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INFLUENCE OF MICROBIAL FILMS ON INDUSTRIAL PROCESSES

William G. Characklis
Hontana State University - USA

THE OBJECTIVE OF THIS PAPER

The objective of this paper is to offer a unified, systematic framework for
dealing with all problems of fouling degosition in any environment. The approach
presented is necessarily quite fundamental and will entail classification and des-
cription of contributing processes, influence of important process variables, and
‘presentation of expressions describing the various process rates. The final result
will be a [mathematical] model describing the fouling process. The Intent of the
paper is to provide a conceptual basis for analyzing fouling problems in a rational
way. Any presentation of mathematical mode! development will be restricted although
itlustrations developed from the mathematical mode! will be used throughout the
paper.

THE DPERATING-PLANT ENV IRONMENT

An industrial (power or procass) plant contains numerous environments where
corrosion and fouling processes are potentially troublesome including cooling water
systems (recirculating and once~through), storage tanks, water and wastewater treat
ment facilities, and piping. Fouling and corrosion have beesn reportedly found in
turbulent filows and stagnant waters, on smooth surfaces and crevices, and on metals
and concrete (Figure 1}.

Corrosion is one of the costly results of fouling in addition to energy losses
resulting from increased heat transfer resistance and frictional resistance. In the
plant, biofouling frequently occurs in conjunction with other types of fouling inclu
ding crystalline or precipitation fouling (e.g. scaling) and particulate fouling
{frequently due to sedimentation). Figure 2 schematically illustrates processas oc-
curring in a hypotherical water conduit and depicts processes occurring in the bulk
water phase as well as transformations occurring at the liquid-solid interfaca. The
diagram also depicts ''under-deposit't corrosion that is frequently reportaed in rela-
tion to many types of deposit.

Microbial activity has been found in calcareous deposits and in deposits of ]
particulate material resulting from sedimentation or adsorption. Increased corrosion
rates are frequently reported in these circumstances.

A recirculating cooling tower system (Figure 3) provides an illustratfon of a
plant environment in which fouling and corrosion can occur. The fill mater:§1 is
generally wooden and its ''corrosion" rate is generally controiled by microbial de-
gradation (fungi) or measuras to control microbial activity (chlorine). In the heat
exchanger, scaling (under certain conditions) and microbial film deveio?ment on the
tubes and areas around flow chstructions can increase heat transfer resistance and

[meral] corraosion rates.

FOULING. A DEFINITION

Fouling refers to the formation of deposits on equipment surfaces which signi-
ficantly decreases equipment performance and/or the useful life of the equipment.

TYPES OF FOULING DEPOSITS -
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¢~ wveniently classifled!:

1. biological fouling: the attachment and metabolism of macroorganisms
(macroviai fouling) and/or microorganisms (microbial fouling)

2. chemical reaction fouling: deposits formed by chemical reaction in
which the surracs material (e.q. condenser tube) is not a reactant.
Polymerization of petroleum refinery feedstocks is an important
example of type fouling

3. corrosion fouling: the surfaca material itsalf reacts with compounds
in the liquid phase to produce a deposit or degrade the surface
material

4. freezing fouling: solidification of a liquid or some of its higher
meiting point constituents on a cooled surface

5. particulate fouling: accumulation on the equipment surface of finely
divided soiids suspended in the process fluid. Sedimentation foulina
is an appropriate term If gravity is the primary mechanism for
degosition

6. precioitation fouling: precipitation of dissolved substances on the
equipment surrace. This procass is termed scaling if the dissolved
substances have inverse temperature solubility characteristics (e.g.
Caco3) and the precipitation occurs on a superheated surface.

In most operating plant environments, more than one type of fouling will be
ccsurring simultaneously. For example, microbial fouling is not limited to processes
re ed to biological activity. The term may also include the interaction of the
microorganism and the associated siime layer with both the chemistry of the equip-
ment surfacs and the bulk fluid. The interaction can enhance some of the more common
ly observed phenomena such as particulate, sedimentation, and corrosion fouling.

. The interactions between the various types of fouling are poorly understood and,
consequently, provide a challenge to the water treatment chemist or engineer in
terms of diagnesis and treatment.

PROBLEMS CAUSED BY FOULING

The economic consequences of fouling are the essential reason for industrial
and research interest in the fouling of heat transfer equipment. To assess the impor
tance of a fouling situation, the economic and energy penalties arising from the
operation of heat transfer and process equipment subject to fouling must be consider
ed. The deleterious effects of fouling include the following:

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

2. 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

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

5. quality control problems resulting from fouling of heat exchange equipment
or fouling of product stream (e.g., sliming of paper mills or rolled steel)

6. safety problems resulting from "leakers' caused by corrosion pits which
Penetrate the entire tube thickness in heat exchange equipment.
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In summary, the anticipated presence of sfgnificant fouling can offset the
size and other design features of operating equipment. The operation of this equip~-
ment subject to fouling is constrained by the need to formulate economically justi-
fiable cleaning schedules.

COST OF FOULING

An estimate of the economic conseauences of fouling was presented by Britchard?
for fouling in Britain and suggests the cost was between $600~1,000 million per year
(about 0.5% of the British 1976 GNP). Van Nostrand et al.® have estimated, that for
petroleum refining in the non-Communist countries, the total cost of fouling is
$4.4 billion per year. Both these figures are bound to increase with increasing fuel
and material costs. '

In virtually every type of heat exchange equipment, fouling of heat exchange
surfaces is the main cause of any progressive reduction in performance and erficien-
cy. Accumulation of slime, dirt, and debris in other parts of the plian environment
rarely causes concern and, perhaps, is the cause for the limited attention focused
on fouling in the past. However, the cost of problems related to fouling are signi-
ficant and must be emphasized to designers and operators of heat exchange equipment,

BEMEFITS OF THE RATIONAL APPROACH TO FOULING

"A distingulshed Gemnan physicist has said -if my memony derves me ardght-
that it is the office of theoretical investigation to give the fomm in
which nesults of an experiment may be expressed”

J. Witland Gibbs ,

".Expe.fr,:lmca enables one to apply things that one hnows; theoretical
dcience enables one to apply thinas that have never been dreamed of”

Robent H. Goddard

Fouling is a complex phencmenon resulting from several procasses occurring.in
parallel and in series. The rate and extent of these procasses, in turn, are influen
ced by numerous physical, chemical, and biological factors in the immediate environ
ment of the surface. Many lahoratory experiments and field observations have resul-
ted in volumes of data without deducing relationships of wide, general use. Much of
the historical dacta available, in addition to future experimental fouling work would
benefit from a conceptual framework for describing fouling processes. |f the concep-
tual framework could be stated in mathematical terms, more benefits would accrue
including the ability to mathematically simulate foul ing procasses on the computer...
computer ''experiments'' frequently being cheaper than laboratory experiments.

A rational approach, as contrasted with an empirical approach, develops the
conceptual framework by resorting to fundamental processes which are reas?nably well
understood. These fundamental procasses can usually be described mathematically
which is necessary for computer simulation. Consequently, such "models'' can be used
to extrapolate and generalize experimental results.

