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CHAPTER §

BIOFOULING FILM DEVELOPMENT AND ITS EFFECTS
* ON ENERGY LOSSES: A LABORATORY STUDY

W. G. Characklis, I, D. Bryers, M. G. Trulear and Nick Zelver

George R. Brown School of Engineering
Rice University ’
Houston, Texas 7700}

INTRODUCTION

The term “fouling” refers to the formation of inorganic and/or organic
deposits on surfaces. In cooling systems, these deposits form on condenser
tube walls, increasing fluid (rictional resistance, accelerating corrosion and
impairing heat transfer. Four types of fouling, alone or in combinations,
may occur: .

1. crystaliine fouling caused by precipitation of CaCOj, CaS04 or silicates;

2. corrosion fouling resulting from formation of insulating layers of metal oxides
on the tubes;

3. fouling due to adherence of particulate matter on tube surfaces; and

4, blologlcal fouling resulting from development of an organic film consisting of
microbial organisms and their products, primatily extraceliular polymers.

This investigation was restricted to biological fouling processes.

The Problem

The most common method for controlling fouling biofilm development
~ and maintaining condenser performance is periodic chlorination. Chlorine,

added to the couling water, either kills the microorganism or hydrolyzes the
extracelular polymers which hold the biofilm together. The chlorine dosage
and application schedule Is typically determined by: (1) observation of
condenser performance as indicated by plant steam back-pressure, or {2) op-
erator experience, .
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Recently, concern over residual toxicity from hypochlorous acid or its
reaction products has resulted in federal regulations which limit the altow-
able concentrations of free available chiorine in cooling water discharges. At
the present, there is no sound basis for assessing the impact of the reguia-
tions. This investigation stems from the apparent need for a more funda-
mental understanding of fouling biofilm development and fouling biofilm
destruction so that the impact of these mew regulations on power plant
operations can be evaluated.

Laboratory experiments and a limited number of field tests were con-
ducted with two reactor configurations:

1. a tubular reactor;and
2. an annular teacior consisting of a stationary outer cylinder and a rotating

inner eylinder.

The tubular reactor geometry and its turbulent {low regime are identical to
those existing in power plant condensers. The annular reactor was tested as
a blofouling monitor because its response (in terms of fluid frictional re-
sistance) is very sensitive to fouling, and the reactor system is easy to operate
and maintain. The annular reactor also has potential for use in a sidestream
from the cooling water supply at a power plant to continuously monitor
biofouling for control of the addition of oxidant. Biofouling in the experi-
mental reactors was measured by observing changes in the following param-
eters:

1. biofilm thickness;

2. attsched biomass;

3. fluid frictional resistance; and
4. heat transier resistance.

The project goals included the following:

1. to develop a better understanding of fouling biofilm developmeat, with par-
ticular emphasis on the effects of fluid flowrate, bulk water temperature, wall
surface temperature and limiting nutrient concentration; i

9. to determine the effecliveness of fouling biciilm destruction by chemical
oxidants, primasily chlosine;and

3, to develop a practical, reliable and sufficiently sensitive device for monitoring
biofouting and for effectively operating and conizolling biofouling destruction
processes at operaling power plants.

Processes Contributing to Fouling Biofilm I)evelcpmént

_ Microbial fouling is the result of physical transport and biologicat growth
rate processes. The following processes contribute” to overall biofouling
accumulation: -

organic adsorption at the wetted surface
trunsport of microbial particles to the sutface
microorganism attachment to the surface
growth of attached microorganisms
reentrainment of biofilm by tluid shear stress
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Organic Adsorption

Microorganisms select their habitats on the basis of many factors [1,2],
including the nature of the wetted surface (material of construction and
surface roughness). .

