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ABSTRACT
Fouling represents an undesirable accumulation of deposits on heat transfer surface.
Fouling is a consequence of various mass, momentums, and transfer phenomena involved
with heat exchanger operation. The manifestations of these phenomena, though, are more
or less similar. Fouling results in a reduction in thennal perfonnance and an increase in
pressure drop in a heat exchanger.

Two parameters that would most probably control any fouling process, the fluid flow
velocity and heat transfer surface temperature, are examined in this study to identify the
effect of these two factors on the fouling phenomenon. The results agree that generally,
flow velocities do have some effects on the fouling process, based on the velocity profiles
obtained and the pressure distributions. However, the temperature effect on the fouling in
the cooler cannot be identified clearly.

Finally, a closed circuit system is proposed to overcome the fouling problem in
the cooler model. However, it is recommended that more extensive research should be
conducted by concentrating on the physical and chemical properties of a fluid, the fluid
and heat transfer surface temperatures; heat transfer surface properties and the geometry
of the fluid flow passage should be given considerable amount of attention to obtain
more accurate results.

v

ABSTRAK
Pemendakan merupakan satu masalah yang serius dalam penukar haba, dimana benda
asing termendak pada permukaan penukar haba, dan meningkatkan suhu operasi penukar
haba yang terlibat. Ini telah menurunkan prestasi penukar haba keranan mendakan ini
mengenakan rintakan haba yang tinggi kepada agen bendalir yang mengalir dalam
penukar haba terse but. Pemendakan merupakan kesan daripada pelbagai fenomena jasad,
momentum, dan pengangkutan haba yang terlibat semasa oeprasi penukar haba.

Dua parameter yang terlibat iaitu halaju bendalir dan suhu perrnukaan pengedaran haba
telah dikaji untuk mengenalpasti kesan kedua-dua parameter ini terhap fenomena
pemendakan. Keputusan menunjukkan bahawa, secara umumnya, halaju bendalir
mempunyal

kesan terhadap pemendakan berdasarkan profile halaju yang didapati.

Namun, kesan suhu ke atas pemendakan tidak dapat dikenalpati dengan lebih mendalam
lagi dan ini mungkin disebabkan oleh had suhu yang ditentukan tidak berupaya untuk
mengenakan sebarang kesan ke atas pen gal iran haba.

Akhir sekali, satu sistem litar tertutup untuk paip pendingin dicadangkan untuk mengatasi
masalah pemendakan.

Namun, dicadangkan juga bahawa satu kajian yang lebih

mendalami yang meliputi analisa sifat-sifat fizikal dan kimia untuk bendalir, suhu
permukaan pengaliran haba, sifat fizikal perrnukaan tersebut dan geometri untuk paip
pendingin dijalankan untuk memperoleh keputusan yang lebih jitu dan munasabah.
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CHAPTERl
INTRODUCTION

1.1

Fouling

According to the first Law of Thennodynamics, energy can neither be destroyed nor
created. It can only change from one fonn to another. This is well illustrated in most
hydraulic turbine generator, where energy losses occur during the conversion from
mechanical energy to electrical power in the generator. These energy losses are generated
as heat in stator winding which significantly increase the operating temperature of the
cooler for the turbine generator.

To reduce the operating temperature, a cooling system is commonly used, by
pumping water from tailrace through generator air coolers around stator winding.
Consequently, water contains soluble deposits, which will transfonn to insoluble and
magnetic ferric compounds, silt, organic buildup and algae (called sludge) by oxidation
when passing through cooler tubes. This sludge accumulates and cause undesirable
effect, which is referred to fouling. The fouling phenomena will eventually caused
blockage of the cooler tubes and causes the generator temperatures to increase and the
machines need to be regularly withdrawn from service, thus limits the maximum
performance of the generator.

1.2

Computational Fluid Dynamics

Experimental fl uid dynamics was laid in France and England in the seventieth century.
Gradual development of theoretical fluid dynamics started in the eightieth and ninetieth
centuries. again primarily in Europe. Throughout the twentieth century the study and
practice of fluid dynamics involved the use of "two approach world". pure theory and
pure experiment. Traditionally. both experimental and theoretical methods have been

used to develop designs for equipment and vehicles involving fluid flow and heat
transfer.

The advent of the high-speed digital computer combined with the development of
accurate numerical algorithms for solving physical problems on these computers has
revolutionized the way we study and practice fluid dynamics today. It has introduced a
fundamentally important new third approach in fluid dynamics called computational fluid
dynamics. Computational fluid dynamics is today an equal partner with pure theory and
pure experiment in the analysis and solution of fluid dynamics problem. It is nowadays
playing a strong role as both a research tool and a design tool.

