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Abstract

This research investigates the complexities of dissolved calcium carbonate fouling in a double
pipe heat exchanger. Concentration-dependent patterns and deposition processes are revealed
through thorough testing and analysis. The decrease in heat transfer efficiency caused by
fouling emphasizes the importance of proactive control. The importance of this inquiry is
emphasized through contributions to technical applications and insights for future research.
This research dives into the interesting world of dissolved calcium carbonate fouling in a
double pipe heat exchanger. A thorough grasp of the complicated interplay between fouling
agents and heat transfer efficiency is revealed via diligent testing and rigorous research. The
research begins with a baseline examination of heat exchanger performance under fouling-free
circumstances using the Log Mean Temperature Difference (LMTD) technique. Following
that, the study investigates the complex behavior of dissolved calcium carbonate fouling at
three different concentrations: 0.5 g/l, 1.5 g/l, and 2.0 g/l. The data reveal concentration-
dependent patterns, shedding light on the growing severity of fouling as concentrations rise.
This development is characterized by a significant decrease in heat transfer efficiency,
highlighting the strong thermal resistance offered by fouling deposits. This study's
contributions extend beyond the laboratory and into the field of engineering applications. The
concentration-dependent trends and deposition mechanisms provide essential insights for heat
exchanger design that combats fouling-induced efficiency losses. Furthermore, the
consequences for heat exchanger maintenance highlight the need of proactive fouling control

measures, which improve energy conservation and process dependability.

Keywords: LMTD (Log mean temperature difference).
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CHAPTER 1

1. INTRODUCTION

Double Pipe Heat exchangers are essential components of many industrial operations, thermal
power plants, and home heating and cooling systems. They provide effective heat transfer
across fluids, improving energy utilization and lowering environmental impact. Fouling, the
deposition of undesirable deposits on heat transfer surfaces, is one of the key issues that heat
exchangers encounter. type of heat exchanger called a double pipe heat exchanger has two
concentric pipes that are nested one inside the other. The inner pipe, also known as the tube,
and the outer pipe, sometimes known as the shell, are the two pipes. These pipes are used to
conduct the two fluids necessary for the heat exchange process, one of which travels within the
inner pipe and the other across the space between the inner and outer pipes. A double pipe heat
exchanger's fundamental architecture enables a very straightforward and compact design,
making it suited for applications with limited space or where a modest heat transfer area is
needed. For high heat transfer applications, it is often less effective than other forms of heat
exchangers, such as shell and tube heat exchangers. The double pipe heat exchanger works on
the basis of the two fluids transferring thermal energy to one another. The process fluid, which
is hot and flows via the inner pipe, transfers heat to the service fluid, which is cold and flows

through the annular space, through the annular space.

Figure 1 FABRICATED DOUBLE PIPE HEAT EXCHANGER



Depending on the desired properties for heat transfer, the fluids may be liquids or gases, and
the flow direction may be parallel or counterflow. Since the length and diameter of the pipes
can be changed to meet the needs for heat transfer, the double pipe heat exchanger design
allows some flexibility in terms of heat transfer area. Additionally, by expanding the accessible
surface area for heat exchange, the introduction of fins or inserts can improve heat transfer
performance. It's crucial to remember that compared to other types of heat exchangers, the
double pipe heat exchanger frequently has lower heat transfer coefficients and may be restricted
in its ability to handle high-pressure or high-temperature applications. In small-scale or low-
to-moderate temperature and pressure applications, such as HVAC systems, tiny industrial

equipment, or experimental setups, it is therefore frequently utilized.

