasuremrent~s (-f
conductivye and convective heat transfer re:si stance, I iuci
fri cti onal resi stance, arnd enqirieeri ng correliat iora. Thl S
2r) Sitcu di agnostic method isF pre-Eentl1 beinqc iiicur-porated
i nto an on-li ine fouli:Lng mroni to:r. SUCh a di acnoiat ii tool
Wooldc -f inrd advantacle as a.+cdhcI control dcv ie .( cin a
operatting pl ant (or- on shipboard. A,- mnor e dJataz -A(cm C-L-.I-AlAt ES
deposit comrpos it ion C~Oo 1 be caL £atdfom th-er ma].
conductivity and r-OUghness detiriri natiocrs i n m-uch the tsame
way as chemi cal comFpos t io.n ica deter-mi ned +rom- "1 i brai (,s"
of spectral da-ta associ ated with gas hcmtrapms.
spectrcmetry. Field data of thli a type-, WOoldc ai -<c conitt i bu-te
to empi r i cal relAionships5 Usef ul f Or Pr1edictn fouliI 'V-
processes as A f Urnction of- znvi 'ornm-nt ... pr-(-vi cdi i t hot
the- appropr i- ate en vi roniTICnIt. f faCt t (Jr a-re kno.wn or meI?,asur odL

(i 1brair y fil1e (-f (:lpc,,zi t proDper ties a- nd c ompo-c iitt s c i f
ti a t ype E, i s ts aniid is b ei r c e *: p ancdle=-d a I- r aciu C1 U 1kvc.fI L era tA-.

I MPORTANT ENV IRONMENT AL F ACTORS. Ther L are miany7 fac.tor s,
wh i ch i r if I uen c e t he r ate(- anrid ecii te rt o:,f fou i UncIj p r ocr-e ss.es btDIt
the pri mary oines certain-,Iy i ncl Uc:Ie bul k< water duLAl=II ty1,
(ch--emi cal and bi ol oi cal ) . temperaturel (bubl k< wter anid
sur face' , fl1ui d shear stress a-t. the surface, and the natur &
of the surface 'al loy) . 9uperimpocsied on thiev-e -factor- is
any chemi cal (or physi cal. treatment proc 'razm regulAarly
employed to minimize the effects of foul mic.

Foul ing is a heterogeneous process i n that it gurc
both a liquid Arid siolid phase. Consequenitl v.conc entr ati ons
and compositLions at the 1 1 ui d-aol id interf+ace determi ne the
pr ocesses which control deposit ioni. Unforturnatel y,
interfacial conditions are e.-tre.me] y difIC~Ul t. to measure
ex.,cept under controlled laboratory condi'C.io--ns RIa
interfac ial Processes must be rel ated to the bi.' I water
env ir onment . Under these limitations, data int-rpretati or
muist prouceed with caution)F and a thor(DUgh proce-ir~. *-anal ysi a.
mus.A. be accomplished before Val id cotuiaCon be drAwn.
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Type Deposit Thermal Conductivity

(watt m - 1 C- 1 )

Biofilm 0.63

Calcuim Carbonate 2.26-2.93

Combined Biofilm/Scale 1.61

Type Deposit Deposit Thickness Relative Roughness
(cm) (dimensionless)

Bioflims 0.0040 0.003
0.0165 0.014

0.0300 0.062

0.0500 0.157

CaCO3 Scale 0.0165 0.0001
0.0224 0.0002

0.0262 0.0006

Combined Bioflim/Scale 0.0118 0.006

0.0363 0.04

[ r i~.:~rti~ U "'/ir I ous~E CIL ~1 ng
S.I e.: I c'.. i . a ci tmrI c: ar b n at E.

t I ir 1a , c. ci duc:t t e'B - r f ur Dr- ,t

11,II ~ L.: 1 I r ,,rpc:,wat 1nr- (1 Y79)
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Char ac: kIi s, 1.97?).
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~sAn i .[ u-t r at i cn ,. consi der bi. u4f OU I n.rg i n an open
recir-ciulIat inci co 0011rig tower-, ~R CT sstemin. It L b e I j evt-d
4-jr- mnan, )/ears that bi ofo-Ul 1 fl wa C.Fe1 re it ed t C t h E
col oro--formii na unit-- -(IFM) mneasured b,/ & 0 at1.e ccun t
procedur E. Recently, data was pr eretecid~o clI

al 1981 which i ndi1c ated rico re Iat ionsh ip tewe
the bulk water arnd foi..ti rig as measured by hea t trans~ter cr
fl1ui d -fl1ow measuremenits. The l.ack o-f cor-rel .-At i on cz.Arn be
;-Attr ibuted tc. the numrber of proceseies cnriutrcor
remov/ing ci ogani smin + ror the bUll- water p ri a - F.- Or 1a n 1 si (I
enrt er thtie c oolI i.ii g to w er b u, I w ate r t h roh ci I e mila ke -u1p
wLA t er ,b y g ro()w th arnd t ep r-od U Ct 1ion w 3 t Ii i n thtie b u I L: wate r-.
+ rom the cai r arid by detachiment f rCT cm hiuf IIC ed scfa:c
Lrgani sine leave the RCT sys-temn hul. FwerIn the. hi wdol-In
and dr 14 t * by adsorpti on to s urfac!: within t-he- RCT ' .vstev.
and bv "death," at 1etprtIa1 dLE- to b a or ide

app a ati o .Gb viousi y. the riumber o--f IIIU 1in !-he coc-tv-c!
wiater- i= not st ri1ctl1y rel ated to the e.. enit of b i. af or ui .L 1-QC
trio RkC[ systemn.

Fey cheical constituents whji-jch infl1.uence 4 Cwri 1 . n C;
processes; 07rClUI i ,ide La g f-..l F-5
07!, F0 4 :3 , i Do ( a nd r eIa t ed 4or) *in z)
50 42, C1-, and organic carbon.

tio LAIV t emip e r at ure i nflI u enc: e~ m.. ust c: hen in--:. =1 Iand
b. ocheini Ca,,l react ion processes as well. as tr-prt rate
p ro esses.e 5 o u I1 n g p rr.)-e s ses a re n o e<C-+e ptc :n Casf .1 f)di1 cat e.d
in Figiure VI-l which indicates the progression (-.4 f .luid
fri Cti onal resi stance as a function ovf bulk: water
temperature in a t:)i ofouLlirig environment (Stathopou:i, 1 I90- 1
The most del eter ious effects are ob-ser-ved at 4'L

1 (4~ F) -Su rf a ce t emp er a tUre o.lso I ['If 1 uAPrlCEneS +fouI F1 rg
processes as indicated ini Figure VI-'-2 which ndicates th e
m-1aXimfum biofouLl in-g deposit th].ckness attained as -A fiunctirjn
of surface temperature and nutri ent l oadincg rate
(Char acV 1i is, 1980). One important observation fr-om these
data is the !significant in 'teraction between variablesi, in
this case,* surf ace temperature Anid nutrI ent .lo(ading rate.

Fluid shear stress is critical in foul FICI environrneritB:
siince it strongly in-flUences transport and detachmnent r, -)tes.
Figure VI-3 indicates the influence of fluid shear stress on
bi omass accumulation rates (IBryers anid [haracki is, 19R.11
Accumulation rates are higher at. the higher flow rate
suiggesting that transport domina-:tes ovrdetaChmenlt in this
system during the early st ages oi deposit forinaticjl r- .F1igur-t
VI-4 iLndicates the influence of shear stress on- flui~d
frictional resistance changes- caused by biof ilin aCCuAmulation.
(Turakhia, unpublished results).

Finally, the comnpositi.on of the surface materimij
influences the rate of deposit ion. Fi gures X -5 airid Y-6
depict the progress of biofouling deposition on t'.atniu arid
copper -n ic(-kel in a laboratory sea water- system (Cha.rackji
et al.. 198:). If only total deposit mass 1.7. co.-nsi der ed.
the copper--nickel alloy fouled to a Much gr eater e'. tent than
t itani LM, However, consideration of vcdati I deposit mati-.
suggests that 'biofouling" was essentially the same in the
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two alloys. Other analyses indicated that much of the total
deposit mass on copper-nickel could be attributed to
corrosion products (Characklis et al., 1983).

II

_____ ____ ____
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VII. MODEL REACT.ORS

Model reactors used in the laboratory provide the
capability of investigating fouling phenomena with complete
control of water quality. In contrast. field studies
frequently provide no control of the chemical, biological
and physical water quality parameters which critically
influence the fouling process. Critical water quality
parameters include:

CHEMICAL
--inorganic: concentration
-organic concentration
-pH
-dissolved oxygen
-biocide type
-biocide concentration

B I OLOG I CAL
-organism type(s)
-organism numbers

PHYSICAL
-water temperature
-hydraulic residence time

In order to study the effect of any one of these parametet s
on the rate and extent of fouling or on the removal of a
fouling deposit, control of all other parameters is
required. Fluctuation of these parameters in the field
exclude the use of field monitoring for developing
fundamental models of the fouling process. In additior,
there are practical reasons for conducting fouling studies
in the laboratory including the following:

--Eliminate expensive transportion costs to field sites.

-Shorten experiments by operating under conditions
designed to promote rapid fouling.

METHODS

Figure VII-I shows a schematic of the continuous
stirred tank reictor (CSTR) concept employed in our
research. Figure VII-l also indicates the environmental
control capabilities of the CSTR system. Methods have also
been developed for measuring characteristics of a fouling
deposit including:

--thickness
-mass
-extent and distribution of area covered (patchiness)
-numbers and types of microorganisms
-organic and inorganic constituents
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CSTR WATER SUPPLY SYSTEM

Inorganics organics
r I

_ _ _ dilution'
CSTR CONTROL -_pstat water

CHEMICAL 7 organics inorganics

-surface material
-surface roughness
-light exposure

PHYSICAL

-surface to volume ratio
- surtace temperature
- surface roughness

-fluid shear stress WATER SUPPLY

4 CHEMICAL

CSTR -Inorganic conc
-organic cone
-pH

CSTR MEASUREMENTS -dissolved oxygen

EFFLUENT BIOLOGICAL
-chemistry
-organism type -organism type
-organism numbers -organism numbers

DEPOSIT PHYSICAL
-chemistry
-organism type -water temp
-organism numbers -hydraulic detention time
-thicKness
- mass
- morphiogy

UNDER DEPOSIT SURFACE
composition (SAM)
pitting Index

F.t LI' rE' ')TI -1. A tc terncatic d.i agram c-.4 the
Cort; ir-1JuoLS stirred tcn k reac:tor-

LSIVF' concept uts!,ed in this
r e.,E,ir c )
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-deposit morpholoqy

The CSTR system consists of a I) a water supply sl'5tEoil
where water quality is controlled and 2) the ESTR where
conditions at the fouling surface are controlled. (hemincal
and physical factors which describe conditions at the
surface include:

CHEMICAL
-surf ace material
-light ex.posure

PHYSI CAL
-surface area to volume ratio
--surface temperature
-surface roughness
-fluid shear stress
-surface roughness

Reaction time in the CSTR bulk water is dependent on
the hydraulic residence (0) which equals liquid volume
divided by water supply flow rate ( 8 = volume / flow
rate). Control of 8 provides a number of benefits
compared to operating with a once-through flow:

1. Growth rate of bacteria in suspension
(non--attached) is equal to 8. If only wall.
growth is desired, the CSTR can be operated
with a e significantly less than the maximum
specific growth rate and suspended bacteria
will wash-out before reproducing.

2. Operating with a long hydraulic residence time
requires less water supply and consequently
less water supply chemicals compared to
operating a once-through system.

Bi can be varied during an experiment if an
approximation of a once-through system is
desired. For example, an experiment may be
operated at 8 = 30 minutes during development
of the biofilm and operated with a 8 one
minute while a biocide is applied.

GEOMETRIES

'4 number of different reactor geometries have been used
to study fouling phenomena because of their relative
advantages in particular applications:

1. A tubular system is used because it is the
prevalent geometry in heat exchangers and also
because a wide variety of alloys are available
in this form. Fluid dynamics in this geometry
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at. Ie I de4 Imed.

A rot.ting annular reactor is used because of
Lts cm:iipactness and ease of operation. Such a
-earct0)r also permits nu~n-destructive sampling
uf the fo,.,lirg deposit.

7. A A (I al :lo w -eactor is used because it
prOvides a de4 ined ranqe of fluid shear stress
roriditions Timultaneous ly at the fouling
srf ace.

-1. (i rot-4it-1 : di ,'-[ reactor also is used because it
i'dvies a de fined range of fluid shear stress

cLr id it :L ons at the +oul ing surf ace while
ea i ni riq a unifor, mass transfer boundry
la,/et o.,er the entire scur+ ace..

Each f., the model reactors may be operated as a CSTR
,, tOhthe desired water supplied as indicated in Figure

vicaliy when large volumes of dilution water are required.,
tap water treated to remove residual carbon and suspended
sriljs is used. Nutrients, glucose, micoroorganisms and, in
some cases, a syntheti- growth media are added to the CSIR
to provde the necessary mineral energy, and carbon
reqttlrements for nicrobial growth.

TUBtILA" REPACTOR. The tubular reactors are CSTR's with
tlternal recycle as indicated in Figure VII-2. This system
is t vp:call> used when modelling heat transfer tubing or
-jater supply conduits. Often. the experimental system may
(un :in the all*/ and ac:tual tube diameter being simulated.

Advantages of the tUbo] ar configuration include the
,foil owinrg:

I. At hiLh recycle rates employed (recycle flow
rate - dilution water flow rate), the reactor
.cntents are completely mi.ed and no
.oncentration longitudinal gradients e.ist in
the liquid phase. This simplifies mathematical
descriptions and sampling. It also provides a
relatively LLnif(rm biofilm in the recycle
section while allowing simple control of pH and
temperature.. From a practical standpoint, this
system ii fini:LU Lzes the consumption of water4
iiicrobia] nutrients and other chemical
aci di t i ,;as.-

. A short hydraulic residence time can be
maintained which minimizes biomass activity in
the bull 41.tiid and restricts microbial activity
in the system to the reactor surfaces.

79 Fluid shear stress at the wall in the recycle
loop is independent of mean residence time in
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thte c- rEc cr s yst em.

F aC h- t Lbul.I --r reac tor syst em may i ncor por ate one or mare
c4 t. i e f cd 1 ow ingq tYpei: (--, t ubUlI ar sec t ion s:

1. A tUbular- test section Ln which pre SLure dr-op
is moni1tared by a manometer or pressure
t~rrAnsducer di-r ng bioaf il1m devel opment. F1lui d
fri i 071.onal re i stance can be cal. cul ated + rom
f ] ow r at,. te and pr essure drop measurements.

A te-t heat e,:charnger section in which changes
i r h& tr-,-n!sfer rei stance are moni tored as a

f~ICir o+ Licof i ]m devel opment.

A. tubular section or sleeve which contia;ins
removale slple tu~be-s. Sampl e tubes are
reic~edperiodically for determining biofilm
Lc. k ret:L) bo-f i Im ma ss,. or biof ilm chemical

11 A CqIL 35 tubUlar secti on for- Visual or-
mi. croscopi c observati ona. Per iodic micrographs
or videc, recordings of biofilm development may
be obtained using a transparent section.

A reF:ctangu~Llar- duct section may be Used when
samples of bio:film developed on a flat-plate
are desired. Th is is parti CUl ary desi reabi e
whenr- per-idi c access to a deposit is requri ed,
for ins:--tance, using probes to obtain chemical
prof-ii es within A deposit.

ANNULAF: REA~CTOR. The annular reactor is a potential.
irethod -for monitor-Itng bi of iim devel opment because of
its sensitivity,, particularly to changes in fluid

r FLct.i~xd]. resistance. Furthermore, changes in the
foil inq deposit can) be monitored continuously and

'The annular reactor consists of two concentric
cy/inders, a stationairy Outer cylinder and a rotating
inner cylinder (FiCgure VII-1) . A torque transducer.
mounted on the shaft between the cylinder and the motor
dri.' ye, monitors the drag force on the surface of the
inner cylinder. FIluid frictional resistance is
c-ICUl ated from rotational speed and torqule
fim Acsuir emef-n t s. A removable slide, which forms An
nt ec~r .1 fit: with thc, inside wall of the outer-

idti*i s, us:ed to determine bi afilm thickness,
hi ottiff ma!~,-, and pt ovi de samples for determining
hio-f.lm rhemicra1 composition. The reactor is
completely mix.,ed by, either an external recycle or by
draft tubes in the inner cylinder which are designed
-for -Fluid mixing. The fluid shear stress at the wall
ran be vAr ied independent ly of mean residence time.
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R. I ATING DI. SK AND RAI) I AL. I LI.JW ILL4C[ I (JI-R. llhe'e t wt.
reactor designs are useful for studies when a range of
fluid shear- stress values are desired simultaneously
(i.e. investigating effect of fluid shear stress on
efficiency of a biocide).

RADIAL FLON REACTOR The radial flow reactor, as
designed by Fowler (1980), consists of two
parallel disks separated by a narrow spacing
(Figure VI1-4. Culture fluid is pumped into the
center of one of the disks at a constant
volumetric flow rate and flows out radially
between the disks to a collection manifoid. As
the cross sectional area available for flow
increases with increasing radius, the linear
velocity and fluid shear stress decreases. Thus,
high shear forces are present near the inlet and
lower shear forces are present toward the outlet.

ROTATING VISk REACTOR The rotating disk reactor
consists of a rotating disk placed in a solution
of fluid. The rotating disk has been used to
study the effect of fluid shear stress on biofilm
development because fluid shear stress varies with
the radius of the disk with the highest fluid
shear stress at the outer edge of the disk and
lower fluid shear stress values towards the disk
center.