1.3

Objectives of Study

The objectives ofthis study includes the following:
•

To study on and to understand the fundamentals of computational fluid dynamics.

•

To study the fouling phenomena in hydraulic turbine generator cooler.

•

To develop the cooler model for analysis purposes.

•

To recommend modification to the cooler to reduce fouling phenomena.

2

CHAPTER 2
LITERATURE REVIEW

2.1

Heat Exchanger

A heat exchanger is a device that is used for transfer of thermal energy (enthalpy)
between two or more fluids, between a solid surface and a fluid, or between solid
particulates and a fluid, at differing temperatures and in thermal contact, usually without
external heat and work interactions. The fluids may be single compounds or mixtures.
Typical applications involve heating or cooling of a fluid stream of concern, evaporation
or condensation of a single or multi-component fluid stream, and heat recovery or heat
rejection from a system.

2.2

Heat Transfer Analysis

For an overall adiabatic two-fluid exchanger with any flow arrangement, two energy
conservation differential equations are
dq = q"dA = -ChdTh = ±CcdTc
where dq is heat transfer rate from the hot to cold fluid across the surface area dA; C

h

and C c: are the heat capacity rates for the hot and cold fluids, and the ± sign depends on
whether dT, is increasing or decreasing with increasing dA. The overall rate equation on
a local basis is

3

Here L\Tm is the true mean temperature difference dependent on the exchanger flow
arrangement and degree of fluid mixing within each fluid stream. The inverse of the
overall thennal conductance VA is referred to as the overall thennal resistance R

0

,

which consists of component resistances in series as follows.

where the SUbscripts h, c, s, and w denote hot, cold, fouling (or scale), and wall,
respectively.

2.3

Fouling

Fouling represents an undesirable accumulation of deposits on heat transfer surface.
Fouling is a consequence of various mass, momentums, and transfer phenomena involved
with heat exchanger operation. The manifestations of these phenomena, though, are more
or less similar. Fouling results in a reduction in thennal perfonnance and an increase in
pressure drop in a heat exchanger.

In order to understand the influence of fouling on compact heat exchanger
perfonnance, the following equations for h and p are derived for fully developed gas flow
in a circular or noncircular tube:
Nuk
Dh

h=

r

With Nu = constant

~h Oo022( 4~: pro,]
[

For laminar flow
For turbulent flow

4

and

For laminar flow
~p=

For turbulent flow

••

for constant m, L, A, and fluid properties, from the above equations,

since A =7tD h L, ~p is proportional to D~ and D~4.8 in laminar and turbulent flows,
respectively. As fouling reduce the flow area Ao and hence the passage D h , it will
increase h to some extent, but the pressure drop is increased more strongly. The thermal
resistance of the fouling film will generally result in an overall reduction in heat transfer
in spite of a slight increase in h.

The ratio of pressure drops of fouled (~PF }and clean exchanger (~pJfor
constant mass flow rate is given by:

If we consider that fouling does not affect friction factor (i.e., the friction factor
under clean conditions f c is equal to the friction factor under fouled conditions f F) and
the reduction in the tube inside diameter due to fouling is only 10 to 20 percent, the
resultant pressure drop increase will be approximately 60 percent and 250 percent,

5

respectively, according to, regardless of whether the fluid is liquid or gas. At the same
time, the slight increase in h will not increase the overall heat transfer coefficient because
ofthe additional thermal resistance of the fouling layers.

Fouling in liquids and two phase flows has a significant detrimental effect on heat
transfer with some increase in fluid pumping power. In contrast, fouling in gases reduces
heat transfer somewhat (5-10 percent in general) but increases pressure drop and fluid
pumping power significantly (up to several hundred percent). Thus, although the effect of
fouling on the pressure drop is usually neglected with liquid flows, it can be significant
for heat exchangers with gas flows.

2.3.1 General considerations
Fouling phenomena is important because the fouling deposits increase the thermal
resistance to heat flow. According to the basic theory, the heat transfer rate in the
exchanger depends on the sum of thermal resistances between the two fluids. Fouling on
one or both fluid sides adds the thermal resistance R to the overall thennal resistance and,
in tum, reduces the heat transfer rate. Simultaneously, hydraulic resistance increases
because of a decrease in the free flow area. Consequently, the pressure drops and the
pumping powers increase.

Fouling is an extremely complex phenomena characterized by a combined heat,
mass, and momentum transfer under transient conditions. Fouling is affected by a large
number of variables related to heat exchanger surfaces, operating conditions, and fluids.