The term "fouling" describes the buildup or deposition of undesirable chemicals on surfaces,
which impairs or degrades their efficiency or function. It can happen in a variety of settings,
such as engineering systems, natural environments, and industrial processes. Fouling can
happen in machinery used in industrial operations, including filters, pipelines, and heat
exchangers. Usually, pollutants like scale, corrosion products, sediment, biological organisms,
or chemical residues build up. If left unchecked, fouling lowers the equipment's efficiency,
inhibits flow, lowers heat transfer rates, and can even result in equipment failure. Fouling is
the term used to describe the buildup of marine creatures on submerged surfaces, such as ship
hulls, piers, or undersea constructions. These organisms include barnacles, algae, and mussels.
This biofouling can decrease vessel speed, increase drag, and have a detrimental effect on fuel
efficiency. Additionally, it can harm underwater infrastructure and encourage the spread of
exotic species. Numerous techniques, including as routine cleaning, chemical treatments,
coatings, and the use of antifouling materials, can be used to manage or mitigate fouling.
Designing efficient solutions to reduce or lessen fouling's impacts requires an understanding
of its sources and mechanisms. Fouling diminishes heat transfer efficiency, increases energy
consumption, and raises maintenance costs dramatically. Understanding the fouling behavior
of various pollutants present in the heat exchange medium is critical for developing successful
strategies for heat exchanger design, operation, and maintenance. The purpose of this thesis is
to look at how dissolved calcium carbonate, calcium sulphate, and magnesium sulphate in
water foul on double pipe heat exchanger surfaces. Because these chemicals are often present
in many industrial processes and natural water sources, they can act as fouling agents in heat
exchangers. The study will shed light on fouling processes, fouling rates, and the effect of

operational circumstances on fouling deposition.



Figure 2 FOULING ON COPPER PIPE

Understanding the interactions of these foulants with heat exchanger surfaces will pave the
way for improved heat exchanger performance and the development of effective fouling
mitigation strategies. Fouling is a complicated phenomenon that is influenced by parameters
such as fluid composition, flow velocity, temperature, and the surface qualities of heat
exchanger materials, according to the literature. Individual fouling agents have traditionally
been studied in isolation, ignoring the combined effect of several pollutants that are frequently
present in real-world applications. This thesis fills a knowledge vacuum by exploring the
fouling behavior of calcium carbonate, calcium sulphate, and magnesium sulphate at the same
time. The designed double pipe heat exchanger will be utilized as a test bed for studying the
fouling behavior of the aforementioned pollutants under various operational situations through
experimental investigations. The findings of the study will be useful in directing the design and
optimization of heat exchangers, particularly in sectors dealing with water-based processes and

applications.

1.1 Fouling on Heat Exchanger Surfaces

A number of processes involving the transportation, deposition, and accumulation of
undesirable materials result in fouling on heat exchanger surfaces. Here is a thorough
explanation of how fouling on heat exchanger surfaces happens:



1.1.1 Initial Formation

a. Transport: The fluid passing through the heat exchanger transports suspended particles,
microbes, dissolved minerals, or organic substances. The fluid flow carries these materials to
the heat exchanger surface.

b. Nucleation: When fluid reaches the heat exchanger surface, specific circumstances may
favor the first production of fouling deposits, or nucleation. For instance, supersaturation of
dissolved minerals or temperature fluctuations might start the nucleation process in the case of

scale fouling.

1.1.2 Deposition
a. Adsorption: The fouling species are capable of undergoing adsorption once they come into
contact with the heat exchanger surface. This entails the fouling ions or particles adhering to

the surface due to attractive forces such chemical interactions or Van der Waals forces.

b. Growth: Fouling deposits have a variety of growth methods after initial adsorption. The
formation of crystal structures, for instance, is caused by the extra deposition of mineral ions
onto the nuclei already present in scale fouling. Sedimentation fouling is the accumulation of
suspended particles on the surface. The attachment and subsequent growth of microorganisms

or marine species on the surface is known as biological fouling.

1.1.3 Accumulation and Layer Formation
As fouling deposits increase in size, they layer up on the heat exchanger surface and collect.
Depending on the distribution of the fouling species and the dynamics of the flow, the

accumulation may produce a uniform layer or localized patches.

1.1.4 Development of Fouling Resistance
Once the fouling layer has formed, it begins to show heat transfer resistance. Fouling layer
reduces heat transfer efficiency between fluid and heat exchanger surface by acting as an

insulating barrier.