The difficulty in generalizing or extrapolating experimental fouling data is
related to the complexity of the process which frequently involves heat traqsfer,
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 properly understood, they are Incorporated into a.mathe-
macical model of the overall fouling process. This requires experiments designed




specifically to investigate particular fundamenta] pracasses rather than experiments
which consider only the overall process. This approach is clearly more time consum-
ing than research which only considers the overall fouling procass, but it ultimate-
ly leads to results that can be applied with greater confidence to a wider range of
fouling situations.

This type of "process analysis' has bean described previously by Characl:lis®
for the specific case of microbial fouling. Burrill® presencs another illustration
of the power of this technique in explaining a practical problem of fouling and the
decisions necassary to minimize Its effects.

These procadures can also lead to computer simulation "experiments'' which can
be used to test design concapts such as the influenca of metallurgy, shear stress,
neat flux, gecmezry, etc., on fouling procasses and their influence on equipment
performanca. Simulation can also be used to test operating and maintenance procadu-
res such as internal treatments and cleaning schedules. The procasss analysis tech-
nique may also lead to 2 more systematic method for developing and evaluating foul-
ing control techniques, regardless of whether they employ physical, chemical, or
even biclogical methods. These ideas will be discussed below.

in summary, the rational approach to fouling entails a procass analysis which
identifies the contributing fundamental processas and decermines the intluencas of
procsss variables on process rate and extent. The approach requires experimental
measurement techniques which permit the elucidacion of the specific procasses.

THE ITERATIVE NATURE OF THE PROCEDURE

Developing a rational understandina of the fouling procsss is an iterative
process. Figure 4 schematically describes some of tha interrelationships betwesn
four of the important activities within this iterative procass:

Cycle 1 - EFFECTS OF FOULING are MEASURED by some appropriate instrumentcs
to test the performance of the equipment. The extant of the
problem is determined and a FOULING CONTROL PREVENTIOM TREATMENT
is applied. Any change in the EFFELTS OF FOULING are observed
and the cycle Is repeated.

Cycle 2 - A process analysis is accomplished to determine the RATE AND
STOICHIOMETRY of the process from which a moede! is developed.
The influence of treatment procedures on rate and stoichio-
mezry may be critical. The model {s tested with a SIMULATION
of the real system in which process variables can be carafully
controlled. Reformulation or modification of the model may
follow.

The overlap between the two cycles is MEASUREMENT AND SIMULATION. Sim?latiﬂg
the process environment, In the laboratary or in the field, is critically important
to the rational approach and cannot be aversmphasized. The usefulness of a model,
and its ability to describe reality, Is strictly dependent on the accuracy of the
data used to develop and test the model.

RATE AND STOICHIOMETRY ANALYSIS OF FOULING PROCESSES

The physical, chemical and biological transformations resulting in fouling
deposit accumulation are complered in a certain period of time. For examnle, some
specific change may signal the shutdown of manufacturing operations and the begin=
ning of cleaning operations, The time required for this spaecified change i35 1nver5%
ly proportional to the rare at which the proczss oczurs. Thus, the rate is th? mos®
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ses in series, the slowest step of the sequence exerts the greatest {nfluencs and
controis the overatl procass rate. This step {s called the '"rate~determining procass',
or 'rate-controlling process®, ’

Stoichiometry is the application of the law of conservation of mass and the
chemicai laws of combining weights to chemical procasses. Stoichiometry provides
information about extenc of reaction, composition, and vyields.

Rate and stoichiometry are determined by measuring concantrations of reactants
and products. In the case of fouling, the reactions take place in the microanviron-
ment of the surface and interfacial concentrations are extremely difficult to measure.
Consequently, rate and stoichiomerric relationships must be developed as functions
of concentrations in the bulk fluid environment. To do so requires a thorough under-
standing of the fluid flow regime, the nature of the surface, and, when applicable,
the temperature gradient at the wall.

The remainder of this section will discuss the environment in which fouling
reactions occur and provide an outline of methods for its description and analysis.

SYSTEM DEFINITION

Figure § schematically describes the fouling environment. lmportant features
include the following four 'phases'™: '

-

1. fluid phase

2. suspended particulates

3. solid or semi-solid fouling deposit
L.

the substratum ¢

The fluid phase contains dissolved organics and inorganics as well as the sus-
pended particulates. The fouling deposit frequently contains a larger percentage of
water (e.g., as much as 80-90% in biofouling deposits} but is still considered a
solid phase due to lack of convective fluid motion. The substratum is the equipment
surfaca of concern {e.g., metal condenser tube). In many cases of interest, the fluid
phase is in turbulent flow and the substratrum is at an elevated {or reduced) tempe-
rature from that of the bulk fluid phase.

CONSERVATION EQUATIONS ANMD CONSTITUTIVE PROPERTIES

Analysis of this relatively complex system requires considerarion of mass trans-
fer, momentum transfer {i.e. fluid dynamics), and heat transfer as well as physical,
chemical, and bioclogical procasses. Required tools include the equations for conser-
vation of momentum, energy and mass which are a result of Newton's laws and the laws
of tharmodynamics.

Table | indicates the intensive variables (i.e., variables independent of system
mass or volume) and examples of thermodynamic properties that must be measured to
utilize the conservation equations effectively. The intensive variables and thermo-
dynamic properties are relatively easy to measure accurately.

Constitutive principles deal with the rates of physico-chemical processes. C?n"
servation 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. Examples of constitutive principles are the laws that !
govern rates of transport and rates of chemical reactions.

Since conservation principles do not depend on the constitution of matter, 4
. . ) . N . H H
machematical mode] expressing a conservation principle is ''correct’ 1Is all fljws.nds
sources, and sinks have been included. The usefulness of the model, however, depe
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TABLE |

Relationship between conservartion equations and commonly employed variables and
properties.

Momentum -Enerav | HMass
Intensive variable v T c
Thermodynamic properties e Cp Keq
Constitutive properties
= transport . v ] [
- chemical reaction . ‘ ' . K, A,
- micrpbiaf reaction - » e L Ks’ Y

primarily on two things:

1. The choice of the system
2. Availability of constitutive principles for description of unknown
quantities which appear in the mode] (e.g. reaczion rates)

Mechanisms and conscitutions are often poorly understood. Therefore, constitu-
tive relations praesent the most difficulty in modelling. Transport coefficients
‘Table 1), for exampie, are difficult to measure and accuracy is generally poer, yet,
transport coefficients are essential to dezermining ratas of mass, heat and momentum
transfer in fouling environments. Reaction rate coefficients (K;, upax, Kg) in table
1 depend on many environmental fac:ors. In fact, reaction rate coefficients are most
often inferred from consarvation equations by assuming a kinetic or rate model {e.qg.,
power law or saturation rate equation}. The stoichiometric coafficients (Ai and Y in
Table 1) are also constitutive properties and related the race of consumption or pro
duczion 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 kinatics. The interrela-
tionships betwean these various processas often provide tha greatest challenge to
the investigator. A useful illustration is a recirculating cooling tower (RCT) sys-
tem in which signiFficant momentum, mass and heat transfer is occurring in the con-
denser (heat exchanger) as well as the tower (Figure 3). These aspects of the RCT
system have been adequately described in a mathematical form by Sherwood et al.®.
However, the constitutive relationships describing fouling in the RCT system have
reczived much less attention. The criticsi concarn to equipment operators is the
influence of fouling on heatr and momentum transfer in the RCT system. With reasonab-
ly accurace constitutive relationships for fouling processes, these influences can
be predicted and, theraby, avoided.