53

SHEAR STRESS

(TURBULENT) = 0.0288/o v2F
(LAMINAR) = 3Fu/rrh2

Re=
II

4.125 --.

INCHES

kr

,~F volumetric
flow rate
CI t- t
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VIII. B IOF ILM-PROPERT IES -INFLUENCING -TRANSPORT -PROCESSES,

Biofouling of surfaces in contact with flowing water is
known to cause serious increases in fluid frictiorai
resi, stance (FFR) . This results in i ncreased pressure drop
and pumping requirements in conduitEs that require constant
flow or, conversely, loss in flow capacity i+ head loss is
held constant (e.g. gravity feed systems). Bio+ouling of
ship hulls results in reduction of peak ship speed.

A typical example of an increase in FFR in a power
plant water conduit is shown in Figure VIII-I. The (.).8 in
copper-nickel conduit exhibited a 30 percent increase in
frictional resistance after 15 days of operating with
brackish water. Table VIII-l documents other case histories
of biofouling in water conduits. Characklis and co-workers
have conducted numerous laboratory studies on the effect o
biofotiling on FFR using both salt water and fresh water
(Zelver. 1979; Picologlou et al., 1980; Characklis et
al,. 1981a; Characklis et al.. 1981b; Trulear and
Characklis, 1982; Characklis et al.. 1982; and Characklis
and Zelver, 1983). These studies document the dramatic
increases in FFR due to biofouling. In addition,
explanations are proposed for mechanisms by which biofouling
increases FFR.

FRICTION FACTOR

FFR is determined by a dimensionless friction factor
(f) which is calculated from fluid velocity and pressure
drop through the conduit (Olson, 1973):

d AP
f = 2.0 2 (Eq. VIII-I)

pf v

where,

d tube diameter (L)

AP = pressure drop (M L- 1 t- 2

Pf = fluid density (M L- )

= fluid velocity (L t- )

NOTE: Some texts use a constant of 0.5
instead of 2.0 in the friction factor
calcul ation.

At any given velocity, if pressure drop increases,
friction factor increases in direct proportion. A number of
factors may be responsible for fluid energy losses which
lead to increased pressure drop:
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13

0

0

IL

C
0

4-AVERAGE FLUID VELOCITY 5.6 FT/SEC

*~ IITUBE MATERIAL -- 90-10 CuNi

TUBE ID 13/16" (0-8125")
SALINITY 25 %.o

LL ~TEMPERATURE i500F

10 5 10 15 20 25 30 35

Time (days)

Figure VIII-1. Increase in frictional resistance due to
biofouling in the field (DeHart, 1979).
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0 7nr) ea ? I n Fl I U2d V iSCosi 2t V.

o Coc'n-triction of Tube Diameter

o V.is.:ou5 VissiPation due to Creeping Qctiorn of a
.. Urtace Coating. Brauer (196--) performed
e,-periments on form stability of the interior of
asphalt-l1ined pipes as a function of the flowing
water. A~t higher temperatures, the asphalt
coating assumed a. rippled surface structure that
was accom~panied by an unusual increase in
frictional resistance. Brauter explained the
phenomonon as an actual flow of the coating under
the action of fluid shear stresses. Energy is
dissipated by the asphalt being dragged along the
pipp Surface.

o (Iz5COt-5 7325szpatiOD within a Suarface Coating due
to an 05c ill atory Response to Turbul ent-Fi ow
E%-,:itatizor. The possibil.ity exists for a
Vas(o-elaStIC Surface to absorb energy from the
flowing fluid, such energy being eventually
dissipated through Viscous action.

o Inc-rea~-ed Surface Roughness. When the roulghness
of An inside tube wall surface is sufficiently
coarse, eddy currents develop which result in
energy losses.

LABORA~TORY RESULTS

Characklis and co-workers (Zelver, 1979;
Ficologlou ' et al., 1980. Trulear, 1980; Trulear
and Characlis. 1982) have documented the effects
of biofouling on FFR Using Tubular Reactors (TR)
having a 0.127 cm inside diameter and a
hydraulically smooth surface. These systems were
inoculated with a wide spectrum of fouling
bacteria and run with fresh water with addition of
inorganic: and organic nutrients. Monitoring
capabilities included measuring pressure drop,
-flow rate. biofilm mass and biofilm thickness. In
some cases, biofilm morphology was examined
microscopically. Results of these experiments
were As follows:

1. Inc-rease in FFR due to bio fila accumulation
during an experiment wvith constant flow-rate.
Figure VIII-2 shows the increase in pressure drop
in the fouled TR operated at a constant flow rate
of 150 cm sec-1 . Within 60'- hours pressure drop
had doubled.

2. oisof flow capacity due to tbia film accumulation
during an experiment wiith constant head <pressure
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Figure VIII-2. Change in pressure drop with time for a
constant flow experiment.
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drop.), F-igure VIII-3 shows flow Capacity was
halved within 60 hours Of operating with an
1'nitla flo-w Velocity of 195 cm sec-t.

RtelatiODn"hiV Of Riofil,, Thickness to Frictzornal
Re~stdce.Figure VIII-4 shows friction factor

increases with bio-Film thickness with the
exception of a begining lag. This lag is typical.
FFR is not evident until biofilm thickness reaches
a cr-it3cai thickness (in this case approximately

MFCHAN ISMS

Any or all of the mechanisms discussed above could
a-:ccount -For the dramatic increase in FFR. Each will be
discussed in order.

FLUID VISCOSITY. Fluid viscosity did not change during a TR
experiment. Fluid viscosity from TR experiments under
dii+ferent conditions was measured using a capillary
vi' ,cwreter. Flid visosity varied no more than 2.0 percent
-from~ water- for any experiment.

TUBE CONSTRICTION. Figure 'III-5 indicates: (1) The
increase in pressure drop and biofilm thickness with time
-For a ty pical experiment; and (2) the increase in pressure
drop +or a decr-oase in radius equal to the measured biofilm
thirkness. Pressure drop attributed to biofilm thickness is
Calculated by the ElaSiUS equation for a smooth tube (Olson.
197-7):

0.316
f dv 0.25(Eq. VTII-2)

V

wh er e.
d = tube diameter (L)
V =fluid velocity (L/t)

V = kinematic viscosity (L 2 t- 1

Constriction of the tube accounted for no More than a 10
percent increase in pressure drop whereas pressure drop due
to biofilm accumulation increased approximately 110) percent.
Clearly, the effect bf a reduction in tube diameter by
biofilm ACCUMul1.ation was minimal.

BLOFILM CREEP. Transport of biofilm in the TR system seems
an Unlikely explanation for the high frictional resistance
in the fouled TR system beause the biofilm coating always
appeared uniform throughout the tubing (biofilm transport
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Figure VIII-5. Progression of actual pressure drop compared to
the calculated pressure drop due to a decrease
in tube radius equal to the biofilm thickness.
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would require a steady supply of film or the wall coating
wou Id di sapear).

B IOFILM OSCILLATION. Rheological measurements performed on
biofilm grown on platens of a Weissenberg Rheogoniometer
established the viscoelastic nature of the biofilm (Zelver,
IQ 7°). As a result of the relatively large viscous modulus

(the viscous modulus was larger than the elastic modulus at
al] frequencies tested between 7 Hz and 12 Hz), the
possibility e,-'ists that the biofilm draws energy from the
f 1ow. such energv beinc eventually dissipated through
viscous action. The situation is quite complex and defies
;nilysis. particularly since there is a nonlinear coupling
between the structure of the turbulent flow and the biofilm
t esponse.

RIGID ROUGHNESS. FFR caused by biofouling has been compared
to the classical relationships developed for FFR due to
riqid roughness in tubes (Zelver, 1979 and Picologlou et
,:j. 1980). Extensive work on flow within rough pipes was

do ne by Nikuradse (1932) using known-size sand grains fixed
to the inside of tubes. Nikuradse's work describes the
relationship of friction factor to Reynolds Number (Re) for
a range of sand roughness diameters where Re is a product of
fluid velocity, tube diameter and fluid kinematic viscosity:

Re v d (Eq. VII-3)

where,
v = fluid velocity (Lit)
d tube diameter (L)
v = kinematic viscosity (L2 /t)

The relationship between friction factor and Re for a
range of biofilm thicknesses in the fouled TR system
(Zelverr 1979) is presented in Figure VIII-6. The
dependency of friction factor on Re is the same as for a
tube with a r:iqid rough seurface between the range of
Reynolds numbers investigated (5,000-48,000). These data
were obtained by reducing in steps the shear stress from its
initial value in a given experiment and calculating friction
factor and Re at each step. Reduction, rather than increase
of the shear stress from the initial condition, minimized
sloughing of biofilm during an experiment.

The friction factor is related to Re and the equivalent
sand roghness. t:. through the empirical Colebrook-White
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equati on (Schlichting. 1968). This equation provides good
correlation for friction versus Re for various "commercially
rough" tubes"

k = d (10(0.87 - 0.50f -1 1 2) 18.70fl2- /2 ) (Eq. VIII-4)

Re f

where.,,

d = tube diameter- (L)
f = friction factor

Re = Reynolds Number (-)

This expression can be used to compute an equivalent sand
rcuqhness for the biofilm from a measurement of the flow
rate (F) and pressure drop (\P). Figure VIII-7 shows the
progression of k- with time for a typical experiment.
Figure VIII-8 indicates the dependence of k. on biofilm
thickness for a range of shear stress values (6.5 N m - -
7.9 N m--). The data imply that the equivalent sand
roughness of the biofilm can be greater than the actual film
thickness. Furthermore, scatter in the k. data cannot be
attributed to change in nutrient feed or temperature. The
difficulty in determining the dependency of k. on biofilm
thickness may be due to one or all of the following reasons:

1. The biofilm thickness measurement is an average
thickness measurement and does not measure actual
height of roughness peaks. The average biofilm
thickness could be less than any roughness peaks
of the biofilm.

2.. Drainage of the sample tube prior to the biofilm
thickness measurement may decrease the effective
biofilm volume and thus decrease the biofilm
thickness; the effective biofilm thickness may be
greater with the sample tube in situ and the
biofilm saturated with water.

As mentioned previously, the equivalent sand
roughness depends on the roughness peaks, but it
is not numerically equal to their size. It is not
unusual for the equivalent sand roughness to be
greater than the roughness peaks (Schlichting,
1968)

4. If the biofilm indeed increases the effective
roughness of the tube wall, a dependencey of
calculated equivalent sand roughness on biofilm
surface morphology should be expected. It has
been well established that different surface
roughness configurations having identical sizes of
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Figure VIII-7. Change in equivalent sand roughness with time.
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Figure VIII-9. Relationship between friction factor and
biofilm thickness as a function of biofilm
density (P) in an annular reactor.
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roughness peaks results in different equivalent
s:and roughness (Schlichting, 1968). Figure VIII-9
shows the relationship between friction factor and
bi of ilm thi cJkness as a function of biofilm
density' in an Annular Reactor (Trulear-, 1980).
There is no doubt that varied biofilm morpholgy
t'density) results in different FFR. In this case,
the decrease in biofilm density resulting in
increased FFR was attributed to development of
filamentous biofilm.

Determination of the flow regime (smooth, transitional.
or fully rough) depends on the magnitude of k relative
t- the size of the visc:ous sublayer (6); is given by
Schlichtinq (1968):

lOd f -.0Re 2 )  
(Eq. VII-5)

W h er ,,

d tube diameter (L)
Re = Reynolds Number (-)

f = friction factor

More specifically, when k. <6, the pipe is considered
hydraulically smooth; when 146 :> k. >6, the flow is in
the transitional regime; when k. > 146, the flow is in
the fully rough regime (Schlichting, 1968). Figure VIII-7
shows tne typical progression of a TR experiment where the
tube is initially hydraulically smooth and proceeds to the
transitional and fully rough regimes.

As indicated in Figure VIII-4, friction factor is
dependent of biofilm thickness only after a critical
thickness is attained which is approximately equal to the
thickness of the viscous sublayer. The critical film
thickness corresponds to the stage of biofilm development of
which surface irregularities protrude through the viscous
sublayer. Until this stage, the roughness peaks are smaller
than the viscous sublayer thickness (k. <6 ) and the
friction factor does not increase (the tube is hydraulically
smooth). For a wall shear stress of 6.5 - 7.9 Nm - 2 the
viscous sublayer is approximately equal to 40 Mm); this
corresponds well with the observed critical thickness (30 -
-.5 W) for the same wall shear stress range. This is shown
in Figure VIII--10 which expands the initial fouling stage of
Figure VIII-4. Figure VIIl-l shows the relationship
between the viscous sublayer and biofilm thickness at the
start of increase in friction factor for experiments run at
a range of Reynolds numbers. For this series of Re biofilm
thickness is always very close to the viscous sublayer
depth.
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In turbulent flow in conduits with compliant
boundaries, the possibility exists that when Re exceeds a
certain value, rippling of the compliant boundary takes
place accompanied by drastic changes in friction factor
(Schuster, 1971). Such a phenomenon would manifest itself.
according to the preceding analysis, as a significant change
in the equivalent sand roughness for the biofilm. Such
transitions were not observed in our experiments for the
range of Re numbers investigated. A single equivalent sand
roughness was sufficient to correlate the friction factor
and the Re.

Although the frictional resistance effects of biofilm
can be adequately described by formulas suitable for rigid
rough surfaces, the conclusion should not be made that,
indeed, the biofilm presents a rigid rough surface to the
flow. Such a notion is an oversimplification and cannot
account for all experimental observations, e.g., Figure
VIII-12 compares two TR experiments with identical
conditions except for the roughness of the inner tube
surface. The surface of TR3-6 was initially hydraulically
smooth (k/ 6 = 0.20) while the surface of TR3-ll was
initially fully rough (k./6 = 36). The fully rough
condition was due to sand grains (average diameter of
0.22mm) immobilized on the inside surface. The following
results are evident:

1. Initial friction factor (f) is greater in the
rough tube and frictional resistance remains
greater- at all times

2. Frictional resistance is reduced slightly during
the first 30 hours in the rough tube.

The decrease in frictional resistance at the beginning
of TR3-1l suggests that the biofilm developed between the
sand grains and provi led a less rough surface up to
aproximately 30 hours.

The friction factor increases relative to the clean
conditions (f-ft) for each experiment are superimposed
in Figure VIII-13 and indicate little difference. The
additional pronounced frictional resistance in the
preroughned tube indicates that the effect of the biofilm on
frictional resistance is not due to a simple increase of
rigid surface roughness. A possible explanation may lie
with the fact that a significant amount of the frictional
loss is due to the presence of the biofilm filaments. If
so. growth of biofilm filaments on a fully rough pipe will
increase the losses and increase the friction factor to the
same extent observed in an initially smooth pipe.

FILAMENTOUS ORGANISMS. As indicated previously, the
presence of filaments appears to increase FFR. The
filaments of the biofilm were observed to flutter with a
frequency that is a function of the average fluid velocity.
It was also observed that frictional resistance increased
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with i ncreasi nq filament 3. ength. Such increases are
anal ogoits to increased drag in streams due to bottom
vegetation. Similar phenomena occur in the study of
atmopheri b-undary layer's due the presence of grassy
vecletati on.

CONEI-OS I ONS

The following conclusions can be derived from the
preceding description and analysis of laboratory experiments
in'estigating biofouling and FFR:

1. Increase in frictional resistance corresponds to
an increase in biofilm thickness or biofilm mass.

2, Inc:rease in the calculated equivalent sand
roughness corresponds to an increase in biofilm
thi ckness.

7. Increase in frictional resistance is characterized
by an induction period at small biofilm
thicknesses followed by a rapid increase after
biofilm thickness reaches a critical value. The
critical biofilm thickness corresponds to the
viscous sublayer thickness.

4. Constriction of the tube due to biofilm production
accounts for only approximately 10 percent of the
frictional resistance.

5. The effect of Reynolds Number on friction factor
for a tube with an attached biofilm is similar to
a tuibe with a rigid rough surface in the range of
Reynolds Numbers investigated (5,0-00 to 48,000).

6. The filamentous nature of the biofilm contributes
to the increase in frictional resistance.
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IX. E4IOFILMSANHETTNFR

Overall heat tr-ansfer- resist, an c C5. the tium ot
conduc~tivye and convectivye resi stances, Convective heat-
tr ansfer will decrease as fo)ul3. ng PrCogIr&EES CILAC tLO 1fC

LrbUl ence r-E.SUilt IFng f rCI cm -CpS.It 4 Or Ma t . i o Cn d UCL ti
heat transfer- resistance will increasie asthe irisu[E atinci-
'foul ing deposit acUMul ates. -rErie. EIAt-IyE contribUtioan ai .

convective and conductivye resi stanc~e to overt-A1 hea-tt
tr ansfer resis=tance due to hi of.til depo' 1-- on in E
laboratory experiment (CharackliLs et. a].,191;Nmos
19/9) i.s shown inr Fi gure I X--I1 Th-e low cLJnveL.Live
resi!=Stance i s die to pi c-nounced rel atghny: roughnr of the
b iof ii whi ch Causes5 incr'eased tur-bulence. Re c enrt
experiments in our labor-atory i nbicate relative r-ouqhness (.-f
c alciurn carbonate scale depositI is smiall acs compared to-- tha:tt
of biofilms (-Table V.I-l) resulting in negligible changes_ in
convecti-ve heat tr-ansfer- resistance,,

Present resear-ch for- the Office of Naval F-'esearch
:includes evaluation of the effect of SUr-face material
(mietiallUrgy) and fouling tr-eatments on both biologic-_al
foulinQ and corrosion foulirng of shipboard heat ex.changer-.
Closed looped systems of heat exchanger- tubing has been-
builIt in the laboratory to simfulate full Scale systems. The
tuilncl is interchangeable so that 'Various metals cIan- be
tested. in these tests fouling on titanium is compared to
fouling on T~:~)Cu/Ni tubing. Treatment by chlorine and
cathelco -ietho~d are being compared on both ty/pes i. ofI metalI
suirface'i (see section Ccontrol).