1.1.5 Fouling Progression

The process of fouling heat exchanger surfaces frequently proceeds gradually. Increased
pressure drop, decreased heat transfer rates, and altered fluid flow patterns occur when the
fouling layer becomes thicker. Increased resistance can result in slower fluid velocities, which
gives more time for deposition and encourages the formation of more fouling. This might result

in a positive feedback loop.



Fouling is influenced by a number of variables, including as fluid composition, temperature,
flow rate, surface material, and residence duration. The major fouling type can fluctuate based
on the unique circumstances and properties of the heat exchanger and the associated fluids.
Various fouling mechanisms can take place simultaneously. For devising efficient fouling
management strategies, putting into practice proper cleaning and maintenance processes, and
choosing acceptable materials or coatings to minimize fouling tendencies, it is essential to

understand the fouling mechanisms and elements unique to a given heat exchanger system.

1.2 Economical Impact of Fouling

Heat exchanger fouling in industrial processes can have a big financial impact. Fouling deposits
on heat exchanger surfaces result in decreased efficiency, higher energy consumption, more
expensive maintenance, and maybe even equipment failure. An outline of fouling's financial

effects is provided below with examples;

1.2.1 Decreased Heat Transport Efficiency

Fouling deposits serve as insulating barriers that reduce heat exchangers' ability to transport
heat. To accomplish the desired heat exchange, this results in decreased thermal performance
and increased energy use. According to studies, even a tiny coating of fouling on the surfaces
of heat exchangers can dramatically reduce the efficiency of heat transmission and raise

operating expenses.

1.2.2 High Energy consumption

Heat exchangers must run longer or use more energy to achieve the desired heat exchange
because fouling lowers heat transfer efficiency. The higher energy use could directly affect
operating costs. For instance, it was calculated that fouling caused a 15-35% increase in energy
consumption when compared to clean surfaces in a study on fouling in shell and tube heat

exchangers.

1.2.3 Maintenance and Cleaning Cost

To restore heat exchanger performance after fouling, routine maintenance and cleaning
procedures are necessary. Costs related to labor, downtime, cleaning agents, and equipment are
incurred during these procedures. The degree of fouling and the particular fouling mitigation
strategies used determine the frequency and intensity of maintenance and cleaning. Fouling
that is ignored could result in more regular and involved maintenance needs, which would have

a big influence on costs.



1.2.4 Cost of equipment failure and equipment

Severe fouling may necessitate equipment failures and early replacement. For instance, overly
thick scale deposits in a heat exchanger might result in obstructions, pressure differences, or
localized overheating, which can all contribute to equipment failure. Equipment replacement
or repair expenses can be high, and the production interruption that results can be costly as

well.

1.2.5 Environmental Impact

Pollution can also have indirect economic effects by having an adverse effect on the
environment. For instance, fouling in cooling water systems can lower heat dissipation
effectiveness and raise the need for freshwater supplies. Additional expenditures for water
treatment and environmental compliance may result from increased water usage and the

discharge of chemically treated or polluted water.

1.3 Background

Heat exchangers are critical components used in a wide range of industries and applications to
transfer heat between two fluids without their mixing. Heating, cooling, and refrigeration
operations, as well as power generation, chemical manufacture, and HVAC systems, all use
them extensively. Heat exchanger efficiency has a direct influence on energy consumption,
system performance, and overall process economics. However, during heat exchange activities,
undesirable deposits can form on the heat transfer surfaces, a process known as fouling.
Impurities, suspended particles, and dissolved compounds in fluid streams can all cause
fouling. These deposits build layers on the heat exchanger surfaces, slowing heat transfer and
increasing pressure loss across the system. As a result, fouling reduces overall efficiency,
increases energy consumption, and necessitates more maintenance. Dissolved inorganic salts
such as calcium carbonate (CaCO0s), calcium sulphate (CaS0,), and magnesium sulphate
(MgS0,) are among the most prevalent foulants found in heat exchangers. These chemicals
occur naturally in many water sources, and their solubility can cause precipitation and fouling
on heat transfer surfaces. Calcium carbonate is a prominent component of hard water, which is
ubiquitous in many areas, while calcium sulphate and magnesium sulphate are abundant in
industrial and natural waters. Understanding the fouling behavior of these foulants is critical
for developing successful heat exchanger operating and maintenance solutions. In-depth study
on fouling processes, fouling rates, and the impact of operating circumstances will allow
engineers and researchers to create effective fouling mitigation measures and enhance heat