FUNDAMENTAL RATE PROCESSES

The constitutive fouling relationships can be classified into four rate proces
s which are fundamental to all types of fouling. Fouling deposit accumuia?ion gan
-2 considered the net result of the following physical, chemical and biological
processes (Table 2):

1. transport of soluble and particulate material to the wetted surface

- attachment of. soluble or particulates to the werred surface )

. chemical or microbial reaction ar the surfaca or within the deposit, and

. detachmenct, sloughing, or spalling of osorticns of rhe deocncit from the wet-
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ThBLE 2

Summary of fundamental processes contributing to fouling.

Transport . Soluble
. Particulate

Attachment . Adscrpricn
. Adhesion
Reactions . Particulate

. Precipitation

. Corrosion

. Microbiclogical
- growth, etc,
- ¢orrosion

Detachment . Desarption
. Stoughing
. Spalling

The overall result is a progression of events charactarized by three idencifia-
ble periods (Figure 6):

1. an induction period,
2. a rapid increase in accumulation, and
3. an asymptotic or plateau periad.

4

Because fouling rate can be controlled by many process variables, one of the
three periods may be negligible in duration compared te the other two.

Transoort to the Wetted Surface

Transport of soluble and particulate materials to the wetted surface is the
first step in the overall fouling process. Transport rates for soluble materials can
be predicted reasonably well with acceptad empirical relationships®. Predicting
transport rates of particulates from the bulk fluid to the wetted surface is mora
difficult, primarily because of the numerous forcas which may influence particle

movement in flowing fluids’.

Transport has frequently been combined with deposition which is easier to measu
re but is the net result of deposition and decachmentc?. Frequently, investigators
focus on transport rates and incorporate a "“sticking probabilicy! to rationalize .
measurements of deposition rates. Experimental observations, even with inert parti-
culates®, Indicate thar sticking probability changes as deposition alters the charac
teristics of the wetted surface.

Transport processes can conveniently be classified by consideration of th?
fluid flow regime: turbulent, laminar, or a combination thereof. For examPIE,-iﬂ
turbulent pipe flow two regions can be differentiaced: the turbulent buik fluid and
the laminar or viscous sublayer. Transport rates are quite different in these two
regions.

Transpart may be the rate-limiting process in some cases of particulate fogl-
ing. However, it appears doubtful that transport will limit the rate of deposition
for any other type of fouling except in the very early stage of accumulation (i.e.
the induction period in Figure 6) or in very dilute environments.
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interfscial phenomena

Onca material is transported to the surface, it absorbs/adheres or is re-entrain
ed in the fluid. The concapt of 'stigking probability" accounts for the fracrion
remaining at the wall.

Considerable offort has been {avested in the study of microbial cell adhesion
and its role in biofouling®. Much of the work stems from the assumption that this
procass must be inhibited in order to eliminata biofouling problems. lnterfaciai
phenomena have also been investigaced for particulate fouling'®, freezing fouling®?,
chemical reac:zion fouling®*?, and crystallization foulingt?,

Interfacial processes and Lransport procasses are difficult to distinguish in
experimental systems. Accumulation or deposition, however, are relatively easy to
measure and represent the ner effect produced by transport followed by adsorption/
adhesion. Depasition can generally be described by a hyperbolic progression (Figure
7) and is probably the rate=limiting step, deminating the overall process during the
induction period of any type of Fouling (Figure 7).

Reaczions at the Surfacs or Within the Danosit

- Chemical or biochemicsl reaczions at the surface or within the deposit can
contribute significantly to the accumulation of the fouling deposit. Reactions with
in the deposit will influenca biological fouling®, chemical reaction foulingt?,13,
and precipitation fouling**. Reactions ar the surface will influence corrosion foul
ing?. In some cases, there will be significant interactive effects such as i1lustra
ted by microbially-mediated corrosion fouling. In this case, microbial (metabolic)
products may diffuse to the metal surfaces and cause deterioration (corrosion) of the
surfaca,

Relevant biochemical reactions include microbial growth, extracellular polymer
formation, and death/lysis. Microbial cells, once attached to the surfaca, grow,
multiply and form produczs from chemical energy {chemosynthetic organisms) derived
from, the bulk water. In most cases, organic compounds (heterotrophs) provide the
energy but reduced inorganic compounds (e.g., Fet+, NH3, S¥) can also be used (auto-
trophs). Photosynthecic organisms can semetimes providée the organic compounds for
heterotrophic growth as has been observed in recirculating cooling tower systems.
The relative extent to which cells or product (primarily extraceliular polymer
substances, EPS) dominate the deposit will significantly influence the effective-
ness of any chemical treatment in preventing or removing a biological fouling depo-
sit. Trulear!® has studied the processes of callular reproduction and extracallular
polymer formation in biofilms and observed the influence of several environmental
faczors on their relative rates. The biological deposit, an adsorptive surfacas, will
frequentcly enhance the accumulation of ather fouling deposits such as particulate
deposits'®, precipitation deposits:?, and corrosion depositst®,

Chemical reaction fouling is a result of reactions at the surface and within
the deposit. |llustrations of chemical reaction fouling include coke formationjin
petrochemical reactors'? and organic deposits in the food processing industry®?.
Reactions also occur in precipitation fouling deposits as the precipitates change
their crystalline form??.

Precipitation Fouling is caused by a chemical reaction (precipitation) at the
surface'" and the rate is influenced primarily by the amount of precipitate present
(i.e., autocatalytic). The kinetics of this process have been studied in great .
derail!". Reactions which alter the crystailine form of the precipitates occur ?tqﬁ
in the deposit and can alter the porosity and therma! conductivity of the deposit.
The calcium salts have recejved the most attencion in this fouling category.
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Corrosion fouling can increase deoosit accumulation and results from two iden-
tifiable processes®®: (1) reactions at the surface which cause its deterjoration and
(2} adsorption of corrasion products released from other locations in the system. In
the latter case, transport and derachment play significant roles in decermining the
effect on performance.

In many cases, chemical and biochemical reactions are responsible for the phase
of rapid increass in deposit accumulation (see Figure 6).

Detachment
SoraLiinent

Decachment is a significant process In at least two stages of fouling deposit
accumulation. in the first case, detachment is intimately related to the 'sticking
probabiltity! discussed in relation to transport and interfacial phenomena. Secondly,
as the deposit hecomes thicker, fluid shear stress will play a more significant
role®. This has been ohsarved in biological fouling®, chemical reaction fouling®?,
and precipitation fouling'. The derached material often deposits in other parts of
the system as has been observed with corrosion products’,

Derachment processes are mostly ‘responsible for the asymptotic phase of a typi-
cal fouling prograssion (sece Figure 6). During this phase, detachment rate is equal
to the ccmbined effects of transpart, adsorption/adhesion, and reaction on deposit
accumulation.

FACTORS INFLUENCING FUNDAMENTAL RATE PROCESSES

Physical, chemical and biological factors influence the fundamental rate proces
ses. These factors influence the rate as wall as the extent to which fouling deposits
accumulata.