Figure 1 illustrates an initially “clean” surface exposed to turbulent flow
of a fluid containing dispersed microorganisms, nutrients and orgenic macro-
molecules. Adsorption of an organic monolayer occurs within minutes of
exposure as shown in Figure 2. Investigations have shown that materials with
diverse surface properties (e.g., weltability, surface tension, electrophoretic
mobility) are rapldly conditioned by adsorbing organics once exposed 1o
natural waters with low organic concentrations {3-8]. o

Tfanspart of Microbial Particles to the Surface

Figure 3 indicates the physical transport of bacterial particles from the
bulk fluid to the surface covered by an organic film, Within a turbulent flow
regime, particles suspended within the fluid are transported to the solid sur-
face by only two mechanisms: molecular diffusion and turbulent eddy trans-
port. Theory indicates that the flux of particles to the surface increases with
increasing fluid velocity and particle concentration. However, particle flux
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Figure 1, Initially clean surface exposed to a turbulent Now of fluid containing micro-
organisms and associated material.
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also depends stfongly on the physical properties of the particles (e 8., size,
shape, density) [9,10}.

Microorganism Attachment to the Surface

Research suggests the existence of a two-stage attachment process: revers-
ible adhesion followed by an irreversible attachment. Reversible attachment
refers to an initially weak adhesion of a bacterium to a surface. Organisms
still exhibit Brownian motion and are readily removed by mild rinsing. Con-
versely, Irreversible attachment is a permanent cohabitation with the surface,
usually aided by the production of cellular exopolymers. Irreversibly attached
bacteria can only be removed by severe methods.

Many of the microbial cell attachment studies were conducted at very low
fluid shear rates or under quiescent conditions. Rates of accumulation de-
termined from these studies are very likely mass transler-limited and not
necessarily applicable to condenser biofouling where (luid shear rates are
quite high (equivalent to average fluid velocities of 6 {t/sec in a 0.75-in. I.d.
tube). .

Growth of Attached Microorganisms

Attached and dispersed microorganisms assimilate nutrients, synthesize
new biomass and produce extracellular polymers. Biomass production is the
result of cellular reproduction and exopolysaccharide production, as shown
in Figure 4.

Biofilm growth has been described by a wide variety of rate expression
whose rate constants are functions of pH, temperature, limiting nutrient con-
centration, nutrient type, terminal electron acceptar and organism concentra-
tion. :

Postulated rate expressions for nutrient depletion by a fixed biofilm are
numerous [11-16], but all agree that nutrient depletion rates are first-order
in biofilm mass and that diffusion rates in the biofilm can often control the
overall removal rate of nutrients.

Reentrainment of Biofilm by Fluid Shear

At any point in the development of a biofilm, portions of biofilm peel
away from the inert surface and are reentrained in the fluid flow (Figure 5).
Reentrainment is a continuous process of biofilm removal and depends
highly on hydrodynamic conditions [15). Sloughing, on the other hand,
appears to be a random, massive removal of biofilm attributed to oxygen/
putrient depletion deep within biofilms, Sloughing is more frequently wit-
nessed with thicker, denser films, especially in taminar flow. More work is
needed 1o quantify either effect.

In summary, biofouling is the result of the simultaneous occurrence of
all these rate processes (Figure 6). However, at specific times in the overail
biofilm development, certain processes may contribute more significantly
than others. .

-y
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EXPERIMENTAL METHODS

The experimental methods used in this laboratory study were chosen to
simulate the fundamental processés of biofilm development and destruction
gccurring in a small portion of a power plant condenser. The laboratory en-
vironment was necessary to maintain good control of the variables of interest,
i.e., flowrate, temperature and water quality. Nutrients, glucose and, in some
cases, a synthetic growth medium, were added to provide the necessary min-
eral, energy and carbon requirements for microbial growth, The feedwater to
the various experimental reactors was tapwater which had been treated to
remove residual suspended solids and chlorine.

Experiments which simulated the growth to plateau phases {Figure 7)
were ipitiated by inoculating with a mixed population of microorganisms

and operating the reactors in a batch mode (as opposed to continuous flow)

untit some surface colonization occurred. This technique minimizes the
induction period (Figure 7), which can last for weeks under some of the
conditions tested. The recycle reactor in experiments simulating the induc-
tion period is fed from a chemostat (i.., a microbiaf cell propagator).

