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Abstract

A kinetic model for fouling evolution prediction is proposed. The model suggested in this paper represents fouling evolution versus
time, and is a modification of the model defined by Konak [A.R. Konak, Prediction of fouling curves in heat transfer equipment, Trans.
Inst. Chem. Eng. 51 (1973) 377]. The proposed model is a combination of the first order equation and the driving force concept employed
by Konak. It is also a new expression of the classic logistic equation proposed by Verhulst in 1839 to interpret biological population
growth data. The new model has the additional advantage that its kinetic parameters, the maximum asymptotic limit of the thermal resis-
tance (R, ) and the rate at which that maximum value is reached (k), present a clear physical significance. As application and validation
of the model performance, the effects of water velocity and tube material on fouling deposition have been tested and modeled. It can be
concluded that the maximum asymptotic limit of the thermal resistance decreases as velocity increases. After the application of the model
it can also be concluded that for all seasons of the year, titanium tubes are more prone to be fouled, although the process is slower, than

with brass tubes.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

All the materials exposed to the water suffer the well-
known phenomenon of fouling, consisting of the formation
of a film that covers the surfaces in contact with the water.

This fouling can be of different nature according to the
phenomena that take part in its genesis. Three types of
fouling are usually considered: biological, corrosion and
precipitation fouling [1]. When seawater is the cooling fluid
the phenomenon is accentuated fundamentally due to the
strong corrosive nature of salt water and to its elevated bio-
logical activity [2]. In general, fouling causes important
operation and maintenance problems in facilities in contact
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with seawater, among them, those of the maritime sector,
aquaculture, offshore utilities, etc.

The formation of fouling in heat exchangers of coastal
power plants using sea water for cooling purposes has spe-
cial economic significance [3-5]. In power station condens-
ers, fouling is formed inside the condenser tubes, reducing
heat transfer between the hot fluid (steam that condenses in
the external surface of the tubes) and the cold sink (sea
water flowing through the tubes). This fouling has negative
consequences in the efficiency of the power plant and there-
fore in its economic balance [6,7].

For all the above reasons the designing and operating of
heat exchanger must contemplate and estimate the fouling
resistance to the heat transfer. The traditional method is
the utilization of fouling resistance tables from the bibliog-
raphy [8]. But these tables show a range of fouling resis-
tance, calculated in very specific conditions that cannot
be extrapolated to any other situation. Therefore, the
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Nomenclature

Ao surface of tube wall (m?)

G, specific heat capacity of seawater at bulk tem-
perature (J kg ' K™")

d; diameter of tube (m)

K rate constant of Konak model

k rate constant of proposed model
(Wm 2K 'd™

R overall heat transfer resistance referred to out-
side surface of tube (m* K W)

Ry thermal resistance of fouling layer at time ¢
m?*K W

Rioo thermal resistance of fouling layer at time oo
m>KwWh

Ry thermal resistance of fouling layer at time 0
m>K W1

t time (d)

ty time estimated for developing half of the fouling
layer (d)

T temperature (K)

U overall heat transfer coefficient referred to out-
side surface (W m 2 K™

v cooling seawater velocity (ms ')

seawater density (kg m )

Subscripts

cWo cooling water outlet
cwi cooling water inlet
hwi hot water inlet

hwo  hot water outlet

i inside

o outside

determination of the actual fouling resistance has great rel-
evance for each heat exchanger in its particular localization
and with the actual operating conditions.

One of the possible strategies for monitoring and detec-
tion of the produced fouling is referred to as side-stream
monitoring, consisting of a device located in parallel with
the industrial plant and that, using the same water source,
allows an estimation of the fouling produced in this side
stream and subsequently to extrapolate to the main stream
[7,9]. Although the cost of this type of device is high it
offers opportunities for improved heat transfer efficiency
and substantial financial saving. In recent years, some
side-stream monitoring devices have been made [10] (an
EPRI report (1985) do a status survey of 18 biofouling
detection devices), but few of them are ready to employ
seawater as a cooling fluid, due to the corrosive nature
and high biological activity of the seawater.