Phvsical facrors

The most importanc physical facrors affecting the fundamental processes are
shear stress, temperature (bulk fluid and surfaca) and surface (micro) roughness. All
three factors influence transport, incerfacial phenomena, detachment and reactions
at_the interfaca. Only temperature will influenca reactions within the desosit, Other
factors influenca fouling processas at the macroscopic system levei inciuding geo-
mectry or configuration of the heat exchanger, residence time, and physical treatment
mechods {e.g., Amertap, MAN brushes).

Chemical fac:ors

The chemical facrtors influencing the fundamencal rate procasses are toO nuUmerous
to list. However, some of the more important are pH, Ca**, Fe™* si, dissolved oxy-
gen, and organic carbon. These facrors do not affact transport rates but may affect
interfacial phenomena and certainly influence reaction rate and extent in the depo-
sit and at the metal surface. Anather chemical factor influencing fouling processes
is the metal alloy. There have been numerous tests which have evaluated t@e fouling
and/or corrosion potential of various alloys. The influence of surface (micro) rough
ness versus surface chemical composition, however, is not always clear. I[nternal .
chemical treatment programs to minimize fouling provide a multitude of other chemical
compounds which influence fouling procasses. Chemical treatment programs depend on.
the type of deposit and, in some cases, treatment for one condition may be-a?tagonIS'
tic to control of another. For example, phosphorous compounds added to minimize pre-
cipitation fouling may enhance biological fouling, Many chemical compounds exert a
significant influence on fouling processes at relatively low concentrations which
further compiicates analysis.
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ioloaical factors

Biological factors have their greatest influences on biochemical reacrions with
in the deposit where baczerial cell numbers, physiological state of the cells, and
microbial community structure derermines the influenca of the deposit on equipment
performance”. However, biological factors may also influence interfacial adsorption/
adhesion as well as detachmenc. For example, microbial deposits contain significant
quantities of extraczllular polymer substances (EPS) which increase the adsorptive
capacity of the wetted surface and trap particulates*®. Microbial activity within
the deposit may also increase the cohesjveness of the deposit*® forming an organic
matrix which provides resistanca to fluid shear forces. Biological factors probably
influenca the effecziveness of chemical treatment programs in minimizing other types
of fouling (e.s., precipitation and corrosion fouling) although the author has found
no literature documentation for this statement,

EFFECTS OF FOULING

The problems caused by fouling at the macroscopic level (i.2., the aperating
plant) have been discussed above. This section will ccncentrata on the effects of
fouling within the heat exchanger tube. Accurate measurement of effacts under con-
trolled thermohydrodynamic conditions can be extremely useful for monitoring the
progression of fouling as well as determining the type of deposit forming.

Fluid Frictional Resistanca

Fouling deposits cause increased fluid frictional resistance by decreasing the
erfective diameter of the heat exchange tube and by increasing the effective rough-
ness of the tube. Picologiou et al.2?! have indicatad that biofilms Increase frictio
nal resistanca primarily by increasing the effec:ive roughness. Other data'’ indicate
that inorganic scales produce much lower affac:tive tube roughness.

Frictional resistance measurement has several advantages as an indicator of
foul.ing:
t. very simple and inexpensive
2. in water distribution systems, |t monitors the quantity of most concarn...
head loss or loss in carrying capacity.

However, in some situations, frictional resistanca measurements alone are of limited
value and sometimes misleading:

1. Frictional resistance measurements are relatively insensitive until the
fouling deposit thickness exceeds a certain value, approximately the thick
ness of the viscous sublayer®!. The thickness of the viscous sublayer is
inversely proportional to flow velocity.

2. Some deposits such as CaC0, scale, exhibic a relatively low relativg r?ugh-
ness (Table 3) bur have a ?ow thermal conduczivity!?. Therafore, frictional
resistance will be relatively low but heat transfer resistance will be high.

3. In heat exchangers or condensers, the major concern is heat transfer resis-
tanca. !

Frictional resistance measurements, In conjunction with heat transfer measure-
ments, however, do yield valuable information.

Overail Heat Transfer Resistanca

Overal! hear transfer resistance is the sum of conductive and convective hgat
mae e e e Y e B Y, 04 AR

transfor raesiscanca. Convec® v haar ~ropefare




and generally decreases as the fouling deposit accumulates since the 'roughness' of
the deposit increases turbulencz in the interfacdial region. Conductive heat transfer
resistance results from insulating layers formed by the deposits and generally in-
creases as the fouling deposit accumulates. The relative changes in convective and
conductive heat transfer resistance will depend on the following:

- deposit thickness, roughness, and thermal conductivity
- fluid flow rate -
~ radial temperatura gradient in the tube

Characklis and his co-workers have reported the influence of fouling deposits
on conductive and convective heat transfer resistance in tubes in the laboratory??
and also in operating plant-scale equipmencl®’l7,

If deposit thickness is measured along with convective and conductive heat
transfer resistance and fluid frictional resistance, the effective deposit thermal
conductivity and effective deposit roughness can be determined. Effective deposit
thermal conductivity and roughness have been determined in several cases by this
mechod®?, Results are presented in Table 3.

Corrosion

The loss of material due to corrosion of a heat transfer surfacs can lead to
failure of that surfacs in operation. However, there is reason to believe that in
situations where metal damage is not important, corrosion products can introduce a
significant heat transfer resistance®?. Poor control of other types of fouling depo-
sits can lead to accelerated corrosion-under-deposit corrosion. Corrosion in such
casas can result from oxygen differential cells. The water-deposit interface contains
- oxygen but the microenvironment of the deposit-metal interface is oxygen-deficient
and becomes the anode of the differential aeration cell., A self-perpetuating cor-
rosion cycle is established frequently leading to rapid failure. Corrosion probes
are frequently unable to predict such occurrences because the probes reflect condi-
tions in the bulk water racher than at the heat transfer surface. The accurate pre-
diction of corrosion fouling and under-deposit corrosion progression will require

more research affort.

MEASUREMENT AND SIMULATION

"When you can measwre what you are speaking about and express L& in nunmbenrs,
you know something about {t; and when you cannoX measure L€, when you cannol
express Lt in numbens, your knowfedge s of meagre and unsatisfactony kind.
1t may be the beginning of knowlfedae, but you have scarcely .in your thought

advanced to the stage of a science".

Lond Kelvin

NEZD AMD PURPOSE

The experimental investigation of fouling is a necessary and important fOUCE
to obtaining an understanding of the fundamental processes. If reliable fouling data
could be abtained on full-scale heat exchange equipment using the actual fluids,
other measurements and simulation would be unnecessary. However, many of th? para-=
mecters of interest vary considerably throughout the equipment and, in add§t|on vary
with time. As a result, measurements in the laboratory and in field locations are -
necassary at specified and constant values for critical parameters.