exchanger design. As a result, this will lead to increased energy efficiency, lower operational



costs, and less environmental impact in a variety of industrial and home applications. The study
of fouling in heat exchangers is becoming increasingly important as the need for sustainable
and energy-efficient operations grows. This study investigates calcium carbonate, calcium
sulphate, and magnesium sulphate fouling at the same time, adding to a better understanding
of the complications involved when many foulants are present in the heat exchange medium.
The study's findings will have practical ramifications for heat exchanger design and
optimization, providing significant insights for sectors involved in water-based processes and
applications.

1.4 Problem Statement

Heat exchangers are essential components in industrial processes because they allow for
effective heat transfer between fluids. However, fouling is a significant issue for heat
exchangers, which happens when unwanted deposits form on the heat transfer surfaces. Fouling
affects heat exchanger efficiency dramatically, resulting in increased energy consumption,
decreased productivity, and greater maintenance costs. The deposition of dissolved salts, such
as calcium carbonate, in water-based systems is one of the most serious fouling processes.
Dissolved calcium carbonate in water is a typical occurrence in many industrial processes, and
it can cause fouling on heat exchanger surfaces. Not only does calcium carbonate fouling
reduce heat transfer efficiency, but it also causes flow limitations, corrosion, and an increase
in pressure drop across the heat exchanger. These concerns lead to decreasing operational
efficiency and greater maintenance requirements, with serious economic and environmental
repercussions. Despite past research efforts on heat exchanger fouling and calcium carbonate
scaling, the processes and dynamics of calcium carbonate fouling on heat exchanger surfaces
remain unknown. Furthermore, there are few practical techniques for efficiently mitigating
calcium carbonate fouling and optimizing heat exchanger efficiency. Dissolved inorganic ions
in water, such as calcium carbonate, calcium sulphate, and magnesium sulphate, can cause
precipitation and fouling on heat exchanger surfaces. Because these chemicals are widespread
in natural water sources and industrial processes, they can act as fouling agents in heat
exchangers. Individually, the fouling behavior of these foulants has been examined in prior
studies, but their combined influence on heat exchanger performance is comparatively

unknown.

The challenge is to explore the fouling behavior of dissolved calcium carbonate, calcium
sulphate, and magnesium sulphate in water on heat exchanger surfaces at the same time. The

following main questions will be addressed by this research:



When compared to individual fouling agents, how does the presence of several foulants,
particularly calcium carbonate, calcium sulphate, and magnesium sulphate, alter the fouling
behavior on heat exchanger surfaces?

What are the fouling processes and deposition patterns of these foulants under different
operating parameters such flow velocity, temperature, and foulant concentration?

What are the fouling rates, and how do they differ depending on the kind and quantity of
dissolved inorganic salts in the water?

How can the findings of this inquiry be used to enhance heat exchanger design, operation,
and maintenance, resulting in increased heat transfer efficiency and lower operational

costs?

1.5 Project Objectives:

Fabrication of a Heat Exchanger: Design and construct a heat exchanger specifically
tailored for experimental analysis of calcium carbonate fouling.

Characterization of Calcium Carbonate Fouling: Conduct comprehensive experimental
tests to analyze the fouling behavior of dissolved calcium carbonate on the heat exchanger
surfaces

Investigation of Fouling Mechanisms: Gain a deeper understanding of the mechanisms
underlying calcium carbonate fouling. Analyze the influence of factors such as fluid

velocity, temperature, concentration, and surface properties on fouling deposition.

1.6 Scope and Limitation

1.6.1 Scope

Fouling Behavior Analysis: The study will include experimental investigations to analyze
the fouling behavior of the specified foulants separately and in combination. The fouling
rates, deposition patterns, and processes will be investigated under various operational
settings, such as flow velocities, temperatures, and foulant concentrations.