FOULING MEASUREMENT
Doul inrg in the tubul ar- reactor- sys.Lei ('Tk *' deszcr-ibed

in a prev.,i otis secti on, is measured by moni torrig the changes
in the following parameters:

1. frictionial resistance
2.overaF-l heat transfer- resistance

deposit thickness
The fir-st two methods are the effect of deposition while the
la::.tter- is a direct measure of the deposit iicum'uiati on.
FRICTIONAL RESISTANCE. Fouling deposit- can cauise, incr-eased
fluid frictional resistance by decreasing the effectivye
diameter of the tulbe and i ncreasi ng the tuibe ro~ghriess.
Fri ctiocnal resi stance is determLined fromt pressure irop and
-flow measirements in the tu~be and is Cal cuilated by
(PicologlOti et al., 1980)'
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4 AP (Eq. IX-l)

L f v

where,

f = frictional resistance (dimensionless)

r 1 = inside raduis of the tube (L)

AP = pressure drop across length L (ML t- )

L = distance between pressure ports (L)

v mean fluid velocity (Lt- )

Of = fluid density (ML-3

OVERALL HEAT TRANSFER RESISTANCE. Constant heat is supplied
to a thick walled heat exchanger (TWHE) to measure the
overall heat transfer resistance. Figure IX-2 is a
schematic cross sectional diagram of the TWHE. The TWHE
consists of a metal annulus clamped firmly to a heat
exchanger tube. The heat transferred through the TWHE can
be obtained by measuring the temperature at two radial
positions within the metal block.

2 II kM 1 (T.i.-T.)
q 1 (Eq. IX-2)

ln(r ii/r.)

where,

q = heat input to metal block (ML2 t- 3

kM = thermal conductivity of metal block (MLt-3 T-1

1 = length of metal block (L)

r. = radial distance to inner thermistor (L)

rii= radial distance to outside thermistor (L)

Ti= temperature at r (T)

T i = temperature at r. (T)

The contact resistance between the metal block and the tube
alloy can be determined using a graphical technique
developed by Wilson (1915). If the contact resistance is
zero, the temperature on the outside of tube wall, T=,
can be determined as:
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q In(ri /r2 )

T2 T - 2 H kM (Eq. IX-3)

where,

r = outside radius of tube (L)

T = temperature at r2  (T)

The overall heat transfer resistance can be obtained as:

2 H r2 I(T2-TB(AVG)

U- 1 = B (Eq. IX-4)
q

where,

TB(AVG) = average bulk fluid temperature (T)

U- 1  = overall heat transfer resistance (M- t 3T)

at any time t

The overall heat transfer resistance (U - 1 ) is the sum of

conductive and convective resistances. For a fouled tube
U - 1 is :

U-I r 2  r2 ln(r 2 /r1 ) r2 ln(rI/(r 1 -Th)) (Eq. IX-5)
U = + + (q X5

(rl-Th)h kT k D

convective conductive resistance

resistance (tube alloy) (fouling deposit)

where,

h = convective heat transfer coefficient 
(Mt- 3T

- )

k T = thermal conductivity of tube (MLt-3T - 1 )

kD = thermal. conductivity of deposit (MLt- 3T - )

Th = deposit thickness (L)
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For a clean tube, the conductive resistance of the deposit

is zero. The convective heat transfer coefficient can be

calculated using the Colburn analogy (1933):

h = 0.125 f Cp 0 .3 3 -0.67 k0.67 v (Eq. TX-b)

where,

Cp = specific heat of fluid (L 2t- 2T- )

= fluid viscosity (ML -t - )

k = fluid thermal conductivity (MLt- 3T- )

The convective heat transfer resistance, RcONv, can be

calculated as:

r2

RCONV - (Eq. IX-7)
(r1-Th)h

where,

RCONV = convective heat transfer resistance (M- t 3T)

The conductive heat transfer resistance of the deposit,

RcaNo, can be calculated rearranging equation IX-5:

-i r 2  r 2  (Eq./rl

RCOND = U (Eq. IX-8)
Cr1 -Th)h k

where,

RCOND = conductive heat transfer resistance (M- t 3T)
of deposit

The thermal conductivity of the deposit can be estimated
from the conductive heat transfer resistance of the deposit

and the deposit thickness.

r2 In(r1/(rl-Th))

= (Eq. IX-9)

RCOND
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DEFOSI THICKNESS. [he thickness of the deposit in the test
section is estimated from the volume of the deposit. A
detailed description of the method for estimating the
deposit volume is presented elsewhere (Zelver., 1979).
Deposit thicikness is determined by dividing deposit volume
by the surface area of the tube.
OVERALL HEAT TRANSFER RESISTANCE

Fouling can be monitored by measuring the increase in
overall heat transfer resistance which is the major concern
in heat exchangers/condensers.

The over-all heat transfer resistance is the sum of
c-onductive and convective heat transfer resistance. For a
clean tube, at time t = 0. the conductive resistance of the
deposit is zero so that the convective resistance is equal
to the overall heat transfer resistance '-lean tube). At
any time, t::(), the relative contribution of conductive and
convective resistance to overall heat transfer resistance
will depend or-, the type of deposit accumulated on the heat
Lransfer surcace.

[Experiments have been conducted in our laboratory to
determine the influence of d:ifferent types of deposit on
heat transfer resistance. In this study, the tube alloy
(70:,: Cu/Ni), bulk water temperature (35-C) , flow
elori ty (0.91 m s - - or 3 fps), calcium content (250 mg

1-1), and the pH of the water- (8-8.2) were held constant
in all the experiments. The influence rif three different
types of deposit on heat transfer resistance was determined.

In the case of a combined biofilm/scale: the experiment
was initiated by inoculating the fermenter with a mixed
population of microorganisms and operating in the batch mode
for 8-1f hours. The system was then continuously supplied
with 10 mg 1 -1 glucose. In the case of silicate scale.,
the system was continuously supplied with 200 mg 1-1 of
sodium silicate while in the case of a pure calcium
carbonate scale the system was not supplied with glucose or
sodium silicate. The following observations were
noteworthy:

1. Different types of deposit were found to exhibit a
different rate and extent of fouling as measured
by the increase in overall heat transfer
r esi stance.

2. In the case of "pure scale" (Figure IX-3)., the
increase in overall heat transfer resistance was
largely due to the increase in conductive
resistance. This type of deposit was found to
exhibit a low relative roughness and the
convective resistance was essentially constant.
m. rhe cal LiCur carbunate/sili c.te scale (Figure IX-4)
exhibited a hiqher increase in overall heat
transfer resistance as compared to a calcium
carbonate scale.

4. For the combined biofilm/scale (Figure IX-5)., the
increase in conductive resistance of the deposit
was largely offset by the decrease in convective
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resistance (due to deposit roughness).
FOULING RESISTANCE

Fouling data are customarily reported in terms of
fouling resistance or fouling factor (R,) which is
defined as follows:

-1 -1
Rf = U - 0 - (Eq. IX-lO)

where,

Rf = fouling resistance or fouling factor (M- t 3T)

U = overall heat transfer resistance at (M- t 3T)O= t = 0

The term fouling resistance is sometimes misleading and
does not yield any valuable diagnostic information:

1. The influence of fouling on heat exchange rate in
engineering design is generally determined as a
fouling resistance describing the thermal
(conductive) resistance of the deposit (Kreith.
1973). In fact, the term fouling resistance
represents the net increase in heat transfer
resistance (conductive plus convective resistance)
and not thermal (conductive) resistance of the

deposit.
2. The values for fouling resistance are generally

selected from tables (e.g., TEMA standard) of
questionable accuracy with vague information as to
the operating condition (shear stress) and the
type of deposit (scale, biofilm, etc.) for which
fouling resistance values were determined.

3. The conductive resistance of the deposit, in most
cases, will be higher than the fouling

resistance. The extent to which it is greater
than fouling resistance will depend on the
roughness characteristics of the deposit
accumulated on the heat transfer surface. Figure
IX-1 shows the increase in heat transfer
resistance due to accumulation of biofilm inside a
tube in a laboratory experiment (Characklis et
al., 1981a). In terms of fouling resistance,
an increase in heat transfer resistance of 0.00009
m7 3C/watt (0.00051 ft' h -F/BTU) was

observed, but the increase in conductive
resistance was 0.00023 m 2 =C/watt (0.0013
ft= h =F/BTU), 2.5 times higher than
fouling resistance.

4. The calculation of fouling resistance depends on
the overall heat transfer resistance (i.e.,
convective resistance) at clean condition. For
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example, velocity of water past the heat transfer
surface will influence the convective resistance
at clean Londition and hence the calculation of
fouling resistance.

5. Most mathematical models (Kern and Seaton, 1968;
Taborek et al., 1972; Watkinson and Epstein,
1969) describing the influence of fouling
processes on heat transfer are generally based on
the following relationship:

dRf
= d - Or (Eq. IX-II)

dt

where,

dRf-1d net rate of fouling accumulation (M- t 2T)

d = deposition rate (m2K/J)

0r = removal rate (m2K/J)

This relationship expresses the deposition rate
and removal rate of fouling deposit in terms of
energy units rather than in term of mass flux.

Based on Equation IX-11, at constant fouling
resistance, the deposition rate equals removal
rate (or thickness remains constant). However,
constant fouling resistance can also result when
the increase in conductive resistance (or
thicknes) of the deposit equals the decrease in
convective resistance (due to deposit roughness).

6. The fouling resistance model (Equation IX-11)
defines fouling resistance as:

R4 = Th/kv (IX-12)

where, Th = thickness of deposit (L)
ko = thermal conductivity (MLt-!T-1 )

of deposit
This relationship is only valid when the
convective resistance remains constant and
fouling resistance equals conductive resistance
of deposit. Fouling, in most cases, is associated
with an increase in pressure drop (or decrease in
convective resistance).

7. The model (Equation IX-Il) cannot predict a
negative value of R#. Yet, negative fouling
resistance can result during initial biofilm
accumulation (Figure IX-1), when the increase in
conductive resistance (or thickness) of the
deposit is less than the decrease in convective
resistance. Negative fouling resistance in the
early stages of biofilm accumulation has also been
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observed in the field when new surfaces are
initially exposed to a fouling environment.

8. Asymptotic fouling resistance can only result
when conductive and convective resistance of the
deposit remain constant (special case G3a

9. At constant deposit (biofilm) thickness, change in
density or composition of the deposit can
influence the conductive resistance (fouling
resistance) of the deposit.

COMBINED HEAT TRANSFER AND FRICTIONAL RESISTANCE
Heat transfer resistance or frictional resiitance

measurements alone cannot be effectively used to monitor
fouling since, in such cases, the deposits are rarely
homogenous. However, frictional resistance, in combination
with heat transfer measurements' can yield valuable
information on the progress of fouling.

FOULING DIAGNOSIS POTENTIAL
Fouling monitoring methods frequently do not measure

effects of deposition and do not yield information regarding
the composition and type of deposit. Information regarding
deposit type would be useful in selecting an appropriate
treatment procedure.

Recent experiments in our laboratory indicate a
significant difference in fouling deposit properties as
shown in Table IV-l. These properties can be estimated
using a fouling monitor which mesures the increase in
deposit thickness, heat transfer resistance, and frictional
resistance. A summary diagram of such a monitoring program
is shown in Figure IX-6. The type of deposit Occurring
inside a heat exchanger/condenser can be determined by
estimating its thermal conductivity and relative roughness
using a fouling monitor if an apparaent deposit thickness in
known. If an apparent deposit thickness could be determined
in situ, the in situ estimation of deposit thermal
conduLtivity and deposit reltive roughness can be used as a
diagnostic decision variable for internal control of
fouling. Characklis et al., (1982) have described a
method for obtaining apparent deposit thickness in situ
and automatically at regular intervals. A schematic
diagram illustrating the apparatus required for this method
is shown in Figure IX-7.

FIELD OBSERVATIONS
The fouling monitor system has been successfully used

(Characklis et al., 1981b; Zelver et al.. 1982) to
monitor fouling in a brackish water cooling system. The
goal of one such project (Zelver et al., 1982) was tc,
determine the fouling potential of AL--6X stainless steel
heat exchanger tubing. An inside tube wall temperature was
chosen for optimum fouling indicated by previous laboratory
studies (Stathopoulos, 1981). Results show a a rapid
build-up of a microbial matrix containing considerable silt
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debris. Heat transfer fouling appears to plateau at
approximately 0.0012 m2 C/watt (0.0068 ft 2 -F hr/
BTU) within 40 to 60 days regardless of seasonal variation
or flow velocity from 0.30 m s - 1 (1.0 fps) to 0.50 m
s - 1 (1.7 fps).

Test conducted at 0.30 P s- (1.0 fps.). Figure
IX-8 presents the progression of heat transfer resistance
and the fouling factor for the first 100 days of testing at
a constant flow velocity of 0.0.) m s'- and a constant
inside tube wall temperature of 35 -C (95-F). In
addition to the obvious increase in heat transfer with time,
several other features are noteworthy:

1. On day 24 and day 62, momentary flow excursions
occurred which increased flow to 0.90 m s - .
These flow excursions were associated with sudden
drops in heat transfer resistance as a result of
the fouling deposit sloughing off.
2. On day 30, the AL-6X was replaced with a new
AL-6X tube of identical dimension (test 2). The
fouling factor returned to within 3 percent of its
original value. Figure IX-9 shows the progression
of heat transfer resistance for the first 30 days
(test 1) superimposed on test 2 results.
Progression of heat transfer resistance was almost
identical for both test despite seasonal variation
resulting in change in bulk water tempeerature
from 17 -C to 27 -C.

Figure IX-lO) presents the progression of fluid friction
resistance as friction factor for test 1 and test 2 at a low
velocity of 0.3 m s - 1. A similar progresion as heat
transfer resistance is observed. Of particular interest, is
the drop in the frictional resistance at day 62
corresponding to the drop in heat transfer resistance
attributed to the 0.90 m s-1 flow excursion.

Test conducted at 0.50 x s -  (1.70 fps.). Figure
IX-11 shows the progression of heat transfer resitance and
the fouling factor with time for a flow velocity of 0.50.) m
s- 1 and a constant inside wall temperature of 35 -C.
No flow excursion or other perturbations occurred during the
60 day test period. The progression of fouling followed a
typical sigmoidal pattern and plateau which is seen for
almost any mesurement of fouling progression (Characklis et
al., 1981a).

The plateau fouling factor was virtually the same as
for 0.30 m s - 1 . Furthermore, the rate of fouling at 0.50
m s -1 is very similar to that observed at 0.30 m s -1.

MICROBIAL CELL ACCUMULATION IN A FINNEL TUBE
Biofouling of heat exchange equipment can impede the

flow of heat across the surface, increase +luid frictional
resistance resistance at the surface, and increase the
corrosion at the surface. In each case, energy loss
results.

The need for high performance, compact heat exchange
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equipment has led to the development of many types of
surfaces that enhance heat transfer performance of smooth
tubes. Enhanced performance over smooth tubes is achieved
by providing inner fins or using indented or fluted tubes.
These tubes increase the heat transfer rate by modifying the
flow pattern and increasing the surface area for heat
transfer. The modified flow pattern in enhanced heat
transfer tubes also increases the convective heat transfer.
However, enhanced convective heat transfer suggests that
convective mass transfer is also increased. Increased mass
transfer leads to increased transport of potential fouling
materials to the surface.

An experiment was conducted to compare the deposition
and distribution of microorganisms on a smooth tube and a
tube with inner fins in a controlled laboratory experimental

w'ystem.

EXPERIMENTAL SYSTEM AND METHODS. The experimental results
were obtained by measuring the number of bacterial cells
attached on a tube section within a recirculating tubular
reactor system (TR). The system consists of a mixing tank
and an external recycle loop (Figure IX-12). The recycle
loop consisted of 1.587 cm O.D.. 70:30 Cu/Ni heat exchange
tubing with wall thickness of 0.132 cm. The dilution rate,
Fn, (0.027 1 min,- ) was much smaller than the recycle
rate?.FD. (7.5 1 min-') therefore the entire system
behaved as a continuous stirred tank reactor (CSTR). The
Reynolds number in the recycle loop based on smooth tube
diameter was 16600. A detailed descrip*ion of the
experimental system is presented elsewhere (Characklis,
1980). The experimental system included a test section
(Ficlure IX-13c) consisting of a series of removable tubes (5
cm long) which were held in place, between teflon gaskets
(fins) whose I.D. and O.D. were the same as that of tube
material to form a continuous tube (Figure IX-13b).

The same test section was used to form a continuous
tube with circul-ar inner fins (height of the fin = 0.094 cm)
which were placed 5 cm apart (Figure IX-13a). The circular
fins were 0.06 cm thick teflon rings (I.D. = 1.135 cm. O.D.

1.587 cm).
The experiment was initiated by inoculating a mixed

population of microorganisms and operating the reactor in a
batch mode (as opposed to continuous flow) for 8 hours. The
dilution feed consisted of a substrate solution, dilution
water, and micronutrients. The substrate was composed of
glucose (10 mg 1-1) as the sole carbon and energy source.
The temperature inside the reactor was maintained at 30
-C and pH 8 - 8.2. The mean fluid velocity was 0.91 m
S

-
1.

