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THE OBJECTIVE OF THIS PAPER is to offer a unified, syste-
matic framework for dealing with all problems of fouling depo-
sition in any environment, The approach presented is necessar-
ity quite fundamental and will entail classification and descrip-
tion of contributing processes, influence of important process
variables, and presentation of expressions describing the various
process rates. The final resuli will be a {mathematical] model
describing the fouling process. The infent of the paper is to
provide a conceptual basis for analyzing fouling problems in a
rational way. Any presentation of mathematical model devel-
opment will be restricted although iHustrations developed from
the mathematical model will be used throughout the paper.

THE OPERATING PLANT ENVIRONMENT — An indus-
trial (power or process) plant contains numerous environments
where corrosion and fouling processes are potentially trouble-
some including cooling water systems (recirculating and once-
through), storage tanks, water and wastewater treatiment facili-
ties, and piping. Fouling and corrosion have been reportedly
found in turbulent flows and stagnant waters, on smooth sur-
faces and crevices, and on metals and concrete (Figure 1).
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Fig. 1. A generalized schematic diagram of the water system in an indus-
trial facility.

Corrosion is one of the costly resuits of fouling in addi-
tion to energy losses resulting from increased heat transfer
resistance and frictional resistance. In the plant, biofouling fre-
quently occurs in conjunction with other types of fouling

including crystalline or precipitation fouling (e.g., scaling) and
particulate fouling (frequently due to sedimentation). Figure 2
schematically illustrates processes occurring in a hypothetical
water conduit and depicts processes occurring in the bulk water
phase as well as transformations occurring at the liquid-selid
interface. The diagram also depicts “‘under-deposit™ corrosion
that is frequently reported in relation to many types of deposit.
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Fig. 2. Schematic representation of various types of fouling processes
and deposits which can form on equipment surfaces.

Microbial activity has been found in calcareous deposits
and in deposits of particulate material resulting from sedimen-
tation or adsorption. Increased corresion rates are frequently
reported in these circumstances.

A recirculating cooling tower system {Figure 3) provides
an illustration of a plant environment in which fouling and
corrosion can occur, The fill material is generally wooden and
its “corrosion” rate is generally controlled by microbial degra-
dation (fungi) or measures to control microbial activity (chlo-
rine). In the heat exchanger, scaling (under certain conditions)
and microbial film development on the tubes and areas around
flow obstructions can increase heat transfer resistance and
[metal} corrosion rates.

FOULING-A DEFINITION — Fouling refers to the for-
mation of deposits on equipment surfaces which significantly
decreases equipment performance and/or the useful life of the
equipment,




wanornllon

l FOULING EN\’FROHMENT
drift or
wlnrtnga F‘I—T—'f"'r"t_l .
fonil M \oxeens
. / heat PROCESS
/ [ PLANT
§ s |
N 7 NEYH,
4 & blowdown

HAKEUP

Fig. 3, Schematic diagram of an open, recirculating, cooling tower
system.

TYPES OF FOULING DEPOSITS — Several types of foul-
ing, and their combinations, may occur and have been conveni-
ently classified (1):

1. biological fouling: the attachment and metabolism of
macroorganisms {(macrobial fouling) and/or micro-
organisms {microbial fouling).

2. chemical reaction fouling: deposits formed by chemi-
cal reaction in which the surface material (e.g., con-
senser fube) is not a reactant. Polymerization of petrol-
eum refinery feedstocks is an important example of
type fouling.

3. corrosion fouling: the surface material itself reacts
with compounds in the liquid phase to produce a de-
posit or degrade the surface material.

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

5. particulate fouling: accumulation on the equipment
surface of finely divided solids suspended in the pro-
cess fluid. Sedimentation fouling is an appropriate term
if gravity is the primary mechanism for deposition.

6. precipitation fouling: precipitation of dissolved sub-
stances on the equipment surface. This process is
termed scaling if the dissolved substances have inverse
temperature solubility characteristics (e.g., CaCO;)
and the precipitation occurs on a superheated surface.

In most operating plant environments, more than one type
of fouling will be occurring simultancously. For example,
microbial fouling is not limited to processes related to biologi-
cal activity. The term may also include the inferaction of the
microorganism and the associated slime layer with both the
chemistry of the equipment surface and the bulk fluid. The
interaction can enhance some of the more commonly 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 ferms of diagnosis
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 importance of a fouling situation, the economic
and energy penalties arising from the operation of heat transfer
and process equipment subject fo 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,

2. increased capital costs for excess surface area in heat
exchange equipment to account for fouling heat frans-
fer 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. 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 thick-
ness in heat exchange equipment.

In summary, the anticipated presence of significant foul-
ing can offset the size and other design features of operaiing
equipment. The operation of this equipment subject fo fouling
is constrained Ly the need to formulate economically justifia-
ble cleaning schedules,

COSTS OF FOULING — An estimate of the economic
consequences of fouling was presented by Pritchard (2) for
fouling in Britain and suggests the cost was beiween $600-
1,000 million per year (about 0.5% of the British 1976 GNP).
Van Nostrand ef al (3) have estimated, that for pefroleum
refining in the non-Communist countries, the total cost of
fouling is $4.4 billiont per year. Both these figures are bound to
increase with increasing fuei and material costs.