There are always risks in applying results from a laboratory simulation to
a problem in a field. Some such limitations for this study are presented in
the Results and Discussion section,

Experimental Apparatus ' :

Two reactor geometries were used in this reasearch to study biofilm de-

velopment and destruction:
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17 “The cizcular tubé Was used because it is the prevalent geometry in power plant h

condensers. .

2. The sensitivity of the rotating annular reactor was tested because it could
provide more practical, reliable means of monitoring biofouling in the field,
since it requires little maintenance or support equipment. This chapter will not
discuss results from the annular reactor. ‘

Biofilm development was measured in two ways: (1) attached biomass, and
(2) biofilm thickness. During the induction phase biofilm development was
measured with chemical oxygen demand (COD) analysis because of its
superior sensitivity.

Indirectly, biofouling was observed by measyring: (1) fluid frictional
resistance, and (2) heat transfer resistance.

Tubular Fouling Reactors

Tubular fouling reactors are chemostats (continuous\% stirred tank reac-
tors) with internal recycle as indicated in Figure 8. Advantages of this con-

figuration for laboratory experimentation include the following:

1. At high recycle rates (Fy >> ¥), the reactor contents are completely mixed and
no concentration gradlents exist, This simplifies mathematical descriptions
and sampling. It also provides a relatively uniform biolilm in the recyele section

_while allowing simple conirol of pH and temperature. From a practicul stand-
‘point, this system minimized the consumption of water and microbial nutrient
medium, .

e —— i e e W
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2, A short mean residence time can be maintained, which minimizes blomass
activity in the bulk uid and restriets microbiat activity to the reactor surlaces.

3. Fluid shear stress at the wall in the secycle loop is independent of mean zesk
dence time in the reactor system.

The results from three tubular reactors are discussed in this paper. )
Tubular fouling reactor 1 (TFR1) was used 1o determine the effect of
fluid shear rate at the wall, bulk water temperature and limiting substrate
concentration on biofilm development as determined by attached biomass,
biofilm thickness and fluid frictional sesistance. Tubular fouling reactor 3
(TFR3) was an improved version of TFR1 (Figure 9),
Tubular fouling reactor 4 (TFR4) was used to determine biofilm thermal

conductivity. Biofllm thickness, fluid {rictional resistance and heat transfer

resistance were measured by TFR4 experiments. Heat transfer resistance was
measured in a test heat exchanger (THE) which was an integral part of the
recycle reactor. .
 Tubular fouling reactor 5 (TFRS) (Figure 10) was used for studying pri-
mary biofouling development. It consists of a continuous culture reactor
(i.e., chemostat CSTR) with internal recycle loops. In this way a constant
pulk microbial culture can be maintained at a desired activity while inde-
pendently simulating a variety of hydrodynamic situations. :
Further details concerning methods and experimental protocol can be
found elsewhere | 15-19].
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RESULTS AND DISCUSSION

The process of biofilm development on a surface exposed to a turbulent
flow is adequately described by a sigmoid-shaped curve. The progression of
biofilm development can be conveniently divided into three phases:

i. induction phase—the initial development period during which the biofilm ac-
cumulation Increases but fluld frictional resistance remains copstant;

2, growth phase—the period of time during which the accomulation inereases
logasithmically {may Include a portion of the induction period); and

3, plateau phase—the period during which deceleration of the accumulation rale
is observed and a pseudosteady-state in bioflim accumutation occlrs.

The three phases of biofilm development are indicated in Figure 7, )

tnduction Phase

Primary biofilm formation occurs during ‘the perlod from “clean” surface
conditions 1o the onset of frictional resistance increase.

Experiments were conducted to ascertain the rate of primary biofilm
formation as a function of dispersed biomass concentration X, Reynolds
number Re and dispersed organism growth rate g. The relationship can be
described as follows:

Ri'-‘dxA’d' Bk‘c(xlk‘el“le) ay-

where X o = attached biofilm amountfarea
R; = rate of initial biofilm formation

All primary biofilm experiments were conducted in TFR1-5, described in
Figure 10.