Laboratory measurements

The laboratory provides the proper environment for conducting mechanistic
R |
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studies which lead to useful models in terms of simulating real systems. These tests
are a ''starting point', Physical, chemical and biological facrors can be controlled
at desired levels. Valuable informacion can be obtained related tosdesign concepts
such as influence of alloy*®, fluid velocity, tube geometry (e.q., enhanced heat
transfer surfaces), and temperature profiles??®. The effect of water quality (chemi-
cal and biclogical) on these facrors can also be evaluated. Operation and maintenan
€2 proceadures can be evaluated. For example, laboratory tests can evaluate the ef-
fectiveness of a treatment (chemical or physical) procadure applied at varying fre-
quency®*,2%, These tests frequently identify the operating conditions which are best
for a given treatment procadure. Laboratory experimentation frequently results in
development of measurement techniques useful for field tests and monitoringt?,

Aside from mechanistic daca and testing, laboratory tests are generally less®
expensive than field tests based on value of the information obtained.

Field measurements

Measurements at the operating plant are essential because no system can be
simulated parfectly. But the purpose of field measurements is generally monitoring
equipment and/or warning of impending problems. Field measurements which simulata
the egquipment environment could be used to evaluate the effectiveness of incternal
chemical treatment programs bur this activity, for reasons unknown, is rare. Field
tests have besn used to evaluate the influence of physical factors and a limited
number of chemical factors on fouling and corrosion. For example, the performance
of different alloys is presently being tested at a power plant site using an instru
ment which simulates the heat exchange equipment!®, Field tests are also useful in

saluating the performancs of contemplated changes in treatment programs and/or ’
procass modifications*?+2%, Of 311 factors influencing fouling, biciogical variables
are most difficult to control in the field as is also frequently the case with some
chemical components generally contributing to water quality.

Laboratory and field measurements are. intimately related within the lterative
procadure described in Figure 8.

Laboratory observations under carefully controiled conditions provide the frame
work for evaluating and interpreting field results where control of all paramecers
is not possible. On the other hand, field results indicate inconsistencies in the
models and provide the impecus and exparimental hypothesas for further laboratory
work.

MEASUREMENTS RELATED TO FOULING

Heasurements related to fouling processes include methods for monitoring the
pragress of the fouling procass, methods for characterizing the fouling deposit,
and mechods for describing and/or controiiing the fouling environment. In some cases,
mechods for monitoring progress can also be used to characterize the deposit.

Monitorina the Proaression of Faoulina

Merchods available for monitoring the progress of fouling processes can be con-
veniently classified as follows27:

1. direct measurement of deposit quantity

2. indirect measurement of deposit quanticty
a. specific constituent within the depasit
b. for biofilms, microbial activity within the deposit .
¢. effects of deposit on transport processes (i.e., heat transfer and fluid

frictional resistanca).
1.
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Direct measurement includes deposit mass and deposit thickness and is essential
for several reasonc. €Calibration of any indirect mechod involves comparison with
actual quantity of accumulated deposit. Direct measurements are a necessity when
using mass conservation equations to determine process rates and stoichiometry, Di-
rect methods are also useful in relating deposit accumulation to fluid frictional
resistance and heat transfer resistance in a rational way.

Indirect metheds provide significant benefits including increased sensitivicy.
For example, organic carbon analysis of biofilm is as much as 25 times as sensitive
as biofilm mass measurements®?., In this case, the specific constituent of the deposit
(i.e., organic carbon) provides an excsllent measure of accumulation. However, if the
deposit contains a large amount of silt and sediment, organic c¢arbon may not be
representative. '

Indirect mechods include monitoring the influence of deposits on heat transfer
and fluid frictional resistance as discussed above. These techniques have been dis-
cussed in more detail by others'” and indicate that the influence of deposits on
heat and momentum transfer depends strongly on deposit characreristics (e.g., compo-
sition, thermal conductivity, roughness).

Characteristics of Fouling Desosits

Fouling deposits can exhibit a wide range of chemical and microbial compositian,
Not surprisingly then, two deposits of equal thickness can influence heat and momen-
tum transfer in drastically different ways. The reason for this behavior is widely
varying deposit thermal conduczivity. and roughness as indicated in Table 3. Charac-
terization of deposits is a necessary preliminary to choosing concrol strategies as \
indicatad by Table &4,

Presuming an .{n 8.{tu deposit thickness measurement is passible, effective dépo-
sit thermal conduczivity and roughness, can be determined through measuraments of
conduczive and convective heat transfer resistance, fluid frictional resistance, and
engineering correlations. This {n 4{tu diagnostic method is presently being incorpo-
rated into an on-line foullng monitor. Such a diagnostic tool would find advantage
as a feedback control device in an operating plant as illustrated in Figure 9. As .
more data agcumulates, deposit composition could be estimated from thermal conducti-
vity and roughness decerminations in much the same way as chemical composition is
determined from "libraries' of spectral data associated with gas chromatography/mass
specirometry. Field data of this type would also contribute to empirical relation—_
ships usaful for predicting fouling processes as a function of environment... provi=
ding that the appropriate environmental factors are known or measured. A library '
file of deposit properties and compositions of this type exists and is being expanded
at regular intervals,

imoortant Environmental Factors

There are many factors which influence the rate and extent of Foul ing processes
but the primary ones certainly include bulk water quality (chemical and biclagical),
temperature (buk water and surface), fluid shear stress at the surfacz, §nd the
nature of the surface (alloy). Superimposed on these factors Is any chemical or
pilysical treatment program regularly employed to minimize the effects of fauling.

Fouling is a heterogeneous process in that it requires both a iiQQ’d'a”d ;ol:d
phase. Consequently, concentrations and compositions at the liquid-solid interfacs
determine the processes which control deposition.

=~ . . PR F-F - cept
Unfoartunately, interfacial conditions are extremely difficult to measure excep

o : : d to
under controlled laboratory conditions and interfacial processes must be relate
-4 )




W2 [Z°L sy Jsiswerp aqni spysu| .

Tel-Jopwd
511eM 970°0 Jo moumu 103 A1}A110npuoo |ewasyy e bujunsse ajueisysaa 1915URY 1R3Y |Edan0 WOy CERTHETE-E
£9°0 (421ep)
sWitjore
{21 2112 Uy
88°¢ FPIX0 U0y D119ubey
91°2 21eydsoyd wngsaubey
09°2 @1eydsoyd wniojen
1e°2 2184d|Ns wn)o|ey
£6°2-92°¢ . ?leuoqled wnjojes
921835

WlI40tq pue s3teas yo A31A139npuos [ ewsayy

q000°0 %29¢0°0
200070 S A4 ) €
Love o ¥5910°0 (21835 “00e)
{5170 005070
€90°0 : 00t00
Y1070 S910°0
£00°0 000" 0 WSuLrolg
S1fsodap 9|eds pue swiijojq jo S313s|I9108teyd SSaUybnoy
(,.30 ,_w 33em)
AlrAtisnpuan tewaay) a«Ammm~mco~m:oe_n~ ssauybnoy sArle)ay (w2} ssauyoyyy 11sodag . 1)sodsp adA)

¢1531sodsp jo sadiy snojtea UIBMIDQ suopiefsen jues)yqubys 241 Bulleajpu; sy)sodap buj |noy 10 sspysadoay

£ 318yl



TABLE &

Categorization of various fouling control methods by their influence on the funda-
mental processes contributing to fouling.