In virtually every type of heat exchange equipment, foul-
ing of heat exchange surfaces is the main cause of any progres-
sive reduction in performance and efficiency. Accumulation of
slime, dirt, and debris in other parts of the plant 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 significant and must be empha-
sized to designers and operators of heat exchange equipment.

BENEFITS OF THE RATIONAL APPROACH TO FOUL-
ING —

“A distinguished German physicist has said—if my

memory serves me aright—that it is the office of

theoretical investigation fo give the form in which
results of an experiment may be expressed”
J. Willard Gibbs

“Experience enables one to apply things that one

knows; theoretical science enables one to apply

things that have never been dreamed of”
Robert H. Goddard

Fouling is a complex phenomenon resulting from several
processes occurring in parallel and in series. The rate and extent
of these processes, in turn, are influenced by numercus physi-
cal, chemical, and biological factors in the immediate environ-
ment of the surface. Many laboratory experiments and field
observations have resuited in volumes of data without deducing
relationships of wide, general use. Much of the historical data
available, in addition to future experimental fouling work
would benefit from a conceptual framework for describing
fouling processes. If the concepiual framework could be stated
in mathematical terms, more benefits would accrue including
the ability to mathematically simulate fouling processes on the
computer. . .. computer  “experiments” frequently = being
cheaper than laboratory experiments.

A rational approach, as contrasted with an empirical ap-
proach, develops the conceptual framework by resorting to
fondamental processes which are reasonably well understood.’
These fundamental processes can usually be described mathe-
matically which is necessary for computer simulation. Conse-
quently, such “models’ can be used to extrapolate and gener-




alize experimental results.

The difficulty in generalizing or extrapolating experimen-
tal fouling data is related to the complexity of the process
which frequently involves heat transfer, mass transfer, momen-
tum {ransfer, as well as physical, chemical, and biological pro-
cesses at the surfaces. The rational approach attempts to eluci-
date each of the fundamental processes that contribute to the
overall fouling process. Once these fundamental processes are
properly understood, they are incorporated into a mathemati-
cal mode] of the overall fouling process. This requires experi-
mients designed specifically fo investigate particular fundamen-
tal processes rather than than experiments which consider only
the overall process. This approach is clearly more time con-
suming than research which only considers the overal! fouling
process, but it ultimately leads fo results that can be applied
with greater confidence to a wider range of fouling situations.

This type of “process analysis” has been described pre-
viously by Characklis (4) for the specific case of microbial
fouling. Burrill {(5) presents another illustration of the power
of this technique in explaining a practical problem of fouling
and the decistons 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 flux, geome-
try, etc., on fouling processes and their influence on equipment
performance. Simulation can also be used to test operating and
maintenance procedures such as infernal treatments and clean-
ing schedules. The process analysis technique may also lead to
a more systematic method for developing and evaluating foul-
ing control techniques, regardless of whether they employ
physical, chemical, or even biological methods, These ideas witl
be discussed below.

In summary, the rational approach to fouling entails a
process analysis which identifies the contributing fundamental
processes and deferimines the influence of process vatiables on
process rate and extent. The approach requires experimental
measurement techniques which permit the elucidation of the
specific processes. :

THE ITERATIVE NATURE OF THE PROCEDURE —
Developing a rational understanding of the fouling process is
an iterative process, Figure 4 schematically describes some of
the interrefationships between four of the important activities
within this iterative process:
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Fig. 4. The inierative nature of research, development, and testing related
to problems of fouling.

Cycle I—EFFECTS OF FOULING are MEASURED by
some appropriate instrument to test the perfor-
mance of the equipment. The extent of the
problem is determined and a FOULING CON-
TROL PREVENTION TREATMENT is applied.
Any change in the EFFECTS OF FOULING are
observed and the cycle is repeated.

Cycle 2—A process analysis is accomplished to determine
the RATE AND STOICHIOMETRY of the pro-
cess from which a model is developed, The influ-
ence of treatment procedures on rate and stoich-
metry may be critical. The model is tested with
a SIMULATION of the real system in which pro-
cess variables can be carefully controlled. Refor-
mulation or modification of the model may
follow.

The overlap between the two cyeles is MEASUREMENT AND
SIMULATION. Simulating the process environment, in the
laboratory or the field, is critically important to the rational
approach and cannot be overemphasized. The usefulness of a
model, and ifs ability to describe reality, is strictly dependent
on the accuracy of the data used to develop and test the model.

RATE AND STOICHIOMETRIC ANALYSIS
OF FOULING PROCESSES

The physical, chemical, and biological transformations
resulting in fouling deposit accumulation are completed in a
certain period of time. For example, some specific change may
signal the shutdown of manufacturing operations and the
beginning of cleaning operations. The time required for this
specified change is inversely proportional to the rate at which
the process occurs. Thus, the rate is the most important quant-
ity in process analysis, If the process consists of a number of
processes in series, the slowest step of the sequence exerts the
greatest influence and controls the overall process rate, This
step is called the “rate-determining process” or “rate-control-
ling process.”