Each tube section was machine grooved on the outside so
that the ube could be broken into five (5) segments easily.
The tube segments were numbered for identification. At the
end of 100 hours, a tube section from the smooth tube and
another from the finned tube was removed from the reactor.
The tube sections were broken into five segments. The
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biofilm from these segments was scraped into 5 ml of 2
percent filtered (average pore size 0.002 cm) formalin. fhe
total number of cells on these tube segments were measured
by acridine orange direct count (AODC) epiflouresence
microscopy (Hobbie et al.. 1977).
RESULTS. Experiments were conducted to compare the
distribution of attached bacteria on a 5 cm smooth tube
sect-Lon and a section of tube between two circular fins
seperated by a distance of 5 cm. The total number of
attached cells at the end of 100 hours was measured by AODC
epiflouresence microscopy.

The following observations are noteworth:
1. There exists a significant difference in the

distribution of attached cells in a tube section
with two inner circular fins (Figures IX-14 and
IX-15) as compared with a smooth tube section.
The height of the fin protruding in the flowing
fluid (7.5 1/min) ws 0.094 cm. The minimum amount
of attached cells was found at the center of the
tube. In general, the flow pattern in the finned
tube will influence the distribution of attached
cells.

2. The extent of fouling in finned tube section was
somewhat less than that of the smooth tube
(Figures IX-14 and IX-15).

If mass and heat transfer rates are greater in the finned
tube, why are fewer cells observed on the finned tube? The
reported data reflect net accumulation of microbial cells.
Consequently, increased turbulence in the region between the
fins may decrease the attachment rate or increase detachment
rate or both. The results after 100 hours can only suggest a
decreased sticking efficiency for microbial cells under
experimental conditions.

No systematic studies of biofilm accumulation in finned
tubes are available. Preliminary results obtained suggest
that a significantly different distribution of attached
cells will form on finned tube surfaces. This single
observation at the end of 100 hours cannot be extrapolated
to all alloys, geometries, and operating conditions such as
flow velocity and water quality. Our results suggest that
more defined studies should be pursued with enhanced heat
transfer surfaces to determine their performance in
environments with high potential for fouling. Such studies
may lead to a geometry which maximizes heat transfer while
minimizing fouling.
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X. MICROBIALLY-ASSISTED .CORROSION

Microbially-assisted corrosion (MAC) has been a subject
of significant interest to corrosion engineers and
scientists for over 50 years. While solutions have been
devised to minimize many problems related to MAC. the
approach remains primarily empirical. The identification of
specific c-orroion mechanisms has remained elusive because
of the complexity of the microbial processes. MAC is an
ex(tremely complex problem involving a number of processes
occurring at the metal surface:

-Transport and adsorption of organics and nutrients
to support growth of microorgnisms.

-Transport of microbial cells to the surface.

-Attachment of microorganisms.

-Reactions of the microorganisms within the biofilm
(Characklis, 1981)

growth or replication
product formation
cell maintenance
death or lysis of the cell

-Biofilm detachment.

-Reactions between the biofilm and metal surface
reaction of microbial products with the
metal surface
reaction between surfaces covered with
biofilm and surfaces not covered (formation
of differential surface chemistries).

PRINCIPLES OF AQUEOUS METALLIC CORROSION

The incidence of aqueous metallic corrrosion is
determined by the free energy change associated with
ox-Iidation of the metal. The electrochemical nature of the
corrosion process requires that both anodic and cathodic
reactions occur simultaneously on the metal or corrosion
product surface (except in the case of bimetallic or
galvanic corrosion). Typically, the rate limiting step is
the slower of the two electron transfer reactions (anodic or
cathodic). However, in some cases, the rate limiting step
may be a chemical dissociation or recombination step (e.g.
atomic hydrogen combining to form molecular hydrogen at the
cathode).

Rate of corrosion is influenced by formation of a
protective corrosion product film (passivation) and by
physical, chemical and biological factors in the aqueous
environment:

1. Chemical constituents affecting corrosion
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rates include concentration of dissolved salts,
gases, metallic ions and pH.

2. Physical factors include surface and water
temperature, fluid velocity and transport of
constituents to the surface.

3. Biological factors include organic product
formation by bacteria, and local changes in pH
and other ions.

INFLUENCE OF MICROBIAL PRODUCT FORMATION ON CORROSION

The influence of microorganisms on corrosion is
determined by activity at the anodic and cathodic sites. A
survey of possible mechanisms for the influence of
microorganism on the corrosion process include:

I. Production of Extracellular Polymeric
Substances (EPS). EPS secreted by
microorganisms is the bulk of material forming
the biofilm matrix. EPS is the binding force
that holds microbial cells and their products
to the surface where corrosion reactions take
place. EPS is composed of polyelectrolytes and
may act as an electron sink.

2. Differential Concentration Cells.
Differences in concentration of chemicals (e.g.
oxygen) between areas covered by biofilm and
areas left bare due to detachment of biofilm
can promote corrosion.

3. Acid Production. Members of the genus
Thiobaccillus oxidize sulfide, producing
sulfuric acid as a result of this dissimilatory
process. Weaker acids (i.e. organic) are
produced by a variety of microorganisms under
anaerobic conditions.

4. Sulfate Reducing Bacteria (SRB). SRB are
often detected on corroded surfaces leading
researchers to search for the mechanism by
which this bacterial group may promote
corrosion. A number of mechanisms have been
proposed. However, a satisfactory model has
yet to be developed.

EXTRACELLULAR POLYMERIC SUBSTANCES (EPS). The attached
bacteria produce an extracellular polmeric substances (EPS)
which forms a barrier (diffusional resistance) to exchange
of elements between the metal surface and the aqueous
enviornment. Reaction between bacterial products and the
metal surface take place within the biofilm matrix
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consisting of bacteria and the surrounding EPS. EPS is
frequently composed of polysaccharide subunits, primarily
mannons, glucans and uronic acid (Stainier, 1976; Costerton,
1978). The ratio of these can vary depending on type of
bacteria (Geesey, 1982). Several investigations have shown
increased EPS production in nitrogen or phosphorous limited
systems (Tain and Finn, 1977; Williams and Wimpenny, 1978;
Mian et al, 1978; Williams 1978).

The mass of bacteria embedded within the biofilm is
reported to be extremely small compared to the mass of EPS
(Characklis, 1981, Fletcher and Floodgate, 1973; Costerton,
1978). However, the high degree of hydration (85 to 96
percent water) requires careful interpretations of these
results (Geesey, 1982). Trulear (1983) demonstrated that
the numbers of cells in a biofilm remained relatively
constant for different substrate loading rates. However,
lower substrate loading rates resulted in less production of
EPS.

The role of EPS in directly influencing corrosion is
unknown. Hypothetical mechanisms include:

1. EPS, being composed of mostly polyelectrolytes,
acts as an electron sink for consumption of
electrons at the cathode.

2. EPS affects the formation of a passive layer by
creating diffusional resistance to transport of
chemical species neccessary for passsivation.

3. EPS removes corrosion products which may
include passive layers as biofilm detachment
occurs.

4. EPS traps corrosion products resulting in
increased energy losses in heat transfer or
flow systems (heat transfer resistance or fluid
frictional resistance). Characklis and Zelver
(1983) showed that, not only can a biofilm trap
corrosion products, but biofilms elsewhere
(e.g., on inert surfaces) can trap migrating or
mobile corrosion products.

The role of EPS in influencing fouling and corrosion of
shipboard heat exchanger condenser tubing was studied using
a Recycle Tubular Loop (RTL) constructed to simulate the
corrosion process in the laboratory (Figure ).-l).
Artificial sea water (1.13 percent), trypticase soy broth
and glucose, and a combination of known bacteria were fed to
the RTL. Fouling on both copper-nickel (70:30) and titanium
tubing was studied. Progressions of frictional resistance
and deposit mass were nonitore The deposit mass was
analyzed for chemical .rid bar .ial content and visually
inspected by scanning eip tr-, microscopy. After removal of
the fouling deposit on t,,e copper-nickel surfaces, the
surface was chemically analyzed using the Scanning Auger
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Mi croprobe.
Progression of fouling on titanium and copper-nickel

was compared in addition to comparison of fouling deposit
compositons. Results indicate fouling on the copper-nickel
is due to both biofilm and corrosion product embedded in the
biofilm. Incorporation of copper-nickel corrosion products
into the fouling deposit changed both the mass and chemistry
of the deposit. In contrast, fouling on the titanium, where
no corrosion occured, was due only to biofilm formation.

ROLE OF DIFFERENTIAL AERATION CELLS. Localized corrosion on
a metal surface in aerated aqueous environments is
frequently associated with differential oxygen concentration
cells. Oxygen reduction is typically the dominant cathodic
process in aerated aqueous corrosion. As a result, any
process which disturbs the uniform transfer of dissolved
oxygen to the metal surface may produce areas of
differential cathodic activity.

Deposition of inorganic and organic material at a
surfac:e is a frequent cause of differential oxygen transfer.
The deposit impedes the transfer of oxygen resulting in a
gradual depletion of dissolved oxygen beneath the deposit.
As a result, the under-deposit area becomes increasingly
anodic (active). The surrounding area remains cathodic, and
is usually larger in area than the under-deposit anodic
area. This unfavorable anode:cathode area ratio (i.e. small
anode'large cathode) may result in high rates of metal
dissolution and penetration beneath the deposit.

Bacterial colonization can result in formation of
aeration cells when biofilms develop unevenly on the metal
surface (Figure X-2). Oxygen availability at the metal
surface covered by biofilm becomes limited due to oxygen
consumption by bacterial metabolism. Neighboring areas,
where biofilms have not ormed or have detached, remain
accessible to oxygen (Olsen and Szybalski, 1950; Kobrin,
1976; Tatnall, 1981; Iverson, 1981; and Miller, 1981).
Greater mass and fluid shear stress result in increased
detachment ates (Trulear and Characklis, 1982). Depletion
of oxygen due to bacterial growth can occur to such an
extent that the biofilm at the lowest depth (at the
biofilm--metal interface) becomes completely anaerobic.
Diffusion of oxygen to the metal surface is also dependent
on biofilm mass and density and fluid shear stress at the
biofilm surface. Greater mass and biofilm density results
in less oxygen diffusion while greater fluid shear stress
(turbulence at the surface) promotes oxygen diffusion.

ACID PRODUCTION BY BACTERIA. When a metal is in an acid
environment, electrons combine with and reduce the
positively charged free hydrogen ions. Atomic hydrogen thus
formed at the metal combines to form hydrogen gas (Figure
X-3.). For example, iron in a hydrochloric acid solution
corrodes by the following reaction:

Fe + 2HCI --- FeCl2 + Ha
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In this case, a mechanism of microbially assisted corrosion
is implied by the fact that bacteria produce acids (Burns
et al, 1976; Kobrin, 1976; Tatnall, 1981; Miller, 1981;
and Salvarezza et al, 1983). The acid-producing ba,teria
of the genus Thiobacillus are a well-defined group of
strict autotrophs (Miller, 1981). These organisms share the
ability to oxidize sulfur or several of its more reduced
compounds to obtain energy for fixation of carbon dioxide.
One member of this group, Thiobacillus ferrooxidans. can
oxidize ferrous to ferric iron. The net result in all cases
is production of highly corrosive sulfuric acid with pH
values of 2 or lower. Thiobacillas ferrooxidans is known
for its ability to leach metal ores (Lundgren and Silver,
1980) and its association with acid mine drainage. These
organisms are frequently found in natural environments
containing reduced forms of sulfur or in association with
putrefactive microorganisms and industrial waste material.
0+ special interest to the corrosion engineer is the
association of Thiobacilli with SRB whereby the
Thiobacilli utilize the sulfide made available from

sulfate reduction and produce corrosive sulfuric acid.
In natural anaerobic habitats, acetate, propionate and

butyrate are the major organic acids produced during
fermentation. Lactate and succinate may be produced in
lesser quantities. Acetate is the strongest of the above
volatile fatty acids and thus would be expected to exert the
greatest influence on MAC. Furthermore, it is typically the
major constituent of the volatile fatty acid (organic acid)
fraction in anaerobic environments (Hungate, 1975; Kasper,
and Wuhrmann, 1978; Lovely and Klug, 1982; and Mountfort,
et al., 1980). Propionate and butyrate play lesser roles
than acetate since they are weaker acids and occur at
concentrations several times lower than acetate.

Other mechanisms of acid production by bacteria may
influence corrosion such as formation of tricarboxylic acid
cycle end-products or by leakage of tricarboxylic acid cycle
intermediates (Miller. 1981). Although these acids are
known to have the ability to corrode (Burns, et al.,
1976), the production of these acids is small compared to
amounts of organic acids formed during dissimilatory
processes. In addition, the small concentration of
bacterial cells in a biofilm indicates the influence of
organic acid biosynthetic intermediates on pitting and
corrosion of metals is probably minor.

SULFATE REDUCING BACTERIA. Ferrous metal corrosion in the
presence of SRB is a problem that has plagued engineers and
challenged researchers since it was identified in the
1930's. In 1934, von Wolzogen Kuhr and van der Vlugt (cited
in Miller and Tiller, 1970) proposed that SRB accelerate
corrosion of ferrous metals by cathodic depolarization, that
is, by removing adsorbed hydrogen from cathodic surfaces.
It would appear to be relatively simple to confirm this
theory by conventional electrochemical corrosion techniques.
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Confirmation has been obtained, however, only for very
specific combinations of SRB species and experimental
conditions.

One of the first studies to conclusively demonstrate
cathodic depolarization with sulfate-reducers was conducted
by Booth and Tiller (1962). They demonstrated that
depolarization did occur with a hydrogenase positive strain
of Diesulfovibrzo vulgaris, and did not occur with a pure
strain of hydrogenase negative Desulfotomaculux orientis.
A number of confusing phenomena were noted in these
eXperiments: 1) depolarization was observed only when the
cLlture was in active growth, 2) the stimulation of
corrosion was approximately the same for both organisms, 3)
a f+lm of ferrous sulfide formed on the surface of the
corrosion samples which had an apparent inhibitory effect on
corrosion rates, 4) the rates of corrosion observed in the
experiments were found to be much lower than corrosion rates
reported for ferrous metals in natural anaerobic
environments with sulfate-reducers present.

A possible explanation for the lower observed
experimental corrosion rates is the relatively low bacterial
activity in the batch cultures with low nutrient
concentration. Booth, et al. (1967) tested this
hypothesis by conducting continuous culture experiments with
SRS. They observed corrosion rates of approximately 1000
um/y (40 mpy) and an absence of protective sulfide film
formation. They noted the growth of a bulky, black envelope
of corrosion product surrounding the metal specimens.
Again, the results were confusing since there was no
apparent correlation between corrosion rate and hydrogenase
activity.

Concurrently, Booth, et al. (1967) demonstrated that
ferrous sulfide itself could cause cathodic depolarization.
Once the ferrous sulfide formed, its depolarizing activity
continued, even in the absence of bacteria. Booth and
Tiller (1962) had previously reported experimental evidence
that the ferrous sulfide film structure is instrumental in
the corrosion process. In the presence of a strain of
halophilic Desulfovibrio salexigens, cathodic
depolarization was observed. but there was little
polarization (or reduction in the rate) of the anodic
reaction accompanying formation of the sulfide film. The
anodic activity remained high, and although they could not
detect a chemical difference between that film and a
normally protective sulfide film, they attributed the
difference to film structure.

Miller (1981) summarizes results of research on ferrous
metal corrosion by SRB. He suggests the following based on
research by Mara and Williams (1972), King, et al. (1973)q
Smith and Miller (1975). :ing, et al. (1976), and Smith
(1980) :

Precipitated ferrous sulfide may initially
form a protective film on a ferrous metal surface
in the presence of sulfate reducers. As the



106

bacterial corrosion process continues, the film
thickens and changes stoichiometrically. As the
ratio of Fe- to S- in the film changes from
a sulfur deficient to a sulfur rich structure, the
film becomes less protective and eventually
spalls. Once spalled, the film does not reform
and vigorous anodic activity proceeds at the
exposed metal surfaces. According to Smith and
Miller (1975), the sulfide film, regardless of
structure, i. cathodic to iron and the corrosion
process continues galvanically. Smith (1980)
reported that the sulfide films would not remain
permanent cathodes in the absence of bacteria.
The role of the bacteria, he suggests. could be
either to depolarize the iron sulfide enabling it
to remain cathodic, or to produce more sulfide by
their continued growth.

Iverson (1981) discounts the ferrous sulfide argument.
He reports corrosion rates greater than 5000 um/y (210 mpy)
for mild steel specimens exposed to filtered media from an
actively growing culture of Desulfovibrio (API strain).
The media after nine day's incubation was filtered to remove
bacteria and treated with excess ferrous ion to precipitate
all free sulfide ions. Thus, the filtrate contained only
soluble products from the original media and soluble
metabolites from the growth of cells. Iverson concludes
that the sulfate-reducing bacteria produce an unknown,
highly corrosive, compound in addition to hydrogen sulfide.
The outcome of the process appears to depend on whether
ferrous sulfide forms a protective film before the highly
corrosive product contacts the metal surface.

It is apparent that a number of factors are involved in
the process of ferrous metal corrosion by SRB. As a result,
measurement and control of the process parameters and
variables will significantly affect the outcome of
experimental results from one experiment, and one
laboratory, to another. A variety of possible relevant
factors are cited by Postgate (1979): 1) the nature of the
metal surface, 2) the presence or absence of dissolved iron
and/or organic matter capable of chelating iron in the
surrounding water, 3) whether the strain of bacteria tends
to form a film on the metal itself, 4) whether the iron
sulfide itself forms a film which can be protective, or 5)
whether other ions, such as Na- and Cl-, are present
which can influence the protectiveness of any films that do
form.

BIOFOULING, BIOFOULING CONTROL, AND CORROSION

Piping systems and heat transfer surfaces in the marine
environment are subject to the effects of organic and
inorganic fouling. The detrimental effects of these fouling
deposits include increased frictional resistance for fluid
flow, increased heat transfer resistance, and, under certain
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condi.tions. an accelerating effect on corrosion of some
materials.