Results of the primary biofilm formation experiments ase illustrated in
Figures 11—13. The amount of biofilm attached is reported-as the mg COD
attached per ecm?, Each figure provides a comparison of results conducted
at extremes of each of the three parameters considered, Figure 11 illustrates
the effect of average {luid velocity or Reynolds number Re on early biofilm
development. For both experiments, dispersed biomass concentralion was
12 mg TSS/1 and dispersed organism growth rate was 0.28 hr't, Results
indicate biofilm develops faster at higher velucity and suggests that, at higher
velocity, the particle flux to the surface is higher. Theory indicates an in-
crease in particle deposition .coefficient (and thus, particle flux) with in-
creasing velocity {%].

Figure 12 depicts the eftect of dispersed biomass concentration on the
rate of initial biofilm accumulation. For both experiments, fluid velocity
was 108.0 cm/sec and dispersed organism growth rate was 0.29 hr''. ln-
creasing the concentration of suspended biomass increases the rate of initial
biofilm formation. The flux of particles to the surface is directly propor
tional to the butk concentration [9].

P = g e e e
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Figure 13 clearly exhibits the eifect of dispersed biomass growth rate on
the rate of primary biofilm formation. For the experiments illustrated, sus-
pended biomass concentration is 15 mg TSS/1 and the velocity is 108 ctn/sec.
As expected, an increase in growth rate of dispersed organism increases the
" ate of biofilm formation. However, attached blofilm is measured as mg ’
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COD/em?, a measure of the amount of oxidizable material attached per orea.
Results shown in Figure 13 suggest that the increased dispersed growth rate
either Increases the concentratlon of attached organisms or increases extra-
cellular polysaccharide production rate. Other resuits suggest that the latter
occurs, -
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Growth and Plateau Phases

The growth phase, a logarithmic growth periad, overlaps the induction
phase and is followed by the plateau phase. Energy losses are significant dur-
ing these two phases. The progression of biofilm development for a typical
experiment is illustrated in Figure 7. The logistic or sigmoidal curve for
biofllm development can be described analytically by:

Thoe kt

Th= )
1~ (The/Thpax) (1 —¢kY
where Th = biofllm thickness (L)
The=That t =0 (L}
Thyax = meximum value of Th attained (L)
k = rate constant wh
The rate of change of Th can be described by:
derh) k(Th)?
—(’-1:‘—-- = " h _..—)-— (3}

k(Th) ~
dt ThMAX

The rate constant k describes the logarithmic rate of development which
oceurs at Th << Thyax. The sccond term accounts for some process op-
posing development. Regardless of mechanism, k(Th)} represents the loga-
rithmic: development rate or fouling rate characteristic of the growth phase
while Thyax characterizes the plateau phase. )

-y




64 CONDENSER BIOFOULING CONTROL 3 7

The logarithmic fouling rate (based on either biofilm thickness or bio-
film mass) varies with nutrient loading rate as indicated in Figure 14. The
effect of wall shear stress is also indicated. As wall shear stress increases, the
second term in Equation 3 becomes more important in controlling biofilm
development rate. This suggests that Thyax decreases with increasing wall
shear stress. Figure 15 indicates that, in fact, Thyax decreases with in-
creasing wall shear stress, especially ut high nutrient loading rates,

Effects on Frictional Resistance

Increase In fluid frictional resistance because of biofilm accumulation
during experiments in which flowrate is maintained constant causes an in-
crease in pressure drop and power requirements for pumping ds shown in
Figure 16 for a typical experiment.

Conversely, if pressure drop is held constant, flow capacity is reduced.
Figure 17 shows a typical experimental tvurve where flow capacily was
reduced to 42% of the original capacity in a 100-h laboratory experiment.