Stoichiomeiry is the application of the law of conservation
of mass and the chemical laws of combining weights to chemi-
cal processes. Stoichiometry provides information about extent
of reaction, composition, and yields,

Rate and stoichiometry are determined by measuring
concentrations of reactants and products. In the case of foul-
ing, the reactions take place in the microenvironment of the
surface and interfacial concentrations are extremely difficult
to measure. Consequently, rate and stoichiometricrelationships
must be developed as functions of concentrations in the bulk
fluid environment, To do so requires a thorough understanding
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 environ-
ment in which fouling reactions occur and provide an oufline
of methods for its description and analysis.

SYSTEM DEFINITION — Figure 5 schematically des-
cribes the fouling environment. Important features include the
following four “phases’:

1. fluid phase

2. suspended particulates

3, solid or semi-solid fouling deposit

4. the substratum
The fluid phase contains dissolved organics and inorganics as
well as the suspended particulates. The fouling deposit fre-
quently 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 surface of concern (e.g., metal condenser
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Fig. 5. A schematic diagram of the environment in which fouling occurs.

tube). In many cases of interest, the fluid phase is in turbulent
flow and the substratum is at an elevated (or reduced) temper-
ature from that of the buik fluid phase.

CONSERVATION EQUATIONS AND CONSTITUTIVE
PROPERTIES — Analysis of this relatively complex system
requires consideration of mass transfer, momentum transfer
(i.e., fluid dynamics), and heat transfer as well as physical,
chemical, and biological processes. Required tools include the
equations for conservation of momentum, energy and mass
which are a result of Newton's laws and the laws of thermo-
dynamics,

Table 1 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 thermodynamic properties are relatively easy to measure
accurately.

Table 1. Relationship Between Conservation Equations
and Commonly Employed Variables and Properties

Momentum Energy Mass
Intensive variable v T €
Thermodynamic :
properties ) Cp Keq
Constitutive properties
— transport v o D
- chemical
reaction © © Ky Ai
— rmicrobial
reaction ° o paxs Ko Y

Constitutive principles deal with the rates of physico-
chemical processes. Conservation and thermodynamic princi-
ples do not deal with mechanism, but constitutive principles
do: constitutive principles deal with mechanism as it is influ-
enced 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 con-
stitution of matter, a mathematical model expressing a conser- |
vation principle is “correct” is all flows, sources, and sinks
have been included. The usefulness of the model, however,
depends primarily on two things:

1. The choice of the system.

2. Availability of constitutive principles for description

of unknown quantities which appear in the model

(e.g., reaction rates)
Mechanisms and constitutions are often poorly understood.
Therefore, constitutive relations present the most difficulty
in modeliing. Transport coefficients (Table 1), for exampie,
are difficult to measure and accuracy is generally poor, yet,
transport coeflicients are essential to determiningrates of mass,
heat and momentum transfer in fouling environments. Reaction
rate coelficients (Kj, pmax, Kg in Table 1) depend on many
environmental factors. In fact, reaction rate coefficients are
most offen inferred from conservation equations by a assunting
a kinetic or rate modei (e.g., power law or saturation rate.
equation). The stoichiometric coefficients (Aj and Y in Table
1) are also constitutive properties and relate the rate of con-
suimption 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 kinetfics. The interrelationships between
these various processes often provide the greatest challenge
to the investigator. A useful illustration is a recirculating cool-
ing tower (RCT) system in which significant momentum, mass,
and heat transfer is oceurring in the condenser (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 (6). However, the constitutive relationships
describing fouling in the RCT system have received much less
attention. The critical concern to equipment operators is the
influence of fouling on heat and momentum transfer in the
RCT system. With reasonably accurate constitutive relation-
ships for fouling processes, these influences can be predicted
and, thereby, avoided.

FUNDAMENTAL RATE PROCESSES The constitutiive
fouling relationships can be classified into four rate processes
which are fundamental to all types of fouling. Fouling deposit
accuntvlation can be considered the net result of the following
pliysical, chemical, and biological processes (Table 2):

I. transport of soluble and particulate material to the

wetted surface,

2. attachment of soluble or particulates to the wetted

surface,

3. chemical or microbial reaction at the surface or within

the deposit, and

Table 2. Summary of Fundamenial Processes
Contributing to Fouling

Transport + Soluble
« Particulate

Attachment + Adsorption
+ Adhesion
Reactions + Particulate

+ Precipitation

+ Corrosion

+ Microbiological
— growth, etc.
- corrosion

Petachment + Desorption
+ Sloughing
« Spalling




4. detachment, sloughing, or spalling of portions of the
deposit from the wetted surface.
The overall result is a progression of events characterized by
three identifiable periods (Figure 6):
1. an induction period,
2. a rapid increase in accumulation, and
3. an asymptotic or plateau period.
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Fig. 6. A schematic representation of the progression of fouling depo-
sition.

Because fouling rate can be controlled by many process varia-
bles, one of the three periods may be negligible in duration
compared to the other two.

Transport 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 mater-
ials can be predicted reasornably well with accepted empirical
relationships (6). Predicting transport rates of particulates
from the bulk fluid to the wetted surface is more difficult,
primarily because of the numerous forces which may influ-
ence particle movement in flowing fluids (7).

Transport has frequently been combined with deposi-
tion which is easier to measure but is the net result of deposi-
tion and detachment (8). Frequently, investigators focus on
transport rates and incorporate a “sticking probability’ to
rationalize measurenients of deposition rates. Experimental
observations, even with inert particulates (8), indicate that
sticking probability changes as deposition alters the charac-
teristics of the wetted surface.