Heat Exchanger Design and Fabrication: To simplify the experimental studies, a double
pipe heat exchanger will be built. The heat exchanger's design and construction will be
modified to replicate real-world circumstances and enable reliable data collecting.

Data collection and analysis: Data will take place through systematic experiments
involving the circulation of water containing dissolved calcium carbonate, calcium

sulphate, and magnesium sulphate through a heat exchanger. To get insight into fouling



behavior, heat transfer coefficients, pressure drop values, and fouling thicknesses will be
monitored and analyzed.

Comparative Analysis: Thesis will include a comparative investigation of fouling
behavior between individual foulants and their combined presence. The effect of operating
circumstances on fouling rates and deposition mechanisms will be investigated in order to

better understand how various factors contribute to fouling.

1.6.2 Limitation

Fouling Model Simplified: The research will concentrate on mimicking fouling using a
controlled experimental setting. While every attempt will be made to simulate real-world
situations, the controlled environment may not be able to capture all of the intricacies
involved in industrial operations.

Specific Foulants: The study will look at the fouling agent’s calcium carbonate, calcium
sulphate, and magnesium sulphate. Other frequent foulants found in heat exchangers, such
as organic deposits or biological development, will not be addressed in this study.
Laboratory Scale: The trials will be carried out on a laboratory scale, which may not
completely duplicate the circumstances of large-scale industrial heat exchangers. As a
result, the findings may need to be extended and confirmed before they can be used in
practice.

Simplification of Operating Conditions: While the effect of operational factors such as
flow velocity and temperature will be investigated, the real-world variability of these
parameters may not be entirely reflected in the experimental setting.

Material Compatibility: The fouling behavior of heat exchanger surfaces might vary
based on the materials employed. The materials used may restrict the findings' applicability
to heat exchangers composed of various materials.

Long-Term Fouling: The experimental timescale may not cover long-term fouling effects

that might occur in industrial environments during longer operational durations.

1.7 Significance of Research

For numerous reasons, study on the fouling behavior of dissolved calcium carbonate, calcium

sulphate, and magnesium sulphate in water on heat exchanger surfaces is critical.

1.7.1 Enhanced Heat Exchanger Design and Performance:

Understanding the fouling processes, rates, and deposition patterns of these individual foulants

can give useful insights for engineers and designers in optimizing heat exchanger design. This



knowledge may be used to create more efficient and dependable heat exchangers that can

maintain higher heat transfer rates for longer periods of time.

1.7.2 Energy Efficiency and Cost Savings:

Effective fouling treatment can result in enhanced heat transfer efficiency and lower energy
usage. Industries can realize significant energy savings by identifying elements that lead to
fouling and establishing mitigation techniques, contributing to both economic and

environmental sustainability.

1.7.3 Process Efficiency in Industries:

Heat exchangers are used extensively in industries such as power generation, chemical
processing, food and beverage, and HVAC systems. Fouling may be minimized by intelligent
design and maintenance practices, resulting in smoother operation, less downtime, and higher

output.

1.7.4 Guidance for Maintenance Practices:
The outcomes of the study will help maintenance employees make educated judgements on
cleaning schedules, tactics, and strategies. This can result in more effective maintenance

operations, resulting in less downtime and operational disturbances.

1.7.5 Environmental Impact:
Reducing fouling-related inefficiencies can result in decreased energy usage, fewer greenhouse
gas emissions, and a cleaner environment. Efficient heat exchangers support sustainable

practices by making better use of resources.

1.7.6 Basis for Further Research:

The findings will add to the corpus of knowledge on fouling behavior in heat exchangers. It
can be used as a starting point for further research into the fouling behavior of additional
chemicals, the influence of other flow regimes, or the efficacy of innovative fouling mitigation

strategies.

1.7.7 Educational Contribution:
The findings of the study will offer educational institutions with useful experimental data and
insights that can be implemented into engineering curriculum, improving students'

understanding of heat transport and fouling mechanisms.
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1.7.8 Industry Collaboration:
Heat exchange process industries can profit from the research findings by applying the advice
to optimize their operations. Collaboration between academics and industry can help to keep

research relevant and useful.