Frictional resistance can be represented by a dimensionless friction factor
given by: ) '

d AP
f=2.0 L7 @

where [ = friction factor (dimensionless)
d = tube dlameter (L)
P = Muid density (M/LY
¥=average fluid veloeity (Lt}
AP = pressure drop atong length L ML)
. L = length between pressuie ports (L)

The change in friction factor with time for a typical experiment is shown
in Figure 18, The measured biofilm thickness for the same experiment is also
indicaled.

The friction factor is related to the Reynolds number and the equivalent
sand roughness kq through the empirical Colebrook-White relation. This
equation correlates friction factor to Reynolds number for various “‘com-
mercially rough” pipes throughout the hydraulically smooth, transition and
fully rough regimes. The Colebrook-White equation, solved for the equivalent
sand roughness k; yields:

el
.ks=%[w(o.s"r—o.sof ). lB.?G] .

Ref'/?

where  d = tube diameter (L}
Re = vd/p = Reynolds number (dimensionless)
¥ = mean fuid velocity (L{t)
p = kinematic viscosity (L°ft) s

This expression can be used to compute an equivalent sand roughness for the
biofilm from a measurement of the flowrate and pressure drop.

PR
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Figure 15, Lffect of nutrient loading and fluid shear on maximum biofilm thickness
atiuined,

In all TER experiments, K Increases with time; Figure 19 shows the
progression of ks with time for a typical experiment. Figure 20 indicates the
dependence of ks on biofilm thickness for the range of shear stress investi-
gated (6.5-7.9 N/fm?).
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Determination of the flow regime (smaoth, transitional or fully rough) de-
pends on the magnitude of kg relative to the size of the viscous sublayer (8 \):

517 Re (2) ' ©)
More specifically, when kg < §,, the pipe is considered hydraulically smooth;
when 148, > kg > & the flow is in the transitional regime; when kg > 145,,
the flow is in the fully rough regime [20]. In all experiments, the flow re-
gime, as determined from the above criteria, progressed from hydraulically

smooth to transitional or fully rough. o
Frigtional resistance of biofilms grown under constant pressure drop have
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been compared to the frictional resistance of pipes with a rigid roughness as
given by the Colebrook-White equation. The following was observed:

1. Frictional resistance because of biofilm shows a similar dependency on Rey-
nolds number as frictionat tesistance because of commercially rough pipe
surface, -

3. Frictional resistance depends on biofilin thickness,

3. Frictional resistance does not jncrease above the hydraulicatly smooth pipe

¢ value until a critical biofilm thickness is obtained.  ~

The Blasius-Stanton or Moody diagram [21]} can be used to compare
frictional resistance due 1o biofilm with frictional resistance of rigid rough
surfaces. The Blasius-Stanton diagram is a plot of friction factor vs Reynolds
number for a series of pipes with different equivalent sand roughness; the

© e et i i A W B e TR
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Figure 18, Change In friction factor and biofilm thickness during a typical experiment.

. PR . . - . . . . . -
friction factor in a pipe with a rigid rough surface depends on both the rela-
" tive roughness and the Reynolds number.

The relationship between friction factor and Reynolds number for the
fouled TFR3 system is presented in Figure 21, The friction factors and
Reynolds numbers presented have not been corrected for the pipe constric-
tion resulting from the biofilm. This figure shows the dependency of friction
factor on Reynolds number is the same as for a tube with a rigid rough sur-
face between the range ol Reynolds numbers investigated (5000-48,000).
This data was obtained by reducing, in steps, the shear stress from its initial
value in a given experiment and calculating friction factor and Reynolds
number at each step. The shear stress was reduced from the initial condition
to minimize sloughing of biofilm during an experiment. .

Figure 22 indicates the relationship between friction factor and Reynolds
number for an experiment at different stages of biufilm development; friction
factor increases with biofilm thickness. The relationship between biofilm
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Ve .
. thickness and friction factor for alt experiments at a wall shear stress from

6.5-19 Nfm? is shown in Figure 23, Friction factor is dependent on film
thickness after attainment of a critical thickness (THerip) approximately

equal to the thickness of the viscous sublayer.