Transport processes can conveniently be classified by con-
sideration of the fluid flow regime: turbulent, laminar, or a
combination thereof, For example, in turbulent pipe flow two
regions can be differentiated: the turbulent bulk fluid and the
laminar or viscous sublayer. Transport rates are quite different
in these two regions.

Transport may be the rate-limiting process in some cases
of particulate fouling. However, it appears doubtful that {rans-
port will limit the rate of deposition for any other type of
fouling except in the very early stage of accumuiation (i.e., the
induction period in Figure 6) or in very dilute environments.

Interfacial Phenomena — Once material is transported fo
the surface, it adsorbs/adheres or is re-entrained in the fluid,
The concept of “sticking probability” accounts for the fraction
remaining at the wall.

Considerable effort has been invested in the study of
microbial cell adhesion and its role in biofouling (9). Much of

the work stems from-the assumption that this process must be
inhibited in order to eliminate biofouling problems. Interfacial
phenomena have also been investigated for particulate fouling
(10), freezing fouling (11), chemical reaction fouling (12), and
crystallization fouling (13).

Interfacial processes and transport processes are difficult
o distinguish in experimental systems. Accumulation or depo-
sition, however, are relatively easy to measure and represent
the net effect produced by transport followed by adsorption/
adhesion. Deposition can generally be described by a hyper-
bolic progression (Figure 7) and is probably the rate-limiting
step, dominating the overall process during the induction per-
iod of any type of fouling (Figure 7).
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Fig. 7. A typical progression, due to transport and adsorptionfadhesion,
observed during the Initial stages; or induction period (see inset of Fig. 7).

Reactions at the Surface or Within the Deposit — Chemi-
cal and biochemical reactions at the surface or within the de-
posit can confribute significantly to the accumudation of the
fouling deposit. Reactions within the deposit will influence
biological fouling (4), chemical reaction fouling (12,13), and
precipitation fouling (14). Reactions at the surface will influ-
ence corrosion fouling {7). In some cases, there will be signifi-
cant interactive effects such as illustrated by microbially-medi-
ated corrosion fouling. In this case, microbial {metabolic)
products may diffuse to the metal surface and cause deterio-
ration {corrosion) of the surface.

Relevant biochemical reactions include microbial growth,
extracellular polymer formation, and deathflysis. Microbial
cells, once attached to the surface, grow, multiply, and form
products from chemical energy {(chemosynthetic organisms)
derived from the bulk water. In most cases, organic compounds
{heterotrophs)} provide the energy but reduced inorganic com-
pounds {e.g., Fe'*, NH;, §7) can also be used (autotrophs).
Photosynthetic organisms can sometimes provide the organic
compounds for hieterotrophic growth as has been observed in
recirculating cooling tower systems. The relative extent to
which cells or product (primarily extracellular polymer sub-
stances, EPS) dominate the deposit will significantly influence
the effectiveness of any chemical treatment in preventing or
removing a biological fouling deposit. Trulear (15) has studied
the processes of cellular reproduction and extracellular poly-
mer formation in biofilms and observed the influence of several
environmental factors on their relative rates. The biological de-
posit, an adsorptive surface, wil! frequenily enhance the accu-
mulation of other fouling deposits such as particulate deposits
(16), precipitation deposits (17), and corrosion deposits (18).

Chemical reaction fouling is a result of reactions at the
surface and within the depeosit. [Hustrations of chemical reac-




tion fouling include coke formation in petrochemical reactors
(12) and organic deposits in the food processing industry (13).
Reactions also eccur in precipitation fouling deposits as the
precipitates change their crystalline form (19).

Precipitation fouling is caused by a chemical reaction
(precipitation) at the surface (14) and the rate is influenced
primarily by the amount of precipitate present (i.e., autocata-
Iytic). The kinetfics of this process have been studied in great
detail (}4). Reactions which alter the crystailine form of the
precipitates occur within the deposit and can alter the poros-
ity and thermal conductivity of the deposit. The calcium salts
have received the most attention in this fouling category.

Corrosion fouling can increase deposit accumulation and
results from two identifiable processes (20): (1) reactions at
the surface which cause its deterioration and (2) adsorption of
corrosion products released from other locations in the system.
In the lafter case, transport and detachment play significant
roles in determining the effect on performance.

In many cases, chemical and biochemical reactions are
responsible for the phase of rapid increase in deposit acoumu-
lation (see Figure 6).

Detachment — Detachment is a significant process in at
least two stages of fouling deposit accumulation. In the first
case, detachment is intimately related to the “sticking proba-
bility™ discussed in relation to transport and interfacial phe-
nomena. Secondly, as the deposit becomes thicker, fluid shear
stress will play a more significant role (4). This has been ob-
served in biological fouling (4), chemical reaction fouling (13),
and precipitation fouling (1). The detached material often de-
posits in other parts of the system as has been observed with
corrosion products (7).

Detachment processes are mostly responsible for the
asymptotic phase of a typical fouling progression (see Figure
6). During this phase, detachment rate is equal to the com-
bined effects of transport, adsorption/adhesion, and reaction
on deposit accumulation.