In order to minimize this undesirable phenomenon, bio-
cides are usually employed as antifouling agents not for
avoiding but for reducing fouling accumulation. Chlorine
is the more commonly used antifouling agent due to its
low cost (frequently electrolytically generated from seawa-
ter) and high effectiveness [11]. Nevertheless, the important
toxic effect of chlorine and of its reaction products from
contact with the seawater (chloramines, haloforms, etc.)
is also known. For that reason it is important to optimize
the amount of chlorine used in once-through cooling sys-
tems — typical in coastal power stations — using huge water
volumes (ranging between 10 and 50 m®/s) and where chlo-
rine amounts in the outfall are also very important [12].

In order to carry out a study on the optimization of anti-
fouling treatment it is necessary to consider the factors that
influence their formation and development. Essentially
these factors are going to depend on the physical, chemical
and biological characteristics of the water and the design
and operating conditions of the heat exchanger (material

and roughness of the tubes, flow velocity and temperature)
[7,13]. Since these characteristics are very dependent on the
location and design of the power plant, in situ studies are
recommended to take into account, as far as possible, the
environmental factors and site-specific conditions. The
knowledge of the progression and mechanisms of forma-
tion of fouling will allow a design of an appropriate fouling
mitigation strategy to be made.

The modeling of fouling deposition has great relevance
due to the negative effect of the fouling layer over the con-
denser performance [5,14]. An appropriate model is useful
for both, designers and condenser operators. In accordance
with that, several models have been proposed in the litera-
ture. Zubair et al. [15] presented a review of models for pre-
dicting some fouling processes which occurred in various
industrial practices: linear, power-law, falling-rate and
asymptotic models. For modelling the fouling development
in steam condensers, most authors propose asymptotic
models, in view of the fact that when the steady state is
reached an asymptotic value for the thermal resistance is
achieved. One of the first and simplest models for interpret-
ing the fouling process was proposed by Kern and Seaton
[16], corresponding to the following expression:

Ry = Rf‘ao(l — e””) (1)

Later, in 1973, Konak [17] proposed a generalised equa-
tion for asymptotic fouling based on the driving force
concept for deposit development. As the driving force, he
suggested the nth power of the difference between the
asymptotic fouling resistance and the fouling resistance at
time z.

dre _
dr
When n = 1, integration of the Konak equation is equiva-
lent to the Kern and Seaton model. Both models that were

K (Ris = Rp)" 2)
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proposed for inorganic fouling, assume that the rate of
fouling growth is constantly decreasing from the clean tube
condition until the asymptotic period is reached. Neverthe-
less, experimental evidence [18-20] shows that the progres-
sion of biological fouling follows a sigmoidal curve, with
an initial period of low rate and after this induction period,
undergoes an exponential growth before achieving the sta-
bilization stage.

This research work deals with the modeling of fouling
deposition. A model is proposed to predict the maximum
value of the thermal resistance of the fouling layer in differ-
ent conditions. To apply and validate the model perfor-
mance, the effects of water velocity and tube material
have been assessed and incorporated in an appropriate
model. The experimental work took place in situ employing
a pilot plant located in “Los Barrios” coal power station,
(Bay of Algeciras, Southern tip of Spain).

2. Material and methods
2.1. Experimental system

The pilot plant basically consists of a shell-and-tube
heat exchanger 3100 mm in length and specially designed
to avoid galvanic corrosion. For this reason PVC has been
employed for all the ancillary piping and fittings in contact
with seawater, as well as for the main heat exchanger
(excluding, obviously, the tubes to be tested). In order to
simulate power plant condenser conditions, five metallic
tubes were heated on the shell side by a fresh-water closed
system to maintain a tube surface temperature equal to that
in the real condenser. The hot water temperature set point
was 35 °C with a difference through the shell of only 0.4 °C,
this being achieved by employing a flow rate of 35 m>/h
through the shell, giving a high thermal capacitance to
the hot fluid. Cooling sea water flows in one pass through
the heated tubes, as fouling is formed on the inside surface
and its flow rate is automatically regulated to maintain a
prescribed flow velocity. Flow-meter sensors were cali-
brated periodically to ensure a relative error not greater
than 5%. Temperature sensors are 0.1 °C accurate, and
were also frequently intercalibrated; then, the observed
measurements were corrected accordingly.