The critical film thickness corresponds to the stage of biofilm develop.
ment at which surface irregularities protrude through the viscous sublayer.

Until this stage, the biofi

Im lies completely within the viscous sublayer

ks < 6,) and friction factor does not
_smooth). For a wall shear stress of 6.5

increase (the tube is hydraulically
-79 NJm?, the viscous sublayer is

“approximately equal to 40 pm; this compares well wi

of 30-35 um for the same wall shear stress range.

th the observed THey

Although the frictional resistance effects of biofilm can be described

adequately by formulae suitable for rigid rough su

tfaces, the conclusion

- e —— ot ———- 1 %
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should nat be drawn that indeed the biofilnﬁ presents a rigid rough surface
to the flow. Such a notion is an oversimplification and cannot account for
all experimental observations [22].

Effects on Heat Transfer Resistance

Biofilm development and resulting fluid frictional resistance have been
discussed, and both influence heat transfer. Changes in heat transfer resis-
tance arise from the combined effects of increased biofilm thickness (con-
ductive heat iransfer) and increased frictional resistance {convective heat
transfer).

Conductive heat transfer can be related to biofilm thickness and its effec-
tive thermal conductivity. Experimental biofilm thermal conductivity deter-
minations indicate no significant difference from that of water at the sume
temperature (Table I}, This is not surprising, since biofim is approximately
98-99% water.

Convective heat transfer results from fluid mixing or motion, and can be
related to momentum transfer or frictional resistance. Colburn [23] corre-
Jated convective heat transfer in tubes to friction factor and propexrties of the
fluid. The Colburn refationship is only useful when the biofilm is thicker
than the viscous sublayer.

Overall heat transfer resistance due to biofouling film development can
then be calculated if the following are known:

1. biofitm thickness and thermal conductivity;
2. frictional resistunce; and ‘
3, wall temperature and bulk temperatuze.

Figure 24 describes a typical experiment in TFR4 and illustrates the rela-
tive effects of conductive and convective heat transfer resistance on overall
heat transfer resistance. .

“Table 1, Thermat Conductivity of Blofilms

Input Glucose
Cone Bioflim Thermal Conductivity Bulk Temperafure

Expetiment {mg/l) (W/m-"C) C)
i 100 0.70 £ 0.40 (3) 31.89+ 049
2 10 . 0.71:0.10(3) ~ 31.50 £ 0.63
6 10 0.68 £ 0.22 (5) 28.30 1 0.03
7 25 052:021(3) 26.70 £ 0.03
8 10 0.70 ¢ 0.38 (5) 26.70 £ 0.03
9 10 0.58 £ 0.14 (5) 28.30 £ 0.03

Grand mean 0.65 £ 0.24 (24) .

Water 0.61 267

Water 062 322

]
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SUMMARY

Current research has provided some insight into the overall biofouling
problem.

I. Biofouling film development is the combination of several physical
transport and biological rate processes. '

2. Rate of biofouling in the induction phase increases with increasing
dispersed organism concentration, fluid flow velocity and dispersed organism
growth rate, .

3. Rate of biofouling in the growth phase increases with increasing nutri-
ent loading rate and decreasing fluid flow velocity.

4. The maximum biofilm thickness attained increases with increasing
nutrient loading and decreasing fluid flow velocity. ‘

5. Beyond a “critical” thickness, biofilm accumulation may create large
increases in both. frictional and heat transfer resistances. The “critical”
biofilm thickness, observed experimentally, compares favorably with the
viscous sublayer thickness calculated for flow in the clean tube.

6. Increased frictional resistance resujting from biofilm development can
be atiributed to several biofilm characteristics including its viscoelasticity,
filamentous morphology andjor rippling surface morphology. Regardless of
mechanism, the increase in friction factor can be described by traditional
“equivalent sand roughness” concepts.

7. Changes in overall heat transfer resistance arise from the effect of
biofilm development on both conductive and convectiive heat transfer,
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