FACTORS INFLUENCING FUNDAMENTAL RATE
PROCESSES — Physical, chemical, and biological factors influ-
ence the fundaimental rate processes. These factors influence the
rate as well as the extent to which fouling deposits accumulate.

Physical Faciors -- The most important physical factors
affecting the fundamental processes are shear stress, tempera-
ture (bulk fluid and surface), and surface {micro) roughness.
All three factors influence transport, interfacial phenomena,
detachment and reactions af the interface. Only temperature
will influence reactions within the deposit, Other factors influ-
ence fouling processes at the macroscopic system level inciud-
ing 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 numerous to list. However,
some of the more important are pH, Cd'*, Fe'**, 8i, dissolved
oxygen, and organic carbon. These factors do not affect trans-
port 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 ver-
sus surface chemical composition, however, is not always clear,
Internai chemical trealment programs to minimize fouling
provide & multitude of other chemical compounds which influ-
ence fouling processes. Chemical treatment programs depend
on the type of deposit and, in some cases, treatment for one
condition may be antagonistic fo control of another. For
example, phosphorous compounds added to minimize precipi-

tation fouling may enhance biological fouling. Many chemical
compounds exert a significant influence on fouling processes
at relatively low concentrations which further complicates
analysis.

Biological Factors — Biological factors have their greatest
influence on 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 (4). However, biologi-
cal factors may also influence interfacial adsorptionfadhesion
as well as detachment. For example, microbial deposits con-
tain significant quantities of extraceilular polymer substances
(EPS) which increase the adsorptive capacity of the wetted
surface and trap particulates (15). Microbial activity within the
deposit may also increase the cohesiveness of the deposit (16)
forming an organic matrix which provides resistance to fluid
shear forces. Biological factors probably influence the effect-
iveness 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,

EFFECTS OF FOULING

The problems caused by fouling at the macroscopic level
(i.e., the operating plant) have been discussed above. This
section will concentrate on the effects of fouling within the
heat exchanger tuke. Accurate measurement of effects under
controlled thermohydrodynamic conditions can be extremely
useful for monitoring the progression of fouling as well as
determining the type of deposit forming,

Fluid Frictional Resistance — Fouling deposits cause in-
creased fluid frictional resistance by decreasing the effective
diameter of the heat exchange tube and by increasing the ef-
fective roughness of the tube. Picologlou et al (21) have indi-
cated that biofilms increase frictional resistance primarily by
increasing the effective roughness. Other data (17) indicate
that inorganic scales produce much lower effective tube
roughness.

Frictional resistance measurement has several advantages
as an indicator of fouling:

1. very simple and inexpensive

2. in water distribution systems, it monitors the quantity
of most concern....head loss or loss in carrying
capacity.

However, in some situations, frictional resistance measure-

ments alone are of limited value and sometimes misteading:

1. Frictional resistance measurements are relatively insen-
sitive until the fouling deposit thickness exceeds a cer-
tain value, approximately the thickness of the viscous
sublayer (21). The thickness of the viscous sublayer is
inversely proportional to flow velocity.

2. Some deposits such as CaCOj; scale, exhibit a relatively
low relative roughness (Table 3) but have a low ther-
mal conductivity (17). Therefore, 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 resistance.

Frictional resistance measurements, in conjunction with heat
transfer measurements, however, do yield valuable information.

Overall Heat Transfer Resistance — Overall heat transfer

resistance is the sum of conductive and convective heat trans- |

fer resistance. Convective heat transfer resistance results from
fluid motion and generally decreases as the fouling deposit
accumulates since the “roughness™ of the deposit increases tur-
bulence in the interfacial region. Conductive heat transfer




Table 3. Properties of Fouling Deposits Indicating the Significant Variations Between Various Types of Deposits (17)

Thermal Conductivity

Type Deposit Deposit Thickness (cin) Relative Roughness (dimensionless)** (watt m™ °C1)
Roughness Characteristics of Biofilims and Scale Deposits
Biofilms (4) 0.0040 0.003
0.0165 0.014
0.0300 0.062
(.0500 0.157
CaCO; Scale (7) 0.0165* 0.0001
0.0224* 0.0002
0.0262% 0.0006
Thermal Conductivities of Scales and Biofilm
Scale (6)
Calcium Carbonate 2.26-2.93
Calcium Sulfate 2.31
Calcium Phosphate 2.60
Magnesium Phosphate 2.16
Magnetic Iron Oxide 2,88
Analcite 1.27
Biofilm (5)
(Water) 0.63

*Caleulated from overall heat transfer resistance asswuming a thermal conductivity for CaCO, of 0.026 watis em™ °C!t [71.

**Inside tube diameteris 1.27 cm.

resistance results from insulating layers formed by the deposits
and generally increases 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

— finid flow rate

— radial temperature 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 (22) and also in operating
plant-scale equipment (16,17).

If deposit thickness is measured along with convective
and conductive heat transfer resistance and fluid frictional
resistance, the effective deposit thermal conductivity and effec-
tive deposit roughness can be determined, Effective deposit
thermal conductivity and roughness have been determined in
several cases by this method (17). Results are presented in
Table 3.