Taking into account that the type and rate of fouling
will be dependent on the specific characteristics of the cool-
ing water, climatology and other operating conditions of
every industrial cooling water system, in situ studies must
be made. Consequently, the pilot plant was arranged for
side-stream monitoring in parallel with the real system at
“Los Barrios” 550 MWe power plant (Bay of Algeciras,
Southern tip of Spain).

The design of the pilot plant facilitates studies with dif-
ferent tube materials, diameters, flow rates, biocides and
dosage patterns. This is very useful for optimizing and
monitoring biofouling control procedures. Wireless remote
control, monitoring and data transmission from the pilot
plant can be carried out via a modem.

The complete description and detailed characteristics of
the pilot plant and different components can be found in
[18,19], therefore only the most important features are
highlighted here.

2.2. Experimental method

In order to obtain a better understanding of the fouling
progression, a set of experiments has been designed. Tests
over a period of about 90 days have been carried out to
evaluate the effect of flow rates on biofilm development.

Flow velocity was maintained nearly constant through-
out the experiments, with a Coefficient of Variation (stan-
dard deviation/average value) less than 10%. Due to the
mild weather in the area, temperature registered low sea-
sonal variations, the average inlet temperature during each
experiment ranging between 15 and 19 °C, with a Coeffi-
cient of Variation less than 10% for each seasonal experi-
ment. Other physical and chemical properties of the
cooling water, as pH, conductivity and salinity registered
minimal variations. Such stable environmental conditions
together with the capabilities of the experimental pilot
plant, helped obtain meaningful and congruent data.

Throughout the experiments, the signals of the sensors
were automatically recorded: cooling water temperature
(in and out), flow rate and pressure drop, as well as the
inlet and outlet bulk temperatures in the heating water
shell. From all these measured variables, on-line instanta-
neous data was obtained for computing the increment of
heat transfer resistance due to fouling development.

The overall heat transfer resistance (sum of conductive
and convective resistances) is expressed by the reciprocal
of the overall heat transfer coefficient and can be easily
determined for each tube in accordance with the following
equation:

Ao' TWO*Tcwi Tcwochwi
R=uU-"! - (T )+ ( Thwz]—T " (3)
Z'di 'U'p'cp'(Tcwo_Tcwi)'lnﬁ

The resistance due to fouling is then determined by calcu-
lating the difference in R between fouled and clean
conditions.

This experimental data was then fitted to the proposed
model. To simplify the problem, the tests were made in
the absence of antifouling treatment, so that the natural
process of fouling deposition could be reproduced.

In order to check the effect of flow velocity on fouling
deposition, an experiment was initiated with commercially
clean tubes, each one working with increasing flow veloci-
ties: 84%, 100%, 132% and 163% with respect to the estab-
lished flow velocity in the industrial plant (1.85 m/s).

To understand the effect of tube material on fouling pro-
gression, four experiments, one for each season, have been
carried out with aluminium brass tubes. After that, another
four seasonal experiments were conducted with titanium
tubes, and then the evolution of the fouling resistance for
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both materials at the same nominal flow velocity (1.85 m/s)

was compared.
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2.3. Results and discussion

A suitable model must have the following charac-
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Fig. 1. Example of proposed model and its fitting to experimental data.
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e accurate fitting to experimental data;

e simplicity of the mathematical equation as well as in
application to experimental data;

e physical significance, making it possible to interpret the
values of the kinetic parameters of the model.

As the pilot plant has temperature and flow sensors, it
permits on-line calculation of the overall heat transfer
resistance from the beginning of an experiment (clean
tubes) to the end, when the fouling layer has reached the
stationary equilibrium. Fig. 1 shows the typical sigmoidal
shape of this curve. During the induction period, the tubes
underwent little fouling accumulation, later a fast growth
of the fouling layer occurred, and finally a stabilization per-
iod was reached when attachment and detachment rates
were similar.