Frictional resistance increases the power requirements
for sea water pumping and reduces delivery capacity of the
system. Heat transfer resistance results in a reduction in
thermal efficiency of heat transfer equipment and an
associated increase in energy costs.

E'IOFOULING CONTROL METHODS

Attempts to control biofouling in marine heat
e>changers and piping systems have met with varying degrees
,)+ Luccess. Chlorination and, to a lesser extent, other
chemical oxidants (ozone, hydrogen peroxide, etc.) have been
e~fectively used to combat biofouling. Copper alloys have
been widely used due to their inherent "toxicity" towards
many forms of marine life.

The effectiveness of chlorine in treating biofouling,
including microbial slime and macrofouling organisms such as
molluscs, barnacles, bryozoa, hydroids, sponges, and
tunicates. has been well established (Marine Research, 1976;
Pongers and O'Conner, 1977).

Chlorine can be added directly to sea water in the
gaseous form or generated electrolytically. The result in
both cases is the formation of hypochlorous acid which will,
depending on pH. futher dissociate into hypochlorite. The
reaction products of chlorine are consumed in sea water not
only by the organisms for which they are intended, but also
by reactions with bromide nitrogen compounds (e.g.,
ammonia), organic detritus and metal surfaces. All of these
factors combined contribute to the chlorine demand of the
sea water system and determine the relative effectiveness
and cost of chlorination as a means of controlling
biofouling.

Numerous researchers have reported that copper
containing alloys are toxic to marine organisms (Huguenin
and Ansuini, 1980; Ritter and Suitor, 1976; Nosetani et
al., 1979). Dexter (1974) conducted microfouling studies
in warm tropical waters of the open ocean. He demonstrated
that a film 50-125 um thick could form in less than a month
in warm surface waters. A continuous layer of diatoms and
bacteria embedded in slime were observed on samples of 90-10
and 70-30 copper-nickel (70-30) in sea water and observed
that attached organisms produced more extracellular
proteoglycan material on the titanium surface than on the
copper-nickel. Furthermore, corrosion products on the
copper-nickel surface were partailly embedded in the biofilm
and periodic sloughing of the combined biofouling and
corrosion product film occurred.

CORROSION. Sea water is a very complex solution of numerous
salts and dissolved gases plus suspended silt, living
organisms and decaying organic matter. The corrosion of
metals in sea water is affected by many factors including
oxygen, salinity, pH. temperature, and biological activity.
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Some metals, such as titanium, form very thin, tightly
adherent protective oxide films in sea water which are
essentially inert. Protective corrosion product films on
copper and its alloys, by comparison, grow much more slowly
and are affected significantly by thermohydrodynamic
conditions.

In sea water, the corrosion product on copper-nickel
alloys is predominately Cu 2 O (cuprous oxide) irrespective
of alloy composition (North and Pryor., 1970). Often, the
basic chloride atacamite (Cu=(OH)zCl). a bulky, green
nonprotective corrosion product, forms overlaying the
Cu20 layer. A carbonate salt, malachite
(CLICO 3-Cu(OH)m), may form competitively with the
basic chloride salt depending upon local surface pH and
total inorganic carbon concentration (Bianchi and Longhi.
1973). Temperature, depth, and biological activity are the
main factors influencing the total inorganic carbon
concentration in sea water.

The Cu=O corrosion product is the adherent,
protective film responsible for the low corrosion rates
observed on Cu-Ni alloys in unpolluted, aerated, sea water.
According to Efird and Anderson (1975), the corrosion rate
of 70-30 CuNi in flowing sea water (0.6 m s - 1) was
approximately 2.0 um yr-1 after 14 years exposure, but
had stabilized at that value after 4 years. Efird (1975)
further studied the relationship between corrosion product
formation and biofouling resistance of copper base alloys.
He proposed the following model to describe the process:

1. Initial formation of a protective CumO film.
2. Subsequent hydrolysis of CumO to a loosely

adherent Cu(OH)= 3 CuCla film.
3. Fouling attachment to the Cu(OH)- 3

CuCl= film.
4. Removal of the fouling organisms with the basic

chloride film leaving the Cu=O intact.

As the Cu=O corrosion product film grows in sea
water, copper ions and electrons must pass through the film
to support anodic and cathodic half reactions. It has been
shown experimentally (North and Pryor, 1970) that alloying
additions of nickel and iron to copper improve corrosion
resistance. The mechanism proposed is the incorporation of
Ni and Fe ions into the highly defective p-type Cu 2 O
corrosion product film as "Doponts," thereby altering the
defect structure. The result is a protective corrosion
product film possessing relatively low electronic and ionic
conductivity.

The corrosion of copper-nickel alloys in aerated,
unpolluted, sea water is cathodically controlled by oxygen
reduction. Dissolved oxygen retards corrosion by the
promotion of a protective oxide film on the copper-nickel
alloy surface, but increases the rate of corrosion by
depolarizing cathodic sites and oxidizing cuprous ions to
the more aggressive cupric ions. Other factors, such as
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velocity, temperature, salinity and depth affect dissolved
oxygen transport and content in sea water thereby
influencing the corrosion rate.

Soluble complexes ,of cuprOuS (CUCI=-,
CuCl--) and cupric (CuCl-, CuCI 2 ,
CUCI-, CU (COs) 2 -. etc. ) ions are
thermodynamically feasible in seawater. These complexes
form at rates dependent upon the available concentration of
Cu- and Cu-- ions. Complexation with organic ligands
has been studied (Compton, 1973) and is hypothesized as a
mechanism for the increased corrosiity of natural sea water
over equivalent saline solution. Organic complexation may
be an important factor associated with biological activity
and may be critical in biologically accelerated corrosion.

Polluted sea water has been cited (Gilbert, 1954) as
the most important factor contributing to failure of copper
alloy marine condenser tubes. The primary cause of
accelerated attack of copper base alloys in polluted sea
water is due to the presence of sulfide. The principal
sources of sulfide in sea wter are (1) the action of sulfate
reducing bacteria, and (2) the putrefaction of organic
sulfur compounds resulting in the formation of organic
sulfides which can cause localized corrosion of
copper-nickel alloys in sea water (Bates and Popplewell,
1974).

Microbiological fouling of copper-nickel alloys in sea
water and its influence on the corrosion process is not well
understood in comparison to the electrochemical processes.
Corrosion scientists and engineers have studied the effects
of organically derived sulfide and sulfur compounds, as
previously mentioned, the effect of chlorination on
corrosion (LaQue. 1950; Stewart and LaQue, 1952), and
mechanical biofouling control methods with and without
chlorination (Lewis, 1982). Sophisticated surface
analytical techniqueE such as x-ray photoelectron
spectroscopy (XPS) and scanning auger microscopy (SAM) have
been utilized to study the development of inorganic and
biological fouling layers on copper based alloys (Castle and
Epler, 1981).

Most of these studies have been phenomenological,
however, and have not adequately modelled the mechanisms of
microbial attchment to copper-nickel surfaces and the role
of microorganisms in the corrrosion process. The following
study is intended to identify some of the important aspects
of microbial fouling and microbially-assisted corrosion of
copper-nickel.

EXPERIMENTAL METHODS.

Re l~e Tubular LooQ (RTL). Three parallel recycle tubular
loops (RTL) of the type shown in Figure X-1 were used in
this research. Pertinent dimensions and materials of
construction are given in Table X-1. A detailed description
of the RTL system, analytical methods, and opertion is
presented elsewhere (Characklis and Zelver, 1983).
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Table X-1. Pertinent Dimensions and Construction of the
Recycle Tubular Loop

Liqulid VohIIIIes V (in3

kiubing (CitNi or Ti, I'V('IIL and Ygoii) 0 00095
Ceiitriftug~dI Pump (phenolic) 0.00018
Fl.*ow Mcler (PVC) 0.00014
Mixing Tmik (oI;,ss) 0 00035

IToliV iucit 0.0() 17 2

1 1:xchani!,cr (CitNI or ii) 0. 7 0.0 134
1PreSSulre Drop Secon1 (Cu Ni o: T Ii 1.2 (41.01-14
lest Sec" ionl (CuiNi or Ti): 10 0.01 pm loiw, s;wipl- tithvN (.5 1 0.0114

Twfeli!1hNw, (CuNi or Ii i i.21003

I~~ ic ti I t uvtlPV5) 13 (1.0

A Ik I Ill'

i'L: .\.0.2172
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Important features of the RTL include:

Each RTL is made predominantly of 0.625 in (0.0159 m)
O.D. heat exchanger tubing with a wall thickness of
0.049 in ( 0.00124 m). Titanium or 70-30 copper-nickel
tubing was used depending on the experimental design.
A section of tubing is fitted with ports for measuring
pressure drop. A polyvinyl chloride shell encloses
another section of tubing to form a heat exchanger
which is used to control bulk water temperature by
removing excess heat build-up from pumping friction; a
thermo-regulator detects when cooling is necessary and
opens a solenoid valve to pass cold tap water over the
section of tubing. A test section comprised of 10
removable sections of tubing each 2 in (0.051 m) long
is included for surface analyses of the deposit mass
and the fouled surface (Figure X-4).

A flow meter which measures cumulative water flow is
used with a timer to calculate fluid flow velocity.

Water is recycled through the RTL by a centrifugal
pump with a chemically resistant, phenolic head. Fluid
flow rate is controlled manually by a ball valve
located downstream of the flow meter.

A pH controller is not included but the buffering
capacity of the aquarium salt maintains pH between 8.2
and 8.4.

A glass mixing tank is used for housing the
thermo-regulator and for feed water input.

Feed Water. Feed water consists of 11,300 mg 1-1
aquarium salt (Instant Ocean) for dilution to which one or
more of the following may be added:

Trypticase Soy Broth (TSB) nutrition for microbial
growth to give a nutrient loading rate (RL.) of
either 0.44 or 4.4 mg m- 0 min - '.

Bacterial cells from a fixed film chemostat
inoculated with Pseadoponas atlanticus,
Flavobacterium, (ibrio algenolyticus, Pseudononas
alcaligenes and Desulfovibrio. The chemostat is
continuously fed with 100 mg 1- 1 Trypticase Soy
Broth in 11.300 mg 1 - 1 salt water (Instant Ocean).
Continuous analysis of chemostat output for a 7 month
period shows 4.77 x 10' + 8.20 x 10' total cells
per hour and 3.37 x 10" + 9.05 x 10'0 viable cells
per hour being produced.

Chlorine at a loading rate of 0.44 mg m - 2 min - '
either continuously or periodically (one hour every 24
hours).
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Filtration of the influent aquarium slat is used to
minimize microorganisms in some experiments.

ODlytica_-Methods. Analytical methods are described in
detail elsewhere (Characklis, and Zelver, 1983; Characklis
et al.. 1982). Important features of these methods
include:

Sampling for bulk water analysis is directly from the
mixing tank using a sterile pipet. Surface samples are
taken from the removable sample tubes by scraping the
sample from the surface with a sterile rubber policeman
into a beaker of sterile distilled water. All samlples
are homogenized with a high speed, sharp-bladed, mixer.

Total cell counts are measured by the AODC
epifluorescence technique (Zimmerman and Meyer-Riel.
1974).

(liable cell counts are by the spread plate technique
(APHA, 1976).

Deposit mass is measured by drying the removable
sample tube for three hours at 100-C and then
weighing the tube. The tube is then cleaned (deposit
mass removed), dried and weighed again. The deposit
mass is the difference between the dry fouled sample
tube mass and the clean tube mass.

Corrosion rates are then measured from the difference
between mass of the sample tube at the experiment start
and the cleaned sample tube at the experiment end. The
difference in mass is divided by the exposure time to
determine a rate which is then converted to units of
microns per day.

Percent volatile deposit mass is determined on
deposit mass scraped from the inside tube surface.
Volatile mass is the mass removed by ignition at
600-C for one hour as described in Standard Methods
(APHA, 1976).

Chemical analysis of the deposit mass was performed
by atomic absorption.

Scanning Auger Microprobe (SAM) measurements were
performed using the Phi 595 Model (Physical
Electronics).

Chlorine was measured by the amperometric method.
RTL Operation. Table X-2 presents a summary of
conditions which were the same for all experiments.
Conditions which varied include tube alloy (70-30
copper-nickel or titanium), substrate loading rate
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Table X-2. Summary of Conditions which were Identical for

All Experiments

Volumetric Feed Rate 1.9 x 10- 5 
(M

3 min - ')

Hydraulic Retention Time 90 (min)

Water Temperature 30 (°C)

pH 8.2 - 8.4

Fluid Flow Velocity* 5400 (m min-  )

Fluid Shear Stress** 3.0 (N m - 2 )

*Fluid flow velocity was held constant during experiments

EXO-l through EXO-2. Fluid shear stress or pressure drop
was allowed to increase.

**Fluid shear stress was held constant during experiments

EXI-l through EX6-3. Fluid flow velocity was allowed to
decrease.
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(0.44 or 4.4 mg TSB m- - min-), and treatment
(chlorination. filtration, or none).

RESULTS

Control Experiments. Experiments where no biocide has been
added are referred to as control experiments. Controls have
been conducted to observe the natural progression of fouling
on the condenser tube surface. Figure X-5 shows the
progression of fouling for the titanium control experiments
as indicated by change in Fouling Deposit Mass (MD).
Change in MD for substrate loadings (RL) of both 0.44
and 4.4 mg TSB m- - min - ' are indicated. Note, the
rate increase in MO at RL = 4.4 mg m - 2 min - ' is
approximately three times the fouling rate increase at RL
= 0.44 mg m- - min - . The progression of MD is
indicated as linear since data are presently not available
to jusitify a more sophisticated analysis. Presumably, as
Suggested by other work (Characklis, 1980, Mr reaches a
plateau level at some point in time. However, for the
initial stages of fouling, and for comparison, the liner
regression analysis is sufficient.

Figure X-6 shows the p.-ogression of MD with time on
copper-nickel tubing for the two substrate loadings. In
this case, there is no significant difference between the
substrate loadings.

Figure X-7 shows the progression of fouling on
copper-nickel and titanium tubing as indicated by change in
Volatile Deposit Mass (MvD). The rate increases in
Mvo are calculated by multiplying the rate increases in
MD by the average percent volatile mass. At RL = 0.44
mg m-2 min - , the rate increases in MvD for
copper-nickel and titanium show no significant difference.
However, at RL = 4.4 mg m-2 min-', MVD
accumulates approximately four times faster on the titanium
surface compared to the copper-nickel surface.

Measurements of Corrosion Loss (CL) for all control
experiments are summarized in Table X-3. C, is zero on
the titanium tubing and averages 33 microns per year for
copper-nickel at RL = 0.44 mg m - 0 min-'. Average
CL at the higher substrate loading (RL = 4.4 mg m- 2

min--) is approximately half that at the lower substrate

loading.

Microbial Cell Counts. Total microbial cell counts on the
copper-nickel and titanium surfaces, for all control
experiments combined, show no significant difference between
the two alloys (Figure X-8). Table X-4 summarizes all total
and viable microbial cell counts talen for control
copper-nickel and titanium experiments. No significant
difference in cell counts between the two alloys is observed
for measurements taken from either the tube surface of the
bulk water.

Scanning Auger _Mi crorobe. Scanning Auger Microprobe (SAM)
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Table X-3. Corr-osion Loss and Volatile Deposit Mass for All Control
Copper-Nickel and Titanium Experiments

Substrate Corrosion* Volatile*
Loading Loss Deposit Mass

Alloy (mg m -  min -') (um yr-1) (percent)

CuNi 0.44 33 + 6(14) 28+9(5)

Ti ).44 0 + ()(2) 76+9(2)

CuNi 4.4 16 + 9(4) 13 (1)

Ti 4.4 --- 28+11 (2)

*Values given are mean ± one standard deviation with the number of

samples given in parentheses.



120

10

E 0 COPPER-NICKEL AVG = 1.13 0.73 Q (I1)
- TITAMUM AVG ='2.27 L21 x10 (7)

69

0 8- 0 00
a-
w 0

70(I)9

-j
-j

w

o 6
_J

5--

41
0 10 20 30 40 50

TIME (days)

Figure X-8. Progression in numbers of total microbial cells
(EPI) in the deposit for all copper-nickel and
titanium control experiments.
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Table X-4. Viable and Total Cell Counts in the Bulk Water and in the

Deposit Mass for All Control Copper-Nickel and Titanium Experiments

Sample Bulk Water Cells Attached Cells

(alloy) (100 cells hr-)* (100 cells cm -2 )

STP EPI STP EPI

CuNi ('. +2. (26) 4.4+4.:3(28) 0.4+0.32(5) 1.1+0.8(13)

Ti 1.6+1.6(12) 4.0+6.1(16) 3.9+6.9(4) 2.2+1.2(7)

Note. Values given are the mean t one standard deviation with the

number of samples given in parentheses.

STP: standard plate count (viable cells)

EPI: AODC by epi+luorescence (total cells)

*: Number of cells exiting the reactor per hour in the bulk water flow
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measurements on sample tubes removed at the end of each
experiment are summarized in Table X-5. The values are
weight percent of each element for the overall surface
analyzed. Figure X-9 shows the relationship between weight
percent oxygen and the amount of volatile mass removed from
the sample tube before the SAM measurement. Note, more
oxygen is found on the metal surfaces containing greater
attached volatile mass.

Chemical Analyisis of Deqosi ts. An analysis of elements
found within the deposit is presented in Table X-6. Weight.,
percent of iron, and copper are measured on control
copper-nickel sample and a control titanium sample. In
addition, a sample of tygon tubing which connects
copper-nickel tubing of the RTL to the glass tank, is
analyzed to determine if any material from the copper-nickel
is deposited elsewhere in the system. Results show
considerably more copper in the deposit from the
copper-nickel tube compared to the titanium (59 percent for
CuNi versus 1.6 percent for the Ti). Weight percent iron
changed little. A considerable amount of copper is found on
the tygon section. Visual observation indicated a green
tint to all deposits found in the RTL with copper-nickel
tubing.