Fundamental process Biofouling Sczling Corrosion
Transport .Filtration Mater .Oxygen
Coagulation Softening Remaval
Interfacial .Biodispersants .Dispersant ;Coatings
procass .Biocide
.Loatings
Reaction .Tube alloy .Crysza ‘ .Coatings
.Biocide Growch .Electrolytic
Inhibitor Praoctection
.Corrosion
Inhibitors
{e.g., Cr)
 Detachment .Oxidizing .Chelant .Chelant
Biocides Acid
Physical
Removal

to the bulk water environment. Under these limitations, data interpretation must
. proceed with caution and a thorough process analysis must be accomplished before
valid conclusions can be drawn. As an illustration, consider biofouling in an open
recirculating cooling tower (RCT) system. It was believed for many years that bio-
fouling was related to the colony-forming units {CFM) measured by a plats count pro-
cedure. Recently, data was presented'’ which indicated no relationship between CFU's
in the bulk water and fouling as measured by heat transfer or fluid flow measurements.
The lack of correlation can be attributed to the number of processes contributing or
removing organisms from the bulk water phase (Figure 10)}. Organisms enter the cool-
ing tower bulk water through the make-up water, by growth and reproduction within
the bulk water, from the air, and by detachment from bic-fouled surfaces. Organisms
leave the RCT systam bulk water in the blowdown and drift, by adsarption to surfaces
within the RCT system, and by "death'!, at least partially due to biocide application.
Obviously, the number of CFY in the cooling water is not strictly related to the
extent of biofouling in the RCT system.
+ ++

Key chemical constituents which influence fouling procasses Include Ca , Mo ,

Fe™+, fet+, Si, 0z, P0,"3, COp (and related forms), $S04=, €17, and organic carbon.

Bulk temperature influences most chemical and biochemical reaction processes
as well as transport rate processes. Fouling processes are no exception as indicated
in Figure 11 which indicates the progression of fluid frictional resistance as a
funczion of bulk water temperature in a biofouling environment?®. The most delete-
rious effects are observed at 40°C (104°F). Surface temperature also influe?ces foul
ing processes as indicated in Figure 12 which indicates the maximum bioFoulln? depo-
sit thickness attained as a function of surface temperature and nutrient loading
rate®3, One important observation from these data is the significant interaction
between variables, in this case, surface temperature and nutrient loading rate.
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Fluid shear stress is critical in fouling environments sinca it strongly {n~
fluences transport and derachment rates, Figure 13 indicates the influence of fluid
shear stress on biomass accumulation rates®?, Accumulation rates are higher at the
higher flow rate suggesting that transport dominates over derachment in this system
during the early stages of deposit formation, Figure 14 indicates the influence of
shear stress on fluid friccional resistance changes caused by biofilm accumulation?®,

Finally, the composition of the surface material influence the rate of depos i~
tion. Figures 15 and 16 depict the progress of biofouling deposition on copper-=
nickel and titanium in a laboratory seawater system®®. |f only total deposit mass is
considered, the copper-nickel alloy fouled to a much greater exrent than titanium.
However, considaration of volatile deposit mass suggests that "biofoul ing'! was essen
tially the same in the two alloys. Other analyses indicated that much of the total
depasit mass on copper-nicke! could be attributed to corrosion products??,

PREVENT ION/CONTROL

The impetus for developing a rational approach to problems of fouling deposition
is the expectation that such an approach will lead to more satisfactory methods for
preventing and/or controlling fouling. :

PRESENT FOULING PREVENTION/CONTROL METHODS

There are physical and chemical methods availabie for preventing/controlling
fouling deposition. Table & illustrates the numerous methods and indicates the type
of fouling deposit and the fundamencal process presumably inhibited. For example,
‘iltracion/coagulation is effective in reducing the concentration of microbjal cells
thereny reaucing transocort of calls to surfacas and inhibiting biofoul inag.

However, none of these methods are totally satisfactory or foul ing would no
longar be a problem.

Cantrolling Specific Tvoes of Fouling

Significant success has been achieved in controlling certain specific types of
fouling deposition when they exist in a relatively homogeneous form. For example,
calcium carbonate crystallization fouling can be controlled quite effectively by
phosphonate compounds (or arher inhibitors) as long as no interfering comoounds are
present (ses below). Labaratory and field observations [ndicate that these same
compounds are not as effective in preventing scaling when biofouling exists. it is
apparent that very little is known about tha interactive effects betwean different
types of fouling deposits and effective means for their control. for example, do
polyphosphate carrosion inhibitors remain effective when significant biofouling has
accurred on the corrading surface?

interfarencas

Frequently, other reacting companents interfere with the intended control
procedure. Chlorine is a useful biofouling control compound. But in heavily conta-
minated waters, chlorine is consumed in side reactions (chlorine demand reactions)_
and is rendered ineffective. Even copper-nickel alloys possess a significant chiorine
‘emand®?, Therefore, water quality are at least two environmental factors which must
2 considered in choosing a treatment program to minimize fouling.

Environmencal Quality

Some chemical treatments are quite effective but are undesirabie due to th?!r
impact on environmental quaiity. Chlorine has been used for years as a reasonably
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effective mechod for controlling biofouling, But recencly, concarn over toxicity of
chlorine and {ts reaction produccs has spurred the search for alternatives. Biocides,
in general, are toxic materials and must be evaluatad thoroughly prior to their

targe scaie use. Chromate corrosion inhibitors have suffered a similar fate. However,
thoughtful engineering approaches will permit use of compounds such as chlorine and
chromate so the environmental concantratcions are within satisfactory limits.

Treawment Effectiveness and lts Quantitative Measurement

The effectiveness of various treatments in actual field applications is rarely
assessed in a meaningful, accurate, and sensitive manner unless a catastrophe occurs.
Untortunately, treatment programs are freguently ineffective and, in some cases, may
enhance fouling. ""Clean!iness" facrors are sometimes reported using heat transfer
rate measurements from full-scale hear exchangers but these data are generally use-
less for predictive purposes or for analytical purposes due to the "aoise" in the
System. Some simplistic sidestraam devices depend only on visual observations or
frictional resistance measurement frequently ignoring the real concern...heat trans-
fer. Measurement of fundamencal engineering quantities are necassary to provide the
operations enginesr with a clear picture of the effects of fouling on equipment per-
formanca, influenca of operating variables on fouling rates, and effectiveness of
treatment programs.

DEVELOPING NEW METHODS FOR FOULING PREVENTION/CONTROL

The nature of this paper sugdests that systematic methods exist for developing
novel, more effective treatment methods. The approach presented her inherently as- (
sumes the following:

. There is no universal remedy for fouling.

. An effective trearment in one operating environment may be quite ineffective
- in another environment.

. A treatment effective in controlling one type of fouling (e.g., biofouling)
may enhance another type of fouling (e.g., corrosion).

. A treatment effective against one type of fouling (e.g., scaling) may be_
rendered ineffective by the presence of ancther type of fouling (e.g., bio-
fouling).