Corrosion — The loss of material due to corrosion of a
heat transfer surface can lead to failure of that surface in oper-
ation. However, there is reason to believe that in situations
where metal damage Is not important, corrasion products can
introduce a significant heat transfer resistance (20). Poor con-
irol of other types of fouling deposits can lead to accelerated
corrosion—under-deposit corrosion. Corrosion in such cases
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 faiture.
Corrosion probes are frequently unable to predict such occur-
rences because the probes refiect conditions in the bulk water
rather than at the heat transfer surface, The accurate prediction
of corrosion fouling and under-deposit corrosion progression
will require more research effort.

MEASUREMENT AND SIMULATION

“When you can measure what you are speaking about
and express it in numbers, you know something
about it; and when you cannot measure it, when

you cannot express if in numbers, your knowledge is

of meagre and unsatisfactory kind. It may be the

beginning of knowledge, but you have scarcely in

yvour thought advanced to the stage of a science.”
Lord Kelvin

NEED AND PURPOSE — The experimental investigation
of fouling is a necessary and important route {o obtaining an
understanding of the fundamental processes. If reliable fouling
data could be obtained on full-scale heat exchange equipment
using the actual fluids, other measurements and simulation
would be unnecessary. However, many of the parameters of
interest vary considerably throughout the equipment and, in
addition, vary with time. As a result, measurements in the
laboratory and in field locations are necessary at specified and
constant values for critical parameters.

Laboratory Measurements — The laboratory provides the
proper environment for conducting mechanistic studies which
lead to useful models in terms of simulating real systems. These
tests are a “starting point.”” Physical, chemical, and biological
factors can be controlled at desired levels. Valuable information
can be obtained related to design concepts such as influence of
alloy (18), fluid velocity, tube geometry (e.g., enhanced heat
iransfer surfaces), and temperature profiles (23). The effect of
water quality (chemical and biological) on these factors can
also be evaluated, Operation and maintenance procedures can
be evaluated. For example, laboratory tests can evaluate the
effectiveness of a treatment (chemical or physical) procedure
applied at varying frequency (24,25). These tests frequently
identify the operating conditions which are best for a given
treatmeni procedure. Laboratory experimentation frequently
results in development of measurement techniques useful for
field tests and monitoring (17).

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

Field Measuremenis — Measurements at the operating
plant are essential because no system can be simulated per-
fectly. But the purpose of field measurements is generaily
monitoring equipment andfor warning of impending problems.
Field measurements which simulate the equipment environ-
ment could be used to evaluate the effectiveness of internal




chemical treatment programs but this activity, for reasons
unknown, is rare. Field tests have been used to evaluate the
influence of physical factors and a limited number of chemical
factors on fouling and corrosion. Forexample, the performance
of different alloys is presently being tested at a power plant
site using an instrument which simulates the heat exchange
equipment (16). Field tests are also useful in evaluating the
performance of contemplated changes in treatment programs
andfor process modifications (17,26). Of all factors influenc-
ing fouling, biological variables are most difficult to controt 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 iterative procedure described in Figure 8,
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Fig. 8. The relationship between field testing and laboratory experimen-

tation related to fouling processes.

Laboratory observations under carefully controlled con-
ditions provide the framework for evaluating and interpreting
field results where control of all parameters is not possible.
On the other hand, field results indicate inconsistencies in the
models and provide the impetus and experimental hypotheses
for further laboratory work.

MEASUREMENTS RELATED TO FOULING — Measure-
ments related to fouling processes include methods for moni-
toring the progress of the fouling process, methods for charac-
terizing the fouling deposit, and methods for describing and/or
controlling the fouling environment. In some cases, methods
for monitoring progress can also be used to characterize the
deposit.

Monitoring the Progression of Fouling — Methods available
for monitoring the progress of fouling processes can be con-
veniently classified as follows (27):

1. direct measurement of deposit quantity

2. indirect measurement of deposit quantity

a. specific constituent within the deposit
b. for biofilms, microbial activity within the deposit
c. effects of deposit on transport processes (i.e., heat
transfer and fluid frictional resistance)
Direct measurement includes deposit mass and deposit thick-
ness and is essential for several reasons. Calibration of any indi-
rect method involves comparison with actual quantity of accu-
mulated deposit, Direct measurements are a necessity when
using mass conservation equations to determine process rates
and stoichiometry. Direct methods are also useful in relating
deposit accumulation to fluid frictional resistance and heat

transfer resistance in a rational way.

Indirect methods provide significant benefits including
increased sensitivity. For example, organic carbon analysis of
biofilm is as much as 25 times as sensitive as biofilm mass
measurements (27). In this case, the specific constituent of the
deposit (i.e., organic carbon) provides an excellent measure of
accumulation. However, if the deposit contains a large amount
of silt and sediment, organic carbon may not be representative.

Indirect methods include monitoring the influence of
deposits on heat transfer and fluid frictional resistance as dis-
cussed above. These techniques have been discussed in more
detail by others (17) and indicate that the influence of deposits
on heat and momentum transfer depends strongly on deposit
characteristics (e.g.,, composition, thermal conductivity,
roughness).