Filtration of Influent Water. In these experiments, the
influent water is filtered and no substrate or bacteria is
fed to the RTL. These experiments are designed to compare
corrrosion and fouling with and without bacteria.
Contamination of the RTL occurred regardless of efforts to
maintain aseptic conditions. However, the organism levels
remain approximately an order of magnitude less on the
"filtered" RTL surface compared to the control RTL (Table
X-7). Note! no difference in corrosion rate of the
copper-nickel is observed between the filtered and control
experiments.

Chlorination of Influent Water. Chlorine was added to tne
influent water at a loading rate of 4.4 mg m min - '
both continuously and periodically for an hour every 24
iours. Figure X-10 indicates the chlorine demand of the
copper-nickel tubing. This experiment was conducted as a
batch test to observe the reaction of chlorine with
copper-nickel tubing. Free chlorine (20 mg 1-1) was
added to one liter of stirred solution. The amount of
copper-nickel tubing added resulted in the same surface area
to volume ratio as in the RTL. Chlorine in the distilled
water drops to approximately 13 mg 1-1 in the first 100
minutes and then remains constant. The chlorine exposed to
the copper-nickel drops rapidly and, at 300 minutes, is no
longer measurable. Combined chlorine in both solutions was
always zero.

Table X-8 compares results of the chlorine experiments
to corresponding control experiments. The periodic
chlorination of titanium is ineffective in reducing
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Table X-5. Scanning Auger Microprobe Analyses of Elements on

Copper-Nickel Surface After Removal of Fouling Deposit Mass

Cu Ni Fe Mn 0 N Ca C CI S

Control 49.7 34.4 2.4 0.7 8.4 0.3 0.4 1.1 2.4 0.6
Filtered 43.8 34.5 0.8 1.8 10.7 0.4 0.5 2.8 3.3 0.3
Chlorinated 75.0 12.3 2.1 1.1 5.2 0.2 0.6 1.4 1.1 0.3
New CuNi 67.6 26.5 1.2 1.6 0.9 0.4 0.6 1.0 2.7 0.5
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Table X-6. Atomic Absorption Analyses of Iron and Copper Within the
Fouling Deposit Mass

Percent of Total Deposit Mass

Exposure Time
Sample (days) Condition Iron Copper

CuNi 22 Control 0.94 46

Tygon 22 Control 0.16 13

T' 23 Control 3.2 1.3
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acumul ation of deposit mass. However, continuous
chlorination of titanium reduces Mn at 37 days from 22 g
m- 2 to 4.5 a m - . Surface cell numbers are reduced on
the titariium surfaces exposed to both continuous and
periodic chlorination. No significant difference in cell
numbers is observed in the bulk water organisms. Only
Qontinuous chlorination is applied on the copper-nickel RTL.
rhe results show no significant difference in deposit mass,
corrosion rate, or- in surface and bulk water- organisms.

DIS C(SSION. The results of this study do not justify the
dE-velopment of a new theory for microbially-mediated

, D jr oin in Cu-Ni alloys. However, the results are useful
ror proposing a model to describe the process which may
-zerve as a hypothesis for further experimentation.

() (, nceptugAlMqdel. The processes of major concern in this
9'fperimental system are corrosion of the metal surface and
c:cLumulation of fouling biofilm deposit. The processes

-.-CL-,r simultaneously and interact with each other. Figure
x-I is a schematic representation of the individual
processes contributing to the corrosion and fouling
processes. Table X-9 identifies each of the processes
desionated by a number in Figure X-11.

Initially, the metal surface is exposed to water
containing substrate (an energy source for microbial
growth), biomass (microbial cells), and dissolved oxygen.
The corrosion process begins with the transport and reaction
of oxygen at the metal surface (Process no. 1) which forms a
protective oxide layer of insoluble corrosion products on
the metal surface (Process no. 2). The events leading to
corrosion of Cu-Ni alloys and the resulting composition of
the surface oxide layer is complex and has been mentioned
briefly in an earlier section. Random detachment and
attachment of the insoluble corrosion products from the
metal surface may occur due to the fluid motion and
resulting shear stress (Processes no. 4 and no. 5). The
detachment of insoluble corrosion products may initiate pit
growth in the metal surface due to electrochemical corrosion
(Process no. 3). Soluble corrosion products also diffuse
into the bulk fluid (Process no. 13). The microbial cells
(biomass) entering the system are suspended in the bulk
fluid and consume substrate (Process no. 8) and dissolved
oxygen (Process no. 9) resulting in cellular growth and
reproduction. Some fraction of the suspended
microorganisms attach to the metal surface (Process no. 11)
and continue to consume substrate (Process no. 7) and
dissolved oxygen (Process no. 10) resulting in growth and
reproduction within the fouling deposit. The attached cells
also produce extracellular polymers which further enhance
attachment and adsorption of more cells, corrosion products.
and other debris. The combined cellular and extracellular
niass is termed the biofilm. A portion of the detached
insoluble corrosion products become entrapped in the biofilm
(Frocess no. 6). The biofilm continues to increase in
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Table X-9. EX'planation of Process Terms Used in Corrosion

Model

I ) Dissolved oyxgcn removal by metal surface
2) Corrosion product formation
3) Soluble corrosion product detachment from metal surface
4) Insoluble corrosion product detachment from metal surface
5) Insoluble corrosion product attachment to metal surface
6) Insoluble corrosion product attachment to biofilm
7) Substrate removal by biofilm
8) Substrate removal by suspended biomass
9) Dissolved oxygen removal by suspended biomass

10) Dissolved oxygen removal by biofi!m
11) Suspended biomass attachment to biofilm
12) Biofilrn and insoluble corrosion product detachment from metal surface
13) Sctible corrosion product diffusion through biofilm
14) Anaerobic corrosion product formation
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density and thickness until fluid shear stress causes
partial detachment (Process no. 12). Insoluble corrosion
products may also detach with the biofilm (Process no. 12)
thus leaving the metal surface more susceptible to corrosion
processes. Soluble corrosion products are able to diffuse
directly out of the biofilm and enter the bulk fluid. After
the biofilm has reached a certain thickness, anaerobic
conditions form in the lower layers. These conditions are
favorable for proliferation of sulfate-reducers which form
sulfide and may lead to accelerated corrosion (Process no.
14).

A mathematical model has been developed to simulate
this system and is presently being tested. The equations
are an approximation of the processes occurring in the
system. The initial calculations can serve to identify the
dominate processes or rate-controlling processes. The
results can be used to formulate hypotheses for experimental
testing and for experimental design.

Influence of Substrate Loadinq Rate on Deposition. The
accumulation of fouling deposit on a condenser tube surface
is the net result of production and depletion processes.
Prominent among the production processes are microbial
metabolic processes and adsorption. Detachment or
sloughing of deposit is perhaps the most important depletion
process. Detachment may be quite important in explaining
behavior in Cu-Ni alloys which are continuously releasing
corrosion products into the bulk water.

An increase in substrate loading rate, R.
significantly increased the amount of deposit accumulating
on the titanium alloy as indicated in Figure X-5. The
volatile fraction of the deposit (organic component,
including microbial cells, plus carbonates), however,
decreased with increasing RL (Table X-3). The results
suggest that at higher loading rates, dissolved oxygen was
depleted in the lower layers of the biofilm and anaerobic
microenvironments existed. Anaerobic mtabolism generally
results in a lower volatile solids content.

RL had no effect on total deposit accumulation on
the Cu-Ni alloy (Figure X-6). The volatile content of the
deposit in the Cu-Ni was higher at the lower RL as
observed in the Ti alloy. The volatile deposit mass was
significantly lower in the Cu-Ni as compared to the Ti tube
at the high substrate loading (Figure X-7). At low
substrate loading, volatile deposit mass was essentially the
same in both alloys. The relative ratio of
volatile-to-total solids in the two alloys is predominantly
influenced by the corrosion products observed in the Cu-Ni
fouling deposits. The lower volatile deposit mass on the
Cu-Ni is not easy to rationalize. One possibility is that
the microorganisms' metabolism is altered by the Cu or Ni in
the deposit, e.g., the organisms' extracellular polymer
substance (EPS) producion may be influenced by the presence
of CLI.

The total and viable number of microbial cells in the
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deposit varied little between experiments or between alloys
'Figure X-P). These preliminary results suggest that Cu-Ni
alloys are not very "toxic" to microorganisms (in contrasts
to macroorganisms). On the other hand., Cu-Ni may influence
certain microbioloqical metabolic functions.

The influence of substrate loading rate on deposition
can be summarized as follows:

Deposit mass increases with increasing RL in the
Ti alloy because more nutrients are available for
microbial metabolism (Figure X-5).

Deposit mass in the Cu-Ni alloy does not increase
with RL (Figure X-6) because much of the deposit
consists of corrosion products as evidenced by the low
deposit volatile fraction as compared to the Ti alloy.

The change in deposit volatile fraction with
different substrate loading rates may be due to
increases in e;'tracellular polymer substances (EPS)
since cell numbers did not change.

At higher RL, dissolved oxygen may not penetrate
the entire depth of the biofilm resulting in anaerobic
microbial activity in the lower layers. Anaerobic
biofilms generally exhibit loer volatile solids content
(Metcalf and Eddy, 1972).

The hypothesis regarding oxygen is apparently
contradicted by results of the scanning auger Microprobe
(Table X-5) which indicated elevated oxygen contents on the
metal surface with increasing deposit mass (Figure X-9).
However, the oxide layer on the alloy most probably forms
early in the experiment prior to biofilm formation.
consequently, the oxide layer may determine the amount of
biofilm deposit which forms (Figure X-9). Metal oxides vary
in the degree to which they affect microbial processes and
may not be nearly as active as the pure metal. Therefore,
the oxidized Cu-Ni surface, although not "toxic," may
provide an "inhospitable" surface for the microorganisms.

Increased RL resulted in decreased corrosion rates
in the Cu-Ni alloy (Table X-3). However, the influence of
RL on corrosion is most probably an indirect effect. The
influence of the deposit mass and its constituents (volatile
mass and microorganisms) on corrosion, however, is probably
more consequential and is discussed below.

I nfluenceof _Deosit Mass on Corrosion Rate of Cu-Ni.
Increasing RL has no effect on deposit mass in the Cu-Ni
alloy but decreases the volatile content of the deposit.
This is related to the fact that more corrosion occurs at
low loading rates (Table X-3) and a significant portion of
the deposit consists of corrosion products (Table X-6).
Since total and viable cell numbers are relatiiely constant,
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several alternative hypotheses are advanced to expalin the
increased corrosion rate at low RL:

At low RL, microbial cells produce more EPS
(Trulear, 1982) and, thereby, increase the deposit
volatile content although the deposit cell numbers
remain relatively constant. The EPS. composed
essentially of polyelectrolytes, acts as an electron
source or sink to perpetuate or accelerate corrosion.

At higher RL, a significantly lower dissolved
oxygen flux reaches the Cu-Ni surface (as a result of
microbial activity) thus reducing corrosion rate.

At higher RL, metabolism of the deposit

microorganisms changes in some other unknown manner
resulting in decreased corrosion rate.

More experiments are necessary to reproduce and
convincingly explain the increased corrosion rate of Cu-Ni
at lower substrate loading rate. The precision and accuracy
of total and viable cell enumeration must be improved to
quantitatively prove any mechanism. Experiments with
monocultures or defined microbial communitites may be
necessary to improve such mesurements.

Influence of Microbial Cell Numbers on Corrosion Rate of
Cu-Ni. The experiment conducted with filtered sea water may
help reduce the choices among hypotheses. The filtered sea
water contained no microorganisms nor any trypticase soy
broth (TSB) as a microbial energy source. Thus, any
organisms in the system were biological contaminants which
grew on chemical contaminants in the artificial sea water or
dilution water. The result was a deposit with dramatically
lower viable cell counts and significantly lower total cell
counts (Table X-7). Despite the reduced number of
microorganisms in the deposit, no difference in corrosion
rate was observed. Several explanations for these
observations are possible including the following:

. The number of microorganisms in the deposit does not
influence corrosion rate.

The dissolved oxygen concentration in the filtered

experiment was much higher and increased corrosion rate
enough to cancel any effect due to decreased level of
microbial activity.

The deposit organisms in the filtered experiment

were significantly different from those in other
experiments.

. The absence of organic substrate increased corrosion
rate in the filtered experiment as much as
microorganism increased corrosion rate in the control
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experiments.

Detachment of the Fouling Deposit and Corrosion Rate in
Cu-Ni. 1he model for microbially-mediated corrosion
described above includes a term for detachment of fouling
biofilm deposit from the tube surface. This process may
influence corrosion rate substantially. When a portion (or
a "patch") of deposit detaches, the metal surface left
exposed will be subject to a considerably different
microenvironment from the bare metal (i.e., metal surface
with little or no deposit). As a consequence, a
differential electrolytic cell may form increasing the
potential for localized corrosion.

Chlorine Treatment and Corrosion of Cu-Ni Alloys. Chlorine
is a very reactive compound and, hence, an effective
bactericide. Chlorine is a strong oxidant which oxidizes
many organic compounds and is known to depolymerize polymers
o+ microbial origin (Characklis and Dydek, 1976).
Pherefore. chlorine has been used as an anti-microbial
fouling treatment for many years. Recently, environmental
concerns have encourgaed searches for new, effective, yet
environmentally safe, treatments. Nevertheless, chlorine is
still widely used as a cooling water treatment.

Because of its reactive nature, chlorine treatment is
frequently ineffective because it is consumed in undesirable
side reactions, i.e., "Chlorine demand" reactions, usually,
the chlorine demand is due to reduced inorganic compounds or
organic compounds in the cooling water. However, Cu-Ni
alloys also present a chlorine demand.

This study was conducted in artificial sea water. When
chlorine is added to sea water containing bromide ion, the
bromide is rapidly oxidized to bromine and the chlorine
reduced to chloride. The chemistry of the reaction has been
described elsewhere. As a result, and because no
distinction was made between chlorine and bromine in our
measurements, the combined chlorine and bromine will be
referred to as "halogen" below.

Halogen demand. Figure X-9 presents data from a
halogen demand experiment. The results clearly indicate a
high halogen demand for the Cu-Ni tube section. A halogen
residual was never observed in the chlorination experiments
as a result of the halogen demand presented by the metal
tube, the sea water, and the trypticase soy broth.

Influence of halogen on deposit *ass. Halogen
treatment, in general reduced deposit accumulation. The
more dramatic effect was observed in the Ti tubes. Halogen
treatment had little effect on deposit mass in the Cu-Ni
tube nor did it influence microbial cell counts in the
deposit or in the bulk water. The high halogen demand o+
the Cu-Ni tube surface area, TSB, and the artificial sea
water resulted in no measurable halogen residual and, hence,
partially explains the negligible effect of halogen on the
accumulation of fouling deposit.

In the Ti tubes, the influence of halogen on total
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deposit mass was much more dramatic for at least two
reasons:

1. The deposit mass in the Ti tubes contained
significantly greater amounts of volatile
components, i.e.. microbial mass.

2. the Ti tube had little, if any, halogen demand.

Total and viable cell numbers in the deposit as well as
in the bulk water were reduced significantly in the Ti
system as a result of halogen treatment. The lack of
halogen demand at the tube surface may influence the
bactericidal nature of the halogen as compared to its effect
in the Cu-Ni system. However, the influence of the Cu-Ni
corrosion products trapped in the deposit may have also
influenced the reactivity of the halogen.

Influence of halogen treatment on corrosion rate in
Cu-Ni. Table X-8 indicates no significant effect of
halogen treatment on corrosion rate of Cu-Ni. If halogen
had significant contact with the Cu-Ni surface, considerable
corrosion would be expected due to its high halogen demand.
Since no significant corrosion was observed, chlorine may
have been consumed in undesirable side reactions and may not
have been penetrating the fouling deposit to the Cu-Ni
surface. Additionally, Cu-Ni may serve as a catalyst for
halogen reduction and, if so, little corrosion would occur
as a result of a halogen reduction. More experiments are
necessary to determine if a higher halogen loading rate
would reduce fouling but, at the same time, increase
corrosion rate.

SUMMARY. A conceptual model has been proposed to describe
the interrelationship between biofouling and corrosion in a
Cu-Ni alloy. Laboratory results have been presented which
are consistent with the proposed model. The experimental
results suggest several mechanistic hypotheses requiring
further experimental testing which is currently underway.
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XI. E'IOFOULING-CONTROL

All practical methods for contr-olling fouling biofilms
or, for that matter,* any other type of fouling. must operate
under the following constraints:

1) Economics;
2) Material limitations
7T) Environmental and hecd. th conqi derati ons
4) Process limitations

Consequentl y, there may be a;many IOUl Ing control
strategies as there are fouling Situ-atiCMS.

FLJNDAMENTAL FOULI NG FROCES '-E-*S

A U e f U. i va ,, to 3o 1, a t bhi (: oou I1 n q r-o n t rol) is t o s eeC
how -vi -ri1ous practical methods atfect foul ing bi of i 1 s.
F'Uul i ng in general cc n be under stood in terms of the
follt owing sequenc~e of fundamen-tatl processes:

1) Transport of mnateri al to the fouling Surface
). Ottchment or adsorpti on of material to the surfac-e

.)Reaction and accumul ato of deposit at the surf ace
41) Detachment or slough ing of deposit from the surf ace

This same sequence applie s whether the deposit is
biological, organic, inorganic, or- a combination of these
(Table X-

'Transport is Aphysi cal process described by the laws
nf hydrodynamics. Di ffusi on and tu-rbu-l E-nt eddies are the
pr-ima,.ry mechanisms of transport. Transport'- carries material

- ivfrom the surface just as readilIy a,.:it brings material
fxo the surface. It is influenced by the concentration
gjradient and diffusion rate of material in the fluid, and
fl1ui : flow rate, viscosity, and temperature.