Hvopothetical Procedure

v

Select a candidate treatment program to prevent or inhibit one of the Fundamen-
tal processes (Table 4) and test [ts ability to do so in the laboratory. For example,
choose a chemical which inhibits EPS formation in microarganisms because it may
inhibic cell adhesion. The laboratory tests are conducted in a system engineered to
simulate the operating equipment in which the program will be applied. Measure the
appropriate variables. Heat transfer and frictional resistance are [mportant from
the operational standpoint but offer little in terms of determining process charac-
teristics. In the case of microbial cell attachment, measure the number of attthed
cells and their EPS content. Run appropriate controls. Evaluate the dosage require=
ments in the simulated system and use scale-up procedures to estimate the environ-
mental concentrations which may result, Determine whether the system, not the program,
can be engineered to minimize the anvironmental impact of the treatment. Test the
Lreatment program with the same simulated system in the field under relevant operat=
ing conditions. Measure the changes in heat transfer and fluid frictional resistance
as well as corrosion Josses. Analyze the physical, chemical, and biological charac~
teristics of the deposit to determine the effectiveness of the treatment and to
detect possible interferaences to the program. Repeat the cyele iF necessary.

4 -
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A proaram of this type can be planned in great derail using statistical expe-
rimental design techniques to provide the most useful data for statistical analysis
and confidenca limits with which to base decisions.

SUMMARY

A rational approach to problems of fouling have besn presented. Text limitarions
have necessitated thar mathematical details be limited. However, the intent was to
Propose an approach. The usefulness and relevanca of this approach will be judged by
the reader from whom the author enthusiastically solicits questions, comments, and
suggestions.

ACKNOWLDEGMENTS

The author gratefully acknowledges the National Scienca Foundation (CPE 80-
17433), Office of Maval Research (NO0O14-30-C~0475) , Calgon Corporation, and Montana
State University Enginesring Experimentail Station for partial financial support.
Thanks to Jean Julian and Glenda Farnes for helping to prepare the manuscript.

REFERENCES
(t) N, Epstein, Foulina: Technical Aspects, Fouling of Heat Transfer Equipment,

(Somerscales ang Knudsen, eas.), p. 37, Hemisphara Publishing Corp., Washington,
D.C. (1981).

(2) A.M. Pritchard, Fouling. Science or Art? An Investiaation of Foulina and Anti-
fouling Measuras in the Britisn {sias, Fouling of Heat Transrar Eqguipmenc,
{Somerscales and Knudsen, eas.), p. 5i3, Hemisphere Publishing Corp., Washingten,
D.C. (1981).

(®) W.L. van Nostrand, S.H, Leach and J.L. Haluska, Economic Penalties Associatad
With the fouling of Refining Heat Transfer Equioment, Fouling orf Heat Transrer
g Equipment, (Somerscaies and Knudsen, eds.}, p. 6i9, Hemisphere Publishing Corp.,
Washington, D.C. (1981).

(*) w.G. Characklis, Fouling Biofiim Develaobment: A Procass Analvsis, Biotach.
Biceng. 23, 1927 (1951).

(%) K.A. Burrill, Laboratorv Scudies to Resolve Fouling of Heat Exchangers and
Sieve Travs in Canadian Girdler-Sulfide Heavv Warar Plants, Fouling of Heat
Transter Eguipment, (Somarscaies and Knudsen, eds.), p. 227, Hemisphera Publish
ing Corp., Washington, D.C. (1981).

(®) T.K. Sherwood, R.L. Pigford and C.R. Wilke, Mass Transfer, McGraw-Hill, New
Yark (1975).

(7) D.H. Lister, Corrosion Products in Power Generatina Svstems, Fouling of Heat
Transfer Equipment, (Somarscaies ang Knudsen, eas.), p. 135, Hemisphere Publish
ing Corp., Washington, D.C. (1981),

8y S.K..Beal, Nucl.Sci.Eng., b0, 1 (1979).

(*) K.c. Marshall, Bacterial Behavior at Solid Surfacss. A Prelude to_Microbiaf
foulina, Fouling of Heat Transrer Equipment, (Somerscales and Knudsen, eds.},
P. 305, Hemisphere Publishing Corp., Washington, D.C. (1981).




¢

()

(**)

)

**)

(+5)
(+5)
(7)

(%)

J.5. Gudmundsson, Particulate Foulinag, Fouling of Heat Transfer Equipment,
(Somerscales and Knudsen, eds,), P. 357, Hemisphere Publishing Corp., Washington,
D.C. {13881}, '

T.R. Bott, Foulina Due to Liguid Solidification, Fouling of Heat Transfer Equip-
ment, (Somerscales and Knudsen, eds.), p. 201, Hemisphera Publishing Corp.,
Washington, D.C. (1981).

G.L. Steele, et al., Predictive Test Method for Coking and Foul ing Tendency of
Used Lubricatina Gil, Fouling of Heat Transter Equipment, (Somerscales and

Knudsen, eds.), p. 483, Hemisphere Publishing Corp., Washington, 0.C. (13981},

D. Lund and €. Sandu, Chemical Reaction Fouling Due to Food-stuffs. Fouling of
Heat Transfer Equipment (Somerscales and Knudsen, eds.), p. 437, Hemisphere
Publishing Corp., Washington, D.C. (1981),

D. Hasson, Precipitation Foulina, Fouling of Heat Transfer Equipment, {Somer-
scale and Kaudsen, eds.), p. 527, Hemisphere Publishing Corp., Washington, D.C.
(1981).

H.G. Trulear, Ph.D. dissertation, Montana State University, Bozeman {1982).

N. Zelver, et al., Analysis and Monitoring of Heat Transfer Tube Fouling, ASME
82-JPGC/Pwr-7 (19827,

W.G. Characklis, et al., Energy Losses In Water Conduits: Monitoring and Diaa-

nosis, Proc.lnternational Wat.Conr,, p. 229 (1931;.

W.G. Characklis, et al., Influence of Biofouling and Biofouling Control Tech-
nioues on Corrosion of Copper-Nicke! Tubes, presented to CORROSIOM/Z3,

Anaheim, CA (1983),

J.C. Cowan and 0.J. Weintritt, 'Water-Formed Scale Depasits', Gulf Publishing
Corp., Houston, Texas (1976).

E.F.C. Somerscales, Corrosion Fouling, Fouling in Heat Exchange Equipment, ASME
HTD 17, p. 17 (1981).

B.F. Picologlou, et al., Biofilm Growth and Hvdraulic Perfarmanca, J.Hyd.Div.,
ASCE 106, 733 (1980).

W.G. Characklis, et al., Heat Transf.Engrg., 3. 23 (1981},

W.G. Characklis, Biofilm Develooment and Destruction. Final Repart, Elecrtric
Power Research Inst., RPS02-1, Palo Alto, CA (1979).

G. Norrman, et al., Dev.lnd.Hicrobiol.; 18, 531 (1977).

N. Zelver, et al., Biofoulina Control with UV/Peroxide, presented at AWWA
“Water Reuse Symposium 11'', Wasnington, D.C. (1981).

J.¥. Matson and W.G. Characklis, Biofouling Control in Recvcled Cooling Water
with Bromo Chlora Hvdantoin, Cooling Tower Institute, (P-250-A (1982).

W.G. Characklis, et al., Wat.Res., 16, 1207 (1982).




(2%) N. Stathopoulos, M,S. Thesis, Rice University, Houston, Texas (1981).

(%%) J.D. Bryers and W.G. Characklls, Water Res., 15, 483 {1981),

(*°) M. Turakhia, unpubiished results (1982).




— ANIAN LY 3L — 4308

h g

!