Characteristics of Fouling Deposits -—- Fouling deposits can
exhibit a wide range of chemical and microbial composition.
Not surprisingly then, two deposits of equal thickness can
influence heat and momentum transfer in drastically different
ways, The reason for this behavior is widely varying deposit
thermal conductivity and roughness as indicated in Table 3.
Characterization of deposits is a necessary preliminary to
choosing control sirategies as indicated by Table 4.

Table 4. Categorization of Various Fouling Control Methods
by Their Influence on the Fundamental Processes
Contributing to Fouling

Fundamental
Process Biofouling Scaling Corrosion
Transport » Filtration - Water + Oxygen
Coagulation Softening Removal
“Interfacial « Biodispersants - Dispersant - Coatings
Process * Biocide
» Coatings
Reaction - Tube Alloy » Crystal « Coatings
+ Biocide Growth + Electrolytic
Inhibitor Protection
« Corrosion
Inhibitors
(e.g., C¥)
Detachment  + Oxidizing + Chelant + Chelant
Biocides + Acid
+ Physical
Removal

Presuming an in situ deposit thickness measurement is
possible, effective deposit thermal conductivity and roughness,
can be determined through measurements of conductive and
convective heat transfer resistance, fluid frictional resistance,
and engineering correlations, This in situ diagnostic method is
presently being incorporated info an on-line fouling monitor.
Such a diagnostic tool would find advantage as a feedback con-
trol device in an operating plant as illustrated in Figure 9. As
more data accumulates, deposit composition could be estiinated
from thermal conductivity and roughness determinations in
much the same way as chemical composition is determined
from “iibraries” of spectral data associated with gas chroma-
tography/mass specirometry. Field data of this type would
also contribute to empirical relationships useful for prediciing
fouling processes as a function of environment. . . . providing
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, -

Important Environmental Factors — There are many fac-
fors which infiuence the rate and extent of fouling processes
but the primary ones certainly include bulk water quality
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Fig. 9, An illustration of the vse of a diagnostic, on-line fouling monitor
as a feedback control device in an open, recirculating coolihg towar
system (30).

(chemical and biological), temperature (bulk wafer and sur-
face), fluid shear stress at the surface, and the nature of the
surface (alloy). Superimposed on these factors is any chemical
or physical treatment program regularly employed to minimize
the effects of fouling.

Fouling is a heterogeneous process in that it requires both
a lignid and solid phase. Consequently, concenirations and
compositions at the liquid-solid interface determine the pro-
cesses which control deposition. Unfortunately, interfacial
conditions are extremely difficult to measure except under
controlied laboratory conditions and interfacial processes must
be related to the bulk water environment. Under these limita-
tions, data interpretation must proceed with caution and a
thorough process analysis must be accomplished before valid
conclusions can be drawin. As an illustration, consider biofoul-
ing in an open recirculating cooling tower (RCT) system. It
was believed for many years that biofouling was related fo the
colony-forming units (CFM) measured by a plate count pro-
cedure. Recently, data was presented (17) 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 correfation can be attributed to the number of processes
contributing or removing organisms from the bulk water phase
(Figure 10), Organisms enter the cooling tower bulk water
through the make-up water, by growth and reproduction with-
in the bulk water, from the air, and by detachment from bio-
fouled surfaces. Organisms leave the RCT system bulk water in
the blowdown and drift, by adsorption to surfaces within the
RCT system, and by “death,” at least partially due to biocide
application, Obviously, the number of CFU in the cooling
water is not strictly related to the extent of biofouling in the
RCT system.

Key chemical constituents which influence fouling pro-
cesses include Ca**, Mg**, Fe***, Fe**, 8i, 0, , PO, CO, (and
related forms), SOF, Cl~, and organic carbon.

Bulk temperature influences most chemical and biochem-
icai reaction processes as well as transport rate processes. Foul-
ing processes are no exception as indicated in Figure 12 which
indicates the progression of fluid frictional resistance as a
function of bulk water temperature in a biofouling environ-
ment (28). The most deleterious effects are observed at 40°C
(104°F). Surface temperature also influences fouling processes
as indicated in Figure 12 which indicates the maximum bio-
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Fig. 11. Progression of fluid frictional resistance (as represented by the
friction factor) as a function of bulk water temperature (28).

fouling deposit thickness attained as a function of surface tem-
perature and nutrient loading rate {23). One important obser-
vation from these data is the significant interaction between
variables, in this case, surface temperature and nutrient load-
ing rate.

Fluid shear stress is critical in fouling environments since
it strongly influences transport and detachment rates. Figure
13 indicates the influence of fluid shear stress on biomass accu-
mulation rates (29). Accumulation rates are higher at the.
higher flow rate suggesting that transport dominates over de-
tachment in this- system during the early stages of deposit




formation. Figure !4 indicates the influence of shear stress on
fluid frictional resistance changes caused by biofilm accumu-
lation (30).
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Fig, 12, The influence of wall temperature and nuirient loading rate on
“maximum biofouling depasit thickness in a laboratory system (23).
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Finally, the composition of the surface material influence
the rate of deposition. Figures 15 and 16 depict the progress
of biofouling deposition on copper-nickel and titanium in a
laboratory seawater system (18). If only total deposit mass is
considered, the copper-nickel alloy fouled o a much greater

extent than titaninm. However, consideration of volatile
deposit mass suggests that “biofouling” was essentially the
same in the two alloys, Other analyses indicated that much of®
the total deposit mass on copper-nickel could be attributed to
corrosion products (18).
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Fig. 15, Aceumulation of fouling depesit on two alloys (18),

PREVENTION/CONTROL

The impetus for developing a rational approach to prob-
lems of fouling deposition is the expectation that such an ap-
proach will lead {o more satisfactory methods for preventing
and/or controlling fouling.