Attachment is a physi co--cheiical process where
p,:rt,1iculate or soluble material bonds to the Surface with
AO ACCOmpa-.nyi nq reduction in free energy. It is a
(-t 111UCus5 phenomenon which inrvolvyes relatively weak
honding. It can be as tenuous as the weak hydrogen bonding
for ces which aIccounIt for adsorption of some organics, or as
.. tronq as the ele.,ctro.stat-ic forces-= which initially attract
ions t~o a crystall1ine surface. Initial attachment may
prepare a clear, !surface for further fouling. For example,
, -tdsorpticon of an organic film has been postulated to be a
prerequisite for biofouling (Loeb and Nei- hof, 1975i; Baier,
t1? 7:,).

Reaction is the process whereby the deposit
iACCUMUli ates, hardens, and develops- structure. Material
which was loosely attached to the surface becomes more
-Firmly bound. Structure begins to appear in the form of,
fo.r e. ample. a microbial. Mat surrounded by ex tracel jul ar

p~i *~ac~hri cm-o a faiiliar crystall1inc calcium carbonate
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Fi r.il 1 ,, detachment. occurs when the deposit structure
breaks down. It either dissolves or fragments and is swept
_4j::cy by fluid sheir torces.

For thu specific case of fouling biofilms, the four
fundamental processes:; reduce to the following (Characklis,

Transport of organic:s arid cells to the wetted
sLu' face

Adsorption and +irm &dhosion of the cells to the
wetted surf ace

Microbial cell growth and EPS formation at the
wet t.e-d Lurfa::e and within the biofilm

Detachment of biofilin material primarily due to

fluid shear forces

..G IHE CHA "

Foul inrg control involves interrupting any of the
{uridamental fouling processes. In Table XI-2 common fouling

control methods are categorized accordrig to their effect on
: urdan, nt a 1 processes.

DfPcrea'mi.-ing transport to the surface is common in
c~cn:rcL u-f biofouling (filtration), scaling (water

: 4:en i rig) , and corrosi on (deox ygenat ion) . They all work b/
i-ut..i : rq the concentration of deposit promoting material it,
i _e .ed water-. It is an expensvue technique since large
VOIl umC2. of relatively high quality water must be produced to
e ef fec ti v. One way around this is to find the weakest
Ii in the. transport process; the essential fouling

mig subst anre iwhich is lowest in concentration. Since
t':th hiofoul ing and, indirectly, microbially mediated
c Cj I'-r I'1io requi re a number of micronutrients this might be a
frui ttfUl place t:. start. Once an effective method is found,
iL can be impl ementLed using the well developed technology

o ,rrid in i the water s(,ftening industry.
Other generalized ways to reduce tranport to the

SV+,.A: woulI be t(i reduce flow rate, reduce turbulence, or
Sn cr e e .i scosi ty. While these may not seem practical in

(IterL, for some systems they may work.
Interrupting the interfacial process of

adsorptiori-attchment can be used to reduce both biofouling
( .rd thuls indirectly corrosion) and scaling. This is
.rC.iumjpished by reducing the energy of attraction between
t,, .,=_o t 1 u-5s and the surface. It can occur when the

+-, it.[ i nq sur f ace i s a t an opti mum surf ace energy (Dexter.
'"e77, or, wheti the fou].inq particle surface charge is

clharng ,H by adig ol yelectrolytus or surfactants to the
wAte.r (Drew Khomical Corp., 1979). By occupying bonding

- (-), uI. particle or surf ace (r both, the fouling process is
I It r r uptf d.



139

Inhibiting growth or accumulation is widely used in
industry to control fouling. ELiocides, such as chlorine,
inhibit the development of microbial slimes, crystal growth
in tlihitors interfere with the' development of the crystalline
lattlce in inorganic scale deposits (Drew Chemical Corp.,
1979), and protective paints ard cathodic protection inhibit
develpment of corrosion deposits. A s qi f i car t
disadvantage with active growth inhibitors such as the
quaternary ammonium biocides is that they must be applied
co1ti nuous.l y. Otherwise, since they do not remove
accumulated deposits, growth resumes where it left off when
application is interrrupted (Characl lis, unpublished
results) .

Finally, the most often used method for fouling control
is enhancement of detachment. Both physical and chemi cal
methods are used whi.ch dilSt.ipt bonding to ihe sgrface or
d -:roy cohesiveness of the depos it. Mechari cal methods

_ wc_ l o,::. increasing the -flow r-ate, or scraping the sur-faces,
rfnMiOve fouling deposits but must be used at infrequent
inutervals since they disrupt normal plant operation.
Chemicals are also often used at infrequent intervals to
rc.inov, uccumulated fouling deposits. For example, chlori ne
is applied in "shock" doses to strip microbial slimes from
fC'uled surfaces. Likewise, acids or- chelating agents are
used to remove inorganic scale deposits. These intermittent
mVtAhods are generally simple to implement but often create

other problems:

I) When used to control biofouling, they can cause
rapid regrowth. The rate of deposit accumulation
after "shock" dosing with chlorine is often greater
than before treatment. This may result from

incomplete removal of the deposit leaving either
some viable microorgnismis on the surface :r a more
attractive surface for microbial attachment.

2) It is costly to apply chemicals it the high
concentrations necessary to be completely
of fe'cti ye.

3) The high concentrations of chemicals used in
intermittent control of F:ouling are toxic in the
envi ronnment

4) The plant often operates at a borderline efficiency
until it is deemed necessary to clean.

Nevertheless, while traditional biufouling control
methods have addressed each of theme processes, for the most
pa:Arf, they have ccncentrated on enha3ncing detachment through
use of chlorine.

FIOFOULING CONTROL WITH CHLORINE-
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D 10 of-C)U.1 irg i.sonitrol . ,ld by A wi de var i ety of physi cal
,ddC1E-i~ai IT e] meAn () M a r i r e F1E s e ar c h . 1.nc -19716; Satt ag 1 i a

], 191; rhm L9 Ro n Charackli is, 1 482.
H 'r'-'.er, thoe iro-i effecti ye and most comncorlyv used method
for crntrol 1 jog and/or preventing biofoul ing is
chio:rination. Recent concern over the toxicity of chlorine

~H~ 1 a. 1.9131) arid -,o:me of its reaction pro~du.ctS
1 abaI La and Llorch, 197B) has st imul ated a search for

a].erntie~(DatLaglia et a]. 1961;. Waite and Faqa,
V?30; Burton, 1913). Nvertheless, chlorination is still
widely~7 p racLiclsd in power plants and in process plants for
miniLmizing the negative effects of bio-fouling (Battaglia et
a;' . 9191).

Chlorine itself is used in a variety of ways to contr-ol
1i j.T:)fouI i n g. It is applied as chlorine gas, hypochlorite
i20 chlorine dio~tidel and is elcectrochemically generated in
t:' I.a w-A t er -.Chlorne is used in r' nce-through systems or in
cf'ir iculaL!-.ng cooling towers; applied continuously or in

shtoC:k JoLsages. It is used i n f reoh water systems and sea
I rr. if-,: cat2;ii water Arid in contaminated water containling

high loF -f o,:.idizable materiials.
fonstrai ots p1. ac-ed on the use of chlorine have often

I 1 111 1J i.C lt' S ULlf oSS, in b.i of oul inrg control . These
tI )- 1'i oftS I 1 1.L.It.L'3:

I r Cot C.ff t c t i VtrL'5S. This may be a + -Actor in
on(a--hriiuq sstems)!F whore extremirely high chlorine

2 ~ i in tcA[.insin conderlr mnater ia].s which lead to
corro!s. ocn - Higqh chloride levels of ten develop in

r ejr u a inqcooling tower systems C)perAting at
hig in: r 1esof conce-.ntration *p.

Lnv irunryental r-eqc.n tat ions which limi t ef f1lent
eve a ~ h Ior. n in recei vi ng waters.

The l.atter hai', been the. pr inc ipal constraint on use of
hl .ii ri e in once-tLhro0uqh corl i rg water Systems since
di' r~m vof it. : diver -sco affect on heal th and the

1.1 '.1 - 11 ont . Chltor ii no nd chlor inc-produced ox idants have
fQ-U.'nd tc be to>:]. Lt C) (.1ut i life (BrUngs, 197.-':) .In

rid~~~ ri o, chtoinoracts wi th waterborne organic Compounds
pr .1ctti in t I a I I y calrc i noc 'eni c chlorinated organi cs

&tal.1 -170; Elein et al. 1193(I) Briley
s~ howed that chlorinationofteaa Tben

c -''c and it,7s extracel lul ar products formed
ii )orohans (THMs) . This suggests that chlorination of

to1fLLIMInii and their associated extracellular polymeric
&i-i:ji may r~untri bute to THMs in the aqi~iatic environment.

Chlcjrinre a been widely used as a disinfectant in the
vjot '--r treatmE-nt IndlUlitry. I~t was: originally presumed that

LI-i thvj~ e onl y wax'/ it controlled bicof oul ing. Rec-?ntl y.
I in,'voro:: p ' inta]. r esil1t s have indi1cate.d that chlorine

-1-r *o- i I. H anil iepolyrrmer iz es the EPFS in the bi of iim
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causing destruction of the biof a In matrix and its detachment
from the surface (Charackli s and Dydei . I76) There is
st ill some contruversy over which inechani sr f s responsible
fur chlorine's superior effectivene-s5 in foulinq control

Hu-ongers et al., 1977). It is probable that both

mechanism operate to varying degrees depentirag on proceFs
conditions.

Control of biofouling with chloru i,c iII tLihujent flow

is perceived to occur as a result -f the following processes
consistent with either mechanism (Figure XI-I :

Chlorine species entering the pipe segment react
with chlorine--demanding components (viable cells and

chemical compounds) in the bult wate.r.

Chlorine species are tr ansported I hrouih the ,.1hlI
fluid to the water-bi ofilm inter-+ace.

-Chlorine species diffuse and react within the
biofi m.

.Since both "solid" and liquid phases are present, the

chlorine-biofilm reaction can be termed a heter oge-leous
process. In heterogeneous systems such asS this, there is a

high probability that transport rates will li it the overall

rate of reaction. This inCludes transport of reacteants and
products in each phase and acrois phase boundaries.

Mclntire et al (1987) have developed a mathematical model
describing the combined effect of transport and reaction on
the ef-fectiveness of cl1orine in controllLng biofouling in a

circular tube.

TRANSPORT OF CHLORINE

W A.ter Phase. The rate at which chlor in acs transported to
t.he biofilm depends on the concentration of chlorine in the
bulk1< water and the intensity of turbulence.

The concentration of chlorine in the bulk water is

related to its rate of application minus the rate of

chlorine demand of the water. If the chlorine concentration

aL the biofilm interface is the same as its concentration in
the bulk water, then (-he cnncentration in the water drives
the reactions of chlorine within the biofilm. If chlorine

reacts with the biofilmi relatively rapidly, the

concentration ,at the inter face will be Low and physical

tranpscrt of chlorine to the interface may limit the rate of

the overall process within the biofilm.
By increasing the intensity of turbulence through

increased flow rate, both the transport rates in the btlaJk

v..Ater and thi corcentrati on at the interface will increase.

In the bulk water, chlorine is transported primarily by eddy

diffusion. Several investigators have observed that

increasing turbulence results in increased chlorine reaction

rates (Norrman et al., 1977; Novak, 1982; Miller and Bott,

1981. Novak (1982) observed a first order rate with
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i-'( t ()oJ hijr I n toliacntrat.i on which jaidjicates either a
fcr d er r aE & t i on orI i mns- transf er 1 i rni tat ion.

I fI It fI I tr oiiu;pcirt of chl uri ne in bi of i I ms Occurs
araiMn1 1w by' Eoec r di Iffaatsi on. Since the composition of

b~ Lof I LU,-- I' f raw 94 to '19 porcent water , the di f fusi vi ty of
i [-In(' " I, i n 1 probablIv J (1)1 Iar to it s d if-f usi vi ty

I s t. e tr .Iia i bofi 1 m~i oi higqher dt- nsity, or- inr those
COaitain i riq mi cr Cti il mY-.tter assot. i ated w3. th i norgan ic

ra-~~~~~a1l -+ h -r e; ci;djiracrt deposz,i tn, dif fusion 04:
LI 10 on c, Ina ho be ol -Iiii '-el)' sl ow.

FaEaCI I ON OF CHLOR .[ NE

P~ rFho.:!r. Th. rujacti on of- chior-i ne in the water phase is
rv.I I y -rIF 2 r to -a;the ''c hior-i rae demanid" of the wate.

T C t jC r r, I aaaa I d I(. TkIIC1 IS d Ue toc u, i d i zab I e :t norgan i c
K~lL.9th -.)Y~ 4,01it:. CO(UPdAMCLdE *mi cr-obi al cells! and other
t (_l t_ I-k1Lj- in Lhe water.- ThE;(e- on i di zabi e species compete

I IhLi hi of ilin fu r Ftaiiablp. c hior inri and of ten reduce the
F' icc L V~iO of: hi O_-)oui ng control . both the exten~t and

-- i, of chloi rne dc~aajnd determnine the Amount of chl1or ine
*~ :- 1 h ofcr hi u-foul ing control Premsent methods -for

obAkin in C-hlourine demand meiascire onl y how much chlorine is
CifiSIJITned, . i* a istoi chi oinetri c quanltity. The rate of
hIOr i rie defrrcAnd i e., how -f at chflorine is consumed woul.d

L(a moeuse-fiii gClanti ty for 4assessing its effect on
bi cof ouj. i rig con trol

ricinger-a 11977) rnEao8Ure:d the rate of decay of chlorine
j n -it ..7A r :i r i w ja t er : and foun-d it to) )ccu~r in three phases.

(a o I o I d UhaI. cur :i rI In~; one -fre? c hor i ne rapi. dlI y dropped
i C 11(Dt. lh,,l Y" o-f its o~rigirnal c.:!ncentrat ion in 30 . seconds.

r~. (aaL';1 'ebitt di eti nct L hasen had rates of decay which
i_ : gi f i i ~t. I v s I o ue r . 1heS E da ta& imInp I y thtIa t r eac t i On S

I a w*D I- a-ar phas cannot nec-"':,si.r 1y be modeled by a s~ nq 1e
Aa 1ul f i rst. or' ci or- rate P2 prea55L on

Tn ti,,i rio I..r pota'nc waters,* bromide ion may
apr ~~ ucent . Anj i -f:i cant o r.;ct ion of the chilor ine dema=-nd.

[inray I a (hypabroaai tto ion) is rapi~d] y f ormed f rom reaction of
Lhcar i ne w:L th brunci de ion:

1-OC 1 4- F'4r' = qOE-r- -v- Cl1

1, ' pohr-CmfilLEIc i s a strong di oinf ectant and i s probably
C- r -,: ic / e~r- a t dest r oy~ ring b i of i I im EF'S as well1

ihe am -sare a c-lass of compounds, ubi qui touls in
natuire, which are often responsible for chlorine demand in
t:oli1ny water sources. A~mmoni a, the parent compound for the
AioineaCi, reacts with chlorine to form mono-, di-, and
r .-i chlorani ne:

HOC]. + NH,. -= NH 2.Ci + t.40

H-L7 .+ NI-b!Ci NHCl -4 1-47.0
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HOCI + NHCl-- = NCI1,. + H;C

Where other amines are present and in sea water
where bromide is pr-eent., the number of possibl e
reactions and cross reactions- increase very qUickly
(Haag and Lir-tz-.e, 11780). It is not -.nown to what
extent hal ogenated ami nes, o-ften ref er-red to as
"combined (:hlorinii', can disrupt microbial films.

Temperature has beer- s hown to sign i fic r ntly aff-ect
both the=- r..te and extent of Chi on ne1U coni-sumrption in Sea
wa t e r ( n (Inn, 1930R ) .Coni-equen'ftly, fi md t-E17frprature
(7 1ct a-f f ElC-t + 0u U n q cn it rol) w h ere t h ? i s+ 5,L q (lf-1 if i c anrIt
cihlor-ine derrand.

.81-n fil (I P. C, h1.o r ine r ea ct!- w i th -v or ot i Ls -orqa rn icr a td
1- 0d UC F." i riC)1- q Ani Cc n mpFc)i 'i iit . wi1th1)ini L ici bi o t i Ii nr. I t
(:- :rn di S I'up t cc e 1 ul 1-Anr ma t eni- i a I a id 1 (A i ( iL. v~ Le c ( I
( di s i r-f eC:t ) . In well1 deve--loped hi oi i I ms , t s gi-eat esil
appare~nt ef fec t i s rr~aCtLi on vii th EPS (pr i marn iv
pa v] sac ch ar 1 des) wh i cii are r- esipris h b] e f or- . he ph ), i 1i 41I
j [it egr~i t y the b i of i ii ( (Chara,.c[1 1 L.. ri d LDydrFl 1 LV
0 .ier ies of s L ud i esi (Charac - I1!. 1971 1-h r a- c: ] s anrid
ijydptk , 19 74; Ch ar ackt'Ii is 6t 11Ja . , 1 9613C hov --o timat urj

the process3;- rate anid prouess stoi ct 1oimrit r -!of I h
reFact ion of chlorine with i mmobi 1i zed hi nii I m.
Howevecr, these data refl1ect variations r Csil iil fl n I T,

poorly de-fined chlorine demand and microbial
Pu:pui at ionis

B-icteria1 flocs and biofilms that ai e rich in LF-c
ru:hibit ax more rapid anid iulti~mately qre'4ter chlo~rinL
demAnd ( Charack is and Dydek . 19-76o. Or posi 1 i e
epl Anati on is derived from the obst-rvatluor that-
hypochiorite ion atta!ck-s gluc:ose pol yS Cchar-ije>- With
e;At: Ensi ye ox .idat ioni at the C ; and C., posj Li rn r- .)4
D - glucose Units, wnicl results in cl eavageu of the
C-%. bond (Hullinger, 1964; Whistler e't al,
1956) . Depolymerization can re sult fromr the indu1cti.-
uf~ects of this oxidation, from direct axidati ye
cleavage of the glucosidi c bond, or froml degradati or c-4
th* intermediate cilrbonyl comp)ound.