*Alpq1oey |efa3IShpu) ue uj wa1sAs J91em ayl o weibeip oy1ewsyss paz(|esauab y .-

e

) LN3WLy3yL
|osodseip —
Fisom
9893044
LHvd

Juanyje

A

ANINLYRYL -~

YILYM FLSYMm umopmolg

1 s2om
31D
> 11y —
d8iom 539014 $$330ud joay
> $593x0
AL L SIDUDW MOS
H3 Ly JDVHOLS
ONIAIAD Y

J3iom dn-ayour

ﬁj
NNNNN T

L

¥

A
<

N INIVLTINL
N TIYNYIANI-
N

~N

N

_ sbopuim

J 10 {up

/|

uoljolodors

J

b et e et e

{ "614



’ )

_ . !
| w 18401 RIS I8 e ursiRAsp T TIYM 3dial
[ o S - Aq saiupbso §? vonsoae (g - uotiondizesd (2 I
| sweenB.raprmm $oiuobiiow jo vondioepo ¢ ]
I =o_m3“mﬂr . puo au_‘..._hm,wo jo vondsospo (| WIS 2pag mm._ma.:ca !
| iDiaow m\ {
| adid jo 1onposd !
“ Joss X Buiane;  Jroas IDtqosoM neos “
I

“ syanpasd i
seninznnd spunoduns spumeduns uotsnron spunoduiny |

“ 10 uolDlUsulpas suisiuebloosonw ounblo Jobiow Jwpbroum dunbiou
1 [
I 1
i I
f I
[

e e T T T T e e e e e e e ——————-d

Snottea jo uojlerusssaday

T§30e1ing
Jliewayss Z.7 +p

3did NI 3ML NOILOY3IY wo FOH3SIY

Hd ' 3unLeyadgnsy -
NOLLYMINT oD o

RETEALTTTTES «583008d

ONILII Sy SUDLDY

(S3ISSI008d IIovINILM Y04
OlLYM 3INN0A /7 vayy FIVIuNS <
Hd  '3univezdmag »
HOILwYENIONADY

*S3IVE NOITMN04SNvEI BNITS 3337 $HOLTT:

MOLLYHLIHIOND ) «

SSINHONOY  Jdid ¢

Hd ' Jyniveaanag ¢

SALVYH MO NI NOILwITs o
) S3ivy pog |

*S3Lvd

1HO04SNYYL™ SNILDF33v SHOL5vE



*walsAs Jamol Buyiood ‘Buiienaagoad ‘uado ue jo wesbeip 2ilewayng --¢ 614

LNV Id
$5300Hd

= |
-4 QA e | ANV
umopmolq - r.
- Z M
/ \ v N
[ , / N
., ) / \
1eey /
$800X0 ™ T I LI .— eBepuim
S
/ \ / . 10 1}{4p
LNIWNOYIANT 9NITHOA

uojjelodeas




LNIWLVIYL A1{2WOIYD10|S puUD 31DJ YO

——— — — — Sl Sl et rrwe— e v wemas st

NOILN3IATYd / TTOYLNOD uswinaly Jo aausnjjul J_
ONINNOJd jBpow 13y _
wa|qo 4d \/ _
J0 Luaix?d Y
auyw13}ap
NOLLVTINWIS SISATVNY
UETTHEN] NV JIMLINOIHIIOLS
fiddo INIWIYNS V IN UNY J1vM
3JUDW A0} Iad
|sal |
ONITINOS . {8pow vjbjhwo}
0 . A
S1J3443

- -$8200Ud - IAUVYAL NV -~ ONIONVLSUIANN- ON1dO1IATA



® EULK FLUID

w’DEFQS .

sy

“PHASE DIAGRAM’

Fig. 5.- A schematic diagram of the environment in which fouling occurs.

e Soluble inorganics
£ Soluble organics
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PROGRESSION OF BIOFOUL.ING

Fig. 6.~ A schematic representation of the prograssion of fouling deposition.
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Fig. 7.~ A typical progression, due to transport and adsorption/adhesion, observed
during the initial stages; or induction period {ses inset of Fig. 7).
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open, recirculating cooling tower system .
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Fig. 12.- Tbe influence of wall temperature and nutrient loading rate on maximum
biofouling deposit thickness in a laboratory system??.




SUSPENDED BIOMASS CONCENTRATION
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Fig. 13.~ Influence of fluid shear stress on biofilm development®?.
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Fig. 15.- Accumulation of fouling deposit on two alloys!®.
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ANTICORROSIVE EROTECTION BY PAINTS IN MARINE AND INDUSTRIAL EMVIRON-
MENTS

Juan Josd Caprari

CIDEPINT - Research and Development Center for Paint Technology

The microbiological corrosion can be considered, in light of the presant
knowledge on the subject, as one of the greatar and more subtfle dangers faor the
meeallic and non-mersllic struczures used in media where there exists the passi-
bility of bacteria development. From the standpoint of protection by paints, the
industries more affected by the microbiclogical corrosion phenomena are the pe-
trolaum industry, the equipment for the purification of industrial and sewags wa-
ter wastes and those industries that develop their activities in marine areas.

The aczion of the microbiological corrosion includes a greatar quacity of
mecrallic materials, as naval sctesl, aluminium and its alloys, copper and its ai~
joys, stainlesssteel and besides non-metallic macerials such as concrete, plas-

ter, etc.

The study of the action of these corrosive baczeria has taken a great im=
pulse during the last years, specially from the moment when it is raised as a
problem in the marine medium, due to its influence on the dererioration of fixed
structures {(harbour platforms, buoys) and mobile structures (ships hulls, off-
shore conscruczions) and for the importanca relating maintenanca and replaczment

costs.

The bacteria role in materials corrosion is associated with a chemical ac~
tivicy that develops on the substrate due to the presencs of aggressive subtan—.
c2s coming from the mecabolic processes of the microorganisms, during thair
growth and reproduction. A increase of both vital funczions accsierates paraile-
ly the chemical reactions and increases the surfaca atiack. '

Even when a bacteris may be decermined as responsible for the deteriora-
tion, the attack that takes place is generally a consaquence of different spe-
cies associations, complemented by enzymes that catalyse the reaction.

The corrosion efacts on the substratum may be attributed te differenc fac-
tors: a direct chemical aczion of mecabolites (sulfuric acid, organic and inor=
ganic sulfideés, organic acids that ac: as chelating agents, etc.); a cathodic
depolarization related to an anaerobic growth and development; changes in the
oxygen potential, in the pH values and in the saline concencration, with thg .
formation of local elecztrochemical cells; action over certain corrosion inftibi=

tors {nitrite and ammine oxidation); action over some of the components OT the
protaczive coatings (bitumen in the case of bituminous paints); presencs of ;a-
in al

riable biaomass quantities; or, finally, to hygroscopic salts deposits. )
the cases the chemical substances submit the proteczive coating to extreme exi<

gencies.

The following topics were considered in this paper: baczeria nature and
characteristics; reactions which take placs; baczerial corrosion on concrete
and merallic materials; protection by paint systems; design as an important
factor in the corrosion processes; the influence of mecallic surfaca prepara-
tion; selection of coating application method; physical and chemical proper~
ties of paint formulations and its relation with bacteria and fungi action gnd
paints for the anticorrosive protection in highly aggressive media are mencion=

ad.