After the application of the Konak model to the exper-
imental data, it was observed that it did not fit correctly to
the data (Fig. 1). So, it was decided to modify the model,

Model application for flow velocity = 100%
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Fig. 2. Thermal resistance increment versus time for four flow velocities: 84%, 100%, 132% and 163% with respect to the nominal plant water velocity

(1.85 m/s).
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but without increasing the number of parameters. The new
model is represented by Eq. (4). The proposed model after
this study, representing fouling evolution versus time, is a
modification of the model proposed by Konak [17]

dR;

— =k(R
dt (Reeo

—RY) Ry (4)

This relationship is simply a combination of the first
order equation and the driving force concept employed
by Konak. The equation is not a new one, because it coin-
cides, in its mathematical form, with the logistic equation
proposed by Verhulst [21] to interpret biological popula-
tion growth. Nevertheless, the originality of this work
could be its innovative application to fouling evolution pre-

diction. The model has the advantage that both Kkinetic
parameters: R¢,, and (k), have a clear physical significance.

Table 1
Kinetic and statistical parameters of the proposed model resulting from
experiments carried out with different flow velocities

On one hand, R;y, is the maximum limit of the fouling resis-
tance, and on the other hand k represents the rate at which
that value is reached.

It can be seen in Fig. 1 that this proposed model fits
more correctly to the data than the model proposed by
Konak, since this model does not consider the existence
of the induction period.

By integration of Eq. (4), we obtain

R¢[Rio — Reo)

In—
Rio[Re — Ris)

=k- Rpoo - (5)
From Eq. (5), it is possible to express the variable Ry in
terms of the kinetic parameters k, R, and Ry (initial value
of Ry) and time (Eq. (6)) and, as a result, using non-linear
regression, both parameters, R, and k can be obtained

- (©
1] e

Ry

Once the above expression is obtained, some calcula-
tions of interest can be made. For example, the value of
11> (time necessary for the accumulation of half of the foul-
ing layer at which Ry is (R — Rpo)/2) may be obtained.

% of velocity Ry k tya S (Pred — Obs)* 12 ] : <) -
(respect (m? K/kW) (kW/m?K d) (days) This parameter has a clear physical significance as it pro-
1.85 m/s) vides information about the time for fouling formation,
34 0.340 0.564 3041 0311 0.768 resulting in a useful parameter for the design and operation
100 0.346 0.542 31.16 0.378 0.755  of steam condensers and many other types of heat exchang-
132 0.284 0.657 30.32 0.145 0849 ers. The time #,/,, mathematically, corresponds with the
163 0171 1.270 2366 0.047 0855 inflexion point of the s-shaped curve (Eq. (7))
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Fig. 3. Asymptotic maximum thermal resistance increment (Rr.,) and kinetic constant rate (k) for two tube materials and four seasons.
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In [R‘—”—i— 1}

Rpo

kR (7)

iy =

Also it is possible to obtain from Eq. (6), the time
required to reach a limit value of Ry, in order to optimize
the cleaning schedule of the equipment.

In the autumn of 2004, an experiment was carried out
using four test tubes of the pilot plant. The material of
the tubes was titanium grade 2, and the inner and outer
diameters were 12 and 15 mm, respectively. For each tube
a water velocity was initially established and automatically
maintained throughout the experiment by the PLC of the
pilot plant. The deposition of fouling versus time was mon-
itored on-line, from the thermal resistance increment which
was continuously recorded and plotted. Typical sigmoidal
curves were obtained and then both kinetic models
described above (logistic and Konak models) were applied
to the data by non-linear regression. It can be seen in
Fig. 2, that the Konak model, although fitted to the set
of experimental data reasonably well, did not predict either
the initial induction period or the final asymptotic value,
adequately. Nevertheless, the logistic model, predicted the
complete process of fouling development correctly. One
of the advantages of this model is its capability of discern-
ing the data oscillations and predicting, for each set of
data, the maximum asymptotic R; value. This data oscilla-
tion was produced by massive mature biofilm detachment

and subsequent new biofilm regrowth. Fig. 2 also shows
that these marked drops and rapid recoveries were less
marked when flow velocity increased. This can be
explained because the higher fluid shear was compensated
by a higher bond resistance of the fouling, and therefore
biofilm is more stable.