Mo:st of what is; known about chl ornen di s nft : t
is derived from water treatment studi us. It i i

gerner-.dly agreed: that chilor-ine di siiifFc t s by i rihi bit rig
t-i,--yrat i c procecs-es, wi thi n the bacter 1 al icC] I Whi to.

.1/;Wy : !=; 19-62)9. Chli or iricO- has,- beeni f(ooiW to b,. mo-re-
e-ffectLive as a di sinfectant At pH 6.0 C to pH 6j.'j (Wh Ite.
1972). Viypo(:. , :r OLS acid predominate,-, at these pH
val UCes. It i s postulated that the hypochi orou,, acid
mTole2cule, which is electrically neutral Anid hAs a
-maller solvation shell than the hypochionite ion, con'r
readil1y pass throughj cellular membrAnes3 whil1e the
h-pochlorite ion cannot.

Condenser Surface. The condenser surface may also
exert a chlorine demand. Characilis and Zelver (198--)
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1- V d u knIe IIt ed t he c h I or-r i ne d e m a nd o f a copper -ni c <c
a I Iy . Ti tLnI ur. on the oither han~d, eerted no SUCh
dj&ii~f cm II. r w I d _ 0Vjj ( 1 al *) 1 F found that Cu-Ni rec ts w i t h

rh 1rI. n. The cl-I or- joe, demand may tie d i r-ect 1 v rel atedc
to the s:Lgn i f icant corr osi on observed i n sea water
studies when copper-n. ckei. alloys are cio ae
EgUl Ar 1y (F-i scher,* 1 97CKO. Th is. may be dUe to

ol3.oi ch i ame-r ic reaction u-f the tube. al Allcjy wi th
chilurinre, or rery-oval of a protective ox ide coating from
the .-Oloy,* rendlerinrg the tinncerl1yi nc metal Vulnerabl1e to
c I i ,r osj0T0 o -rea ct i c)-ns . Metal ic (sins. cucLI1 as Cu (11)

I v -~I I rhwn to catal vz e ch 1 or ine decompositLion

1I OF I LMI', :E M V AL A N D,f"F D EB S'L UCT I O0N. The reaction of
chior.irewith bi of:ilm prodLur:es-.. In i nmnedi ate response int

IC it-0.o I- vat 01- 1.)\ inc reasing turbi di ty and the SOIluble
ogic Or~ist tulent'S (Chelrackiis anld Dydek.. 1976). A

:i g if cntremroval. o-f b i fi ii is evid cenced by 'a
cII:L' iiV~Lilli ~ blAIii thic:I-:nesoTz (Charoc[ 1 ic et al.,

I'3) Mji ii or &nd Dott, 1 91.) and a dcerease in fl1uidc
-~ - t i i~ir-'~ are(ChzArcklis, .198u; Characl1is arid

0) F! C:1: * 1 .( ;idor r nan kl t R1 1977) Tn.i 'ti vat ion of
C) hof 1ii (7) With t- MDFVY :tdi-zi og pci son does not resu~lt

ti a-n' bci-i.o I i m nv I(hr.: i nd Dyde.: 1976).
j u rUS UlI Ll: ,.uqgest Lhat hypcich 1or itco ion ox idi zes EPFS

tlThn te bi ofi l.r-n r'es:ulting in depolyrnerization,
ci mlol 1 r ndl det achmrent.-

C h .Ar- .cl :i.f al (19130) reported that bi of i1m
achontrr:;uiLi igfrom chl orn iati on 1jO IMU(h hi qher

I cac i iH and 3B.5j thaii betwcen pH 6 and 7 Where
CAi L! :- If c C iC I~ OI 1. C, opt i. M UtR These datA are consi stenit
oi L ci foc:r chlIor inat ion of pol ys_.acchar i des such a S
,:t.ar nfl ,Wh I uh1 i opt i[ mI MUA pH .7 ( Wh istleir and
!- hvji- gc.r , 1757) . Simi lr- d, Aa are not available for

soor 1oraii ic',di ch 1orami ne. or other N--chl oro

Ci, o. r i I i "enhariacer s" ar-e somuti mes added to
In rnpruove chl or i ni on performance. Supposedly, these

c croI o c'35110penetrati on u-f chlorine into the
i I I. mn.

Uhi anrne concentrations asi high as 20 mg/i applied
.-'ver -l tiilrtsos- a day may be needed to effectively

* cl I. r al i . ig nqA I power- p1 ant (Battagli a e-t
/ i . 9F- I [h *lct ci iter ion for doSage i s f requentl y

h., r-k-,; dti, t- I ncenti, &t i on i n tlie out let water. By
:1I .,,II I., i q -r esi dioal at the out l et . chi or i nc demand

I'l hOVJA..I 3 prVoufllati y nullified. Typical chlorine
t 'iA,_U,_.a, in t hC outi- I et an'ge from 0. 1 to 0.*.5 mg/i for

,J fur-t i vc ptor f or imariCO
Ii id U hc-av fotces may play a major rol.e in the

Iof hfi oi li*. :~vra ivest i ators (Norman et

h, 1.1 1 o, h ~ ~u d. igLher r,..Atte cif chilori ne
[Jvt !-3.01]. 10' cif id -- I' til u t~r amount of b i f iim
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removed when the fl.uid shear stre,s was greater. The
authors siuggestt hat ijreet cr shear f urce may have the
fo CII UVwinrg t?e r_ t :

I ri reas E Lmas i L i-ki of -r of cii or' i r {" om the water-
to the biofi Imr

j 0 rupt:- . tI ie b o . d u.kIIg ch or .1it..Lor-
reentroilrvriq rUc:Act1LA pr oducts iIt the water phase

arid e':posi og new sur faces for chlorinii, attack

Incr easi.rig shear force (flLaid eel or:ity) o,1so
r ef le( ..A thariner Vl'sCOLLs suti l,Ayer 1r1 the tube.
The v Scous -,.tbl ayer is =i r eiq ori of low sheor force
and biofilm within the ViScUuS sublayer will riot be
disrupted to a great e-:tent. 1i jmperIe y (1981) has
commented on this effect of tiean flow velocity or
the cleaning of biofoulJed tubes.

Cih- ervation- indicate that a residual biofouling
t remaa ins after removal through inter-mi tent chlorine

f ieatient. This has important consequences for subseque-,t
r egrowth of the hi ofouling deposit.

F:IOFLULING CONTROL THROUGH I)1INF:LCI IONS. Low level
chlorination can si gnificantlv reduce viable microbial celIs
in wa.ter and destroy some of the nutrients necessary for
Iel1 growth. It s effecLively used t.o maintain drinking
water qu] ai ty at residual concentrations as low as C.07 mg/i
'Birus, 192B). It is also £f..::cti:v in controlling
I. L 1 C ri t a Li I Jr It , th of -p 3. f a Ia] an i 1 . S in heat ex changfr

mc (Whi te, I 97; Borgur s, 1.977) . Low level
hl or i (,ton however, i s not sU:f I cieiit to prevent

ot tz(- I i .rL of -:tr i v i ng vi abl e e: e I Is t o heat exchanger
I'. s1:a. Low level, continuous chlorination can be Used to

-I ow down m c:r:,LAjil fouling but (if-t eli mifnate it.
c-, tc-rn t r i-.,: i f clIi orinE hi q I enough to make these si yst ems

J:, I L would be prohi bi ti vel y expensive and create
U-.,c..ep table environmental damage.

EIOFILM REGROWTH. Numberous investigators (Characklis,
19 IR Norrmant al, 1977; Novak. 1982; Miller and Bott,
191 Lewis, 1922a)i and plant operators have observed a
rapi i resumption of biofouling immediately following
chlor.mjen treatment and have termed this phenomenon

r- r- (.) wh" . Figure XI--2 (Lewis. 1982a) illustrates this
p ien -mir:. n on. Reor owth may be due to one or all of the

)1o 1. 04-4 Fig e so

Thu,., remaiinig biofilm contains enough viable
organisms to preclude any lag phase in fouling
biofilm formation observed on clean tubes.

The rema nirig bioffilm is relatively rough and

eriharres transport of iioicrobial cells and other
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coinpoundu. to (he. ;urflace. lhCa t- oughness o-f the
Aep 51L AIS so pr'Vie.L0 LA St icl-i r' surface.

1 h,, ihlorii -,i~mp] ' i emovcsL E"S andl leja-ves biof aim
ciuit,-:- rniurc, us( nosedF ntents.

LIPS: Us r crec: dl- h'v lyivvng organsisms as k
prie oct V- 'ov, mt-punxiSc: i irritation by chlorine.

-Therv. 'ei selout-iii f4or a-- c' hlor i n res i stant

k-.C ,t' 5i v E amonun1. v f i lF t w i p roiI i + &r- a t es o n
tSz t (200 PF S ilvle I- OP I 11 Aionl£5

1-ipf I LUY L r 0 ow ti1) haiS; a 1. soc b e en L-tbscr 'v ed onr wellI s o f wa t er

9 ES at lhors both demns~trated that bar. ter ia
pt v~u isc. p'L~dLLo chlor ine wore mnore resi stant to

L.1dri ne tvF:han Lhosic- n ve .2:piseci. Th is i s consi stent with
I I t tri:) h ,pott o-.1.

t c, .riclcd Li~ i udis c)f r-e--peazted Ihlrination~
* ih *1 ofr ; Lt TIvMA~t al has been noted 1in severea1

cy~*.Lions (Chsceci a 1. 19C0; M1anguml and Shepherd,9-'/
L[ wi -z.I : 0 92b i ho epsi increasv=es in Ash content with
* u~p 0 vit ed iii era oakF>on antid, in 5veral. cases., anid inordinately
high i unteit. of iti-anqani700 hI-As bee--7n o..bserved. The refractory
de posit has Ian inhib--itory effect on biofouling (Mangum and

hcoPhIir:-r d 1, 19 7l . hi s ref ractory material may accumul ate to
t i n -cifr i: t en t thIia t i t. impFedec.s h Ie At t r a nsF;fe(r a nd wi 11I n ot b e

f:r ii cy Ci 1i' c.I lr (7)1'

Ch hI (Jr 1, 1n1 31 !supfer- 1 or ni crab i a I f ccii i ng control agent
bca -~ t (-an iIfu c t i vry disr Upt and l oosen f oul ing

Jine t p (:) SL or i'i the water phas-e q c-.e.n also inactivate
r o iic-ol i *d.~ iifr.:) nd oidizp nutrients. When

I r riritc IF O] m, the fol owinq occurs, detachment
;,I 0;iiicl:'ifl 04 tyicif ilmi componenits, and

i-init I li~incisE (:otIiiiitid in all of these
C: - I ons. Ili- nobs i-erva--tioi i' si-ggest that the following

+n iir'OIherte1tho chi orine--biof ili reaction:

cv spr o chior.creI rom the water to the
vwnte7r -biofta1wi it face. Transport rate aincreases
ih iincr easi ni chlior ino concentration and
Lur-bul . IC t/)U4iS1.

Trcrespi r 1 of -h i ri n-wti he bi of ilIm or

deposit. Transport rate can be increased by
IVILrc'dslinq the chlorine concentration at the

*s~r -1~i f iinterface.

Reac.t a. on of chi o-r- jnc, wi thi n the b i of i Imat
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especia ly the abiotic components.

4) Detachment and reentrai nment cit reacted bi foi em
primarily due to fluid shear stress.

5) The hvpochlorous acid--hypochlorite ion equilibrium,
which on the one hand favors disinfection (POCI)

and on the other favors detachment %OCI-).

6) Disinfection, which :is effecItive at low chlorine

c:oncentrat ions but unfa.:orably competes with the

EPS of well --devel opced bi of i i ms for available
ci I1or-i n e.

Consequently, a chlorination treatment projram may be
improved by the following measure"

Increase chlorine concentration at. the
wAter-hiofilmt interfac . Most practically, this is
acrcomplished by in:reasing chlorine concentration in
the water phase. However, another possibility is to

target chlorination at the water-biofilm interface.

Increase +fLkid shear- stress at the water--biofilm
interface. This r-equires increasing fluid flow

rate.

Reduce chlorine demand of the water-, sometimes a
difficult, costly task. If chlorine can be injected
in the viscous sublayer- region, the chl or ine demand

of the water will have significantly less effect on

the prncess.

Us e pHl :onf-rol Io fav( r hyn.)oc:fel(oriL i( n pr :moted

deLtochmuoet with we ll de v.loped bicifilms and
hypochlorous acid disinfecti on with thin films.
(Alternate between continuous chlorination at pH 6.5

and "shock" chlorination at pH 8.

While these recommendations, based on observations from
the literatur 4 ., may lead t( more effective use of chlorine
for biof:oul ing control, they are, for the most part, just
sp c.i] 'A t j on . I f+act, the processes cont ributing to the
*hor t ,ri.J lorig-ter . ire o(f fctaveniesi of a chlorination program
4or bi of'o li ng corntrol ar e cnot we] I under stood since
• tu)_ ,m ,a) r'eseat' h )n the t)pi(:: has never been

'i tiduc ted.

RESE>ARCH NEEDS

There ere two primary questi ens that should be
addr essed in order to develop a rational approacth to using

,or ne I n heat e.'changer- bi ofoul i nq control:
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1) Can we predict, based on readily measurable
parameters. when chlorination will be effective or
when some other method should be selected?

C') Once chlorine has been chosen, what control
strategy will optimize its use? Can effective
dosage be continually determined using simple
methods?

A principal tool in answering these questions will be
an accurate predictive model for describing the influence of
chlorine on foul ing biofilms.

Considerable work has appeared in the literature on
predicting the fate of chlorine in cooling water based on
laboratory studies and equilibrium or kinetic models (Zielke
and Mac(:ey, 1980; Suqam and Helz, 1980; Haacg and Lietzke,
190C); Helz et a]., 197F). These studies have concentrated
on, equilibrium or kinetic: chlorine demand of the cooling
water and have assumed insignificant reaction at the heat

ct'changer surfaces. The results have not always been
.ucr~es+ul (Helz et al.. 1978) and chlorine minimization
pro grams are still relied on in most cases (Moss et al.,
!.Y79) . Minimization studies are costly and cannot account
f-r _oasona] changes in water quality and variations in
power demand. The model developed by Mclntire et al
(198C) describes the chlorine-.biofilm reaction in a circular
tube uL nder turbulent flow conditions, and takes into account
both transport and reaction of chlorine in the water and
tboiIm. The principal relationships in the model are
deri ,ed from the following equation of continuity expressed
in cylindrical coordinates (figure XI-:3):

1./DrJO\ + C+ R = Ic+ V ic + ;C
~ TF Tiki) r ~ eq Xl-1

It I S as.sumed thot

. Net flow of fluid into the film is negligible.

- Radial concentration gradients of chlorine are
much greater than axial concentration gradients.

Mass transport is solely by rdial dif+"sion and
axial convection.

With these assumptions, equation 1 reduces to equation
2 (processes occurring in the fluid phase), and to equation
3 'processes occuring in the biofilm):

Vc I D + Rf eq XI-2

Z Z f
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S b r ) R b- eq X I-'

where:

C chlorine concentration

D+ D, = effective diffusivity of chlorine in the
fluid and biofilm

V. = axial time-smoothed fluid velocity

V_ = radial time-smoothed fluid velocity

R,,, Rb = reaction rate of chlorine in the fluid
and biofilm

Reactions in the fluid and -,i the biofilm are
approximated by two first order kinetic eipressions.
Boundary conditions are as follows:

C = C. at z = O, the entrance to the tube.

dC/dr = 0 at r = r,, the tube wall.

dC/dr = 0 at r = (, due to symmetry of the tube.

D.,dC/drL DtdC/dr . , fluxes into and out of the
biofilm-fluid interface are equal.

C1,,= Cl,.at r = rx~the concentration of chlorine in
the fluid must be in equilibrium with the
concentration of chlorine in the film (interface
partition coefficient =OC).

Biofilm removal is described by a simple mass balance,
a constant proportion of chlorine entering the biofilm

results in removal of biomass from the surface.
The results of the computer simulation are presented in

Figures XI-4 to XI-6 in dimensionless form. The results
clearly indicate the significant effect that chlorine demand
in the fluid can have on the performance of a chlorination
program intended to minimize biofouling.

Figure XI-4 indicates that a chlorine demand in the
fluid will deplete the water of active chlorine much sooner
than if chlorine demand were absent. Figure XI-6 indicates
how biofilm removal progresses with time with and without
chlorine reaction in the fluid.

Clearly, there is a need to better define the re,,ction
rate expressions which describe the rate of chlorine
demand in cooing waters. Is the assumed first order
expression in this model sufficient? Are the rate
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coaffici.nts s.tisfactory? Does temperature, which varies
signific. ntly iFn heat exchanger tubes (radially and

iiiV?). significantly influence the rate of chlorine
d emand?

'I _ _ _ _ __ _ _ _ _



151

Table XI-I. Fundamental Fcul inq Processes.

Transport - soluble material
- particulate material

Attachment - adsorption
- adhesion

Reactions - particulate
- precipitation
- corrosion

microbiological

Detachment - desorption
- sloughing
- spalling

I
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