6

ite ofthe complexity of the fouling process, a general practice is to include the effect
fouling on the heat exchanger thermal performance by an empirical fouling factor
= _I . The problem, though, is that this straightforward procedure will not (and cannot)

h,

teftect a real transient nature of the fouling process. Current practice is to use fouling
tietors from TEMA or modified recent data by Chenometh. However, probably a better
approach is to eliminate the fouling factors altogether in the design of an exchanger and

thus avoid overdesign. This is because overdesign reduces the flow velocity and
promotes more fouling .

.1 Types of Fouling
nature of fouling greatly depends on the fluids involved as well as on the various
parameters that control the heat transfer phenomena and the fouling process itself. There
Iftl six

types of liquid-side fouling mechanisms:

1. Precipitation (crystallization) fouling
2. Particulate fouling
3. Chemical reaction fouling
4. Corrosion fouling
5. Biological fouling
6. Freezing (solidification) fouling

Only biological fouling does not occur in gas-side fouling, since there are no
'ents in the gas flows. In reality, more than one fouling mechanism is present in many
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applications, and the synergistic effect of these mechanisms makes the fouling even
worse than predicted or expected.

In precipitation fouling, the dominant mechanism is the precipitation of dissolved
substances on the heat transfer surface. The deposition of solids suspended in the fluid
onto the heat transfer surface is a major phenomenon involved with particulate fouling. If
the settling occurs due to the gravity, the resulting particulate fouling is called
sedimentation fouling. Chemical reaction fouling is a consequence of deposition of
material produced by chemical reactions, which the heat transfer surface material is not a
reactant. Corrosion of the heat transfer surface may produce products that foul the surface

or promote the attachment of other foulants. Biological fouling results from the
deposition, attachment, and growth of macro- or microorganisms to the heat transfer
surface. Finally, freezing fouling is due to the freezing of a liquid or some of its
constituents or the deposition of solids on a sub cooled heat transfer surface as a
consequence ofliquid-solid or gas-solid phase change in a gas stream.

It is obvious that one cannot talk about a single, unified theory to model the

fouI:iDg process. However, it is possible to extract a few parameter sets that would most
probably control any fouling process. These are:

1. The physical and chemical properties of a fluid.
2. Fluid velocity
3. Fluid and heat transfer surface temperatures
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4. Heat transfer surface properties

5. The geometry of the fluid flow passage.

For a given fluid-surface combination, the two most important design variables

are the fluid flow velocity and heat transfer surface temperature. In general, higher flow
velocities may cause less foulant deposition and/or more pronounced deposit erosion, but,

at the same time, it may accelerate the corrosion of the surface by removing the heat
transfer surface material. Higher surface temperatures promote chemical reaction,
corrosion, crystal fonnation (with inverse solubility salts), and polymerization, but they
also reduce biofouling, prevent freezing, and precipitation of nonnal solubility salts.

Consequently, it is frequently recommended that the surface temperatures be maintained
low.

Before considering any techniques for minimizing fouling, the heat exchanger
should be designed to minimize or eliminate fouling. For example, direct contact heat
exdlangers are very convenient for heavily fouling liquids. In fluidized bed heat
changers, the bed motion scours away the fouling deposit. Plate-and-frame heat
cbaDger can be easily disassembled for cleaning. Compact heat exchangers are not

·table for fouling service unless chemical cleaning or thennal baking is possible. When
designing a shell-and-tube heat exchanger, the following are important in reducing or
cleaning fouling. The heavy fluid should be kept on the tube side for cleanability.
rizontal heat exchangers are easier to clean than vertical ones. The geometric features

of fluid flow passages should reduce to minimum stagnant and low-velocity shellside
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regions. On the shell side, it is easier to mechanically clean square or rotated square tub e
layouts with an increased tube pitch than the other types of tube layouts.

2.3.3 Single-Phase Liquid-Side Fouling
Single-phase liquid-side fouling is most frequently caused by:

1. Precipitation of minerals from the flowing liquid
2. Deposition of various particles
3. Biological fouling
4. Corrosion fouling

Other fouling mechanisms are also present. More important, though, is the
synergistic effect of more than one fouling mechanism present. The qualitative effects of
some of the operating variables on these fouling mechanisms are shown in table below.

The quantitative effect of fouling on heat transfer can be estimated by utilizing the
concepit of fouling resistance and calculating the overall heat transfer coefficient under

fOuling and clean conditions. An additional parameter for determining this

iJifIuence, used frequently in practice, is the so-called cleanliness factor. It is defined as a
ratio of an overall heat transfer coefficient determined for fouling conditions and an
overall heat transfer coefficient determined for clean (fouling-free) operating conditions.
The effect of fouling on pressure drop can be determined by the reduced free flow area

to fouling and the change in the friction factor, if any, due to fouling.
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