PRESENT FOULING PREVENTION/CONTROL METH-
ODS — There are physical and chemical methods available for
preventing/controlling fouling deposition. Table 4 illustrates
the numerous methods and indicates the type of fouling de-
posit and the fundamental process presumably inhibited. For
example, filirationfcoagulation is effective in reducing the con-
centration of microbial cells thereby reducing transport of cells
to surfaces and inhibiting biofouling.

However, none of these methods are totally satisfactory
or fouling would no longer be a problem.

Controlling Specific Types of Fouling — Significant suc-
cess 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 conirolled quite effectively by phosphonate compounds
{or other inhibitors) as long as no interfering compounds are
present (see below). Laboratory and field observations indicate
that these same compounds are not as effective in preventing
scaling when biofouling exists. It is apparent that very litfle is
known about the interactive effects between different types of
fouling deposits and effective means for their control. For
example, do polyphosphate corrosion inhibitors remain effec-
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Fig. 16. Accumulation of volatile deposit mass on two alloys (18).

tive when significant biofouling has occurred on the corroding
surface? ‘

Interferences — Frequently, other reacting components
interfere with the intended control procedure. Chlorine is a
useful biofouling conirol compound, But in heavily contami-
nated waters, chlorine is consumed in side reactions {(chlorine
demand reactions) and is rendered ineffective. Even copper-
nickel alloys possess a significant chlorine demand (18). There-
fore, water quality are at least {wo environmental factors
which must be considered in choosing a treatment program to
minimize fouling,

Environmental Quality — Some chemical treatments are
quite effective but are undesirable due to their impact on envi-
ronmental quality. Chiorine has been used for years as a reason-
ably effective method for controlling biofouling, But recently,
concern over toxicity of chlorine and ifs reaction products has
spurred the search for alternatives. Biocides, in general, are
toxic materials and must be evaluated thoroughly prior to their
targe scale use. Chromate corrosion inhibitors have suffered a
similar fate. However, thoughtful engineering approaches will
permit use of compounds such as chlorine and chromaie so
the environmental concentrations are within satisfactory limits,

Treatment Effectiveness and Its Quantitative Measurement
-— The effectiveness of various freatments in actual field appli-
cations is rarely assessed in a meaningful, accurate, and sensi-
tive manner unless a catastrophe occurs, Unfortunately, treat-
ment programs are frequently ineffective and, in some cases,
may enhance fouling., *“Cleanliness” factors are sometimes re-
ported using heat transfer rate measurements from full-scale
heat exchangers but these data are generally useless for predic-
tive purposes or for analytical purposes due to the “noise” in

the system. Some simplistic sidestream devices depend only on
visual observations or frictional resistance measurement fre-
quently ignoring the real concern. ... heat transfer. Measure-
ment of fundamental engineering quantities are necessary to
provide the operations engineer with a clear picture of the
effects of fouling on equipment performance, influence of
operating variables on fouling rates, and effectivencss of treat-
ment programs.

DEVELOPING NEW METHODS FOR FOULING PRE-
VENTION/CONTROL — The nature of this paper suggests
that systematic methods exist for developing novel, more effec-
fective treatment methods. The approach presented here inher-
ently assumes the following:

+ ‘There is no universal remedy for fouling.

+ An effective treatment in one operating environment

may be quite ineffective in another environment,

- A treatment effective in conirolling one type of foul-
ing (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
another type of fouling (e.g., biofouling).

Hypothetical Procedure — Select a candidate treatiment
program to prevent or inhibit one of the fundamental processes
(Table 4) and test its ability fo do so in the laboratory. For
example, choose a chemical which inhibits EPS formation in
microorganisms because it may inhibit cell adhesion. The labor-
atory 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 important from the operational standpoint but
offer litile in terms of determining process characteristics. In
the case of microbial cell attachment, measure the number of
attached cells and their EPS content. Run appropriate controls.
Evaluate the dosage requirements in the simulated system and
use scale-up procedures to estimate the environmental concen-
trations which may result. Determine whether the system,
not the program, can be engineered to minimize the environ-
menial impact of the treatment. Test the treatment program
with the same simulated system in the field under relevant
operating conditions. Measure the changes in heat transfer and
fluid frictional resistance as well as corrosion losses. Analyze
the physical, chemical, and biological characteristics of the
deposit to determine the effectiveness of the freatment and to
detect possible interferences to the program. Repeat the cycle
if necessary.

A program of this type can be planned in great detail using
statistical experimental design techniques to provide the most
useful data for statistical analysis and confidence limits with
which to base decisions.

SUMMARY

A rational approach to problems of fouling have been
presented. Text limitations have necessitated that mathemati-
cal details be limited, However, the intent was to propose an
approach. The usefulness and relevance of this approach will
be judged by the reader from whom the author enthusiasti-
cally solicits questions, comments, and suggestions.
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