In Table 1 the kinetic parameters of the logistic model
were recorded. It may be seen that both parameters, k
and Rg,,, undergo a reasonable variation with respect to
the water velocity. In this way, R¢.,, does not change signif-
icantly when velocities range between 86% and 100%, but
clearly it decreases for water velocities higher than
1.85 m/s. With the highest tested velocity (163%) a 50%
reduction in Rg,, was obtained (see Table 1). This means
that the heat transfer resistance will be lower if the con-
denser operates with higher water velocities, although with
the handicap of a greater pumping power consumption (the
specific economic evaluation is not the objective of this
study which only proposes a versatile model for fouling
prediction).

Parameter k represents the kinetic constant rate that
expresses the overall velocity of the main processes
involved in fouling development: adsorption, sedimenta-
tion, reaction and biological growth. Therefore, a higher
value indicates a more reactive fouling, and so the steady
state or stabilization period will be achieved sooner than
in the case of a lower value of k. In Table 1 it can be seen
that, in particular, for the nominal flow velocity (1.85 m/s)

OAluminium-Brass

B Titanium

60
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w
>
©

T 30
o
c
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10
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Fig. 4. Time for developing half of the fouling layer (#,,) for two tube materials and four seasons.
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the minimum fouling reactivity is obtained, while higher
values for k are obtained by modifying the cooling water
velocity.

Finally, the #,/, shows very similar behaviour to k. The
maximum value (corresponding to a longer period for foul-
ing development) is achieved for the nominal seawater
velocity, whereas for the maximum velocity, the time in
question is significantly reduced.

Comparisons have been made between the thermal resis-
tance curves obtained from experiments done with different
tube materials: aluminium, brass and titanium. These
experiments have been carried out for the four seasons of
the year. After applying the model, the kinetic constants
are obtained. In Fig. 3 it can be seen that when the tubes
are of titanium, the maximum asymptotic thermal resis-
tance obtained is clearly higher in all cases than when brass
tubes are used. This fact could be attributed to the non-
toxic characteristics of titanium, whereas brass allows
greater fouling development.

Conversely, the brass tubes result in higher values of &
and lower values of ¢, (except in winter), indicating that,
in general, the fouling deposition and steady state is
reached in a shorter period of time than using titanium
tubes. As it can be seen in Figs. 3 and 4, may be concluded
that titanium tubes are more prone to fouling, although the
fouling process is slower than with brass tubes.

3. Conclusions

A kinetic model for fouling prediction is proposed. The
model is based on the model proposed Konak, but fits bet-
ter to the experimental data because it takes into account
the induction period due to the biological contribution to
the fouling process. The induction period is of vital impor-
tance in the industrial heat transfer process studied.
Besides, it has the additional advantage that both its kinetic
parameters, R, and k, have a clear physical significance.
On one hand, Rg,, is the highest limit of the R; variable
(the thermal resistance due to fouling layer) and on the
other hand, k represents the reactivity of the process and,
consequently, the rate at which that maximum value is
reached. Another benefit of the new model is that the dif-
ferential equation of the model has an analytical solution,
allowing, by non-linear regression, to easily obtain the
kinetic parameters, R;,, and &, and from both ¢,,,, the time
estimated for developing the half of the fouling layer.

To validate the model, it was applied to experimental
data from fouling deposition experiments carried out
changing water flow velocity and tube material.

It may be concluded that Ry, does not undergo a signif-
icant change when flow velocity ranges from 86% to 100%
of the nominal value (1.85 m/s), whereas it decreases when
velocity increases above this figure, diminishing up to 50%
when the flow velocity is increased by 63%. The parameters
k and ¢, are related to the kinetic constant rate, and they
indicate the velocity and the time required for the fouling
layer development. From these parameters it is possible

to conclude that the nominal flow velocity (1.85m/s) is
the optimum one, given that, with that condition the foul-
ing deposition occurred at a slower rate.

The application of the model also shows that titanium
tubes have a higher maximum asymptotic value of the ther-
mal resistance than brass tubes. Conversely, the brass tubes
have superior values of k, indicating that the fouling depo-
sition and steady state are reached in a shorter period than
with titanium tubes. These facts are true, as general rule,
for all seasons and so we can conclude that titanium tubes
are more prone to fouling, although the fouling process is
slower than with brass tubes.
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