1.7.9 Regulatory Compliance:
Adherence to specified regulatory requirements is critical in various businesses. The findings
of the study can assist companies in meeting regulatory requirements by addressing fouling-

related issues that may affect compliance.

1.7.10 Problem-Solving Approach:
The study tackles a practical issue confronting engineers and companies, demonstrating the
application of scientific ideas to real-world problems. It exemplifies the significance of

multidisciplinary research in improving technical solutions.

11



CHAPTER 2

2. Literature Review

The presence of heat due to fouling and/or scaling of the heat transfer surface lowers the heat
exchanger's efficiency. Heat exchanger design often accounts for the decrease in heat
transmission during operation and compensates for it by increasing the heat transfer area.
Continuous or periodic mechanical cleaning of the heat transfer surfaces is frequently required
for industrial heat exchangers. In its most basic form, fouling is described as undesirable
deposition or sedimentation on heat transfer surfaces that may degrade the performance of the
equipment. As a result, operational capacity is more likely to suffer as well. Mineral
compounds such as calcium carbonate (CaC0;), calcium sulphate (CaS0,), and calcium
silicate (CaSi0O,) are common deposits that develop on heat exchanger surfaces. These
depositions form a layer that has been shown to impede the rate of heat transfer in heat
exchangers, owing to the mineral salts' extremely poor thermal conductivity. This phenomenon

reduces efficiency while also increasing pressure drop and maintenance costs.

There are a few significant parameters which need to be considered:
Velocity: High flow velocities disrupt the formation of deposition and lessen the fouling.

Bulk temperature of fluid: Chemical reaction of fouling is affected by this factor since it
determines the adequacy of activation energy for a chemical reaction

The heat exchanger surface temperature (heat transfer site): This temperature governs the

solidification rate on the surface.
pH: Determines suitable alkalinity or acidity for certain minerals to form.

Surface material: Some surfaces are prone to encourage biological fouling and some enhance

mineral deposition.

Surface roughness: Rough surface provides a wider total surface area which serves as a better

attachment site for fouling.

Heat exchanger configuration: Heat exchanger type is one of the main issues which affect

the fouling rate.
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Fouling is the collection of scale, organic debris, corrosion products, coke, particles, or other
deposits on a heat transfer surface, which costs industry billions of dollars each year. When
compared to "clean™ circumstances at startup, these deposits will reduce heat exchanger
performance over time. The fouling layer is a conductive heat transfer barrier that must be
factored into the heat transfer coefficient design. Resistance is influenced by both fouling
thickness and thermal conductivity. Pressure drop in the fouled zone increases as the cross
sectional flow area decreases. This extra pressure drop must be factored into the pump design.
When the rules offered here are followed, the fouling layer thickness will be reduced, and the

effect on heat transfer efficiency and pressure drop will be mitigated.
Common fouling mechanisms are outlined below:

Particulate fouling is caused by the accumulation of dust, rust, fine sand, or other entrained
materials. Precipitation fouling is the deposition of particles at the heat transfer surface caused
by a supersaturated fluid. Salt crystallization from an aqueous solution is a frequent example.
Sublimation can also cause precipitation, such as ammonium chloride in overhead and effluent
vapors. The breakdown and bonding of unstable chemicals at the heat transfer surface is
referred to as chemical reaction fouling. Chemical reaction fouling includes oil sludge and
polymerization. Coking is a type of fouling caused by chemical reactions. It is one of the most
troublesome kinds of fouling. The coke deposit is an extremely hard coating of carbon, salts,
and other chemicals at its most severe. Corrosion fouling is the deposit of corrosion products
on the heat transfer surface, such as iron oxide. Biological fouling is the development of living
organisms on the heat transfer surface, such as algae and mussels. Service fouling can be caused
by a combination of two or more processes. Furthermore, one method may be a fouling
precursor for another. Fluids are classified into three types based on their fouling propensity.
Non-fouling fluids do not need to be cleaned on a regular basis. Non-polymerizing light
hydrocarbons, steam, and sub-cooled boiler feed water are a few examples.

The fouling layer in linear fouling fluids is too tenacious to shear off at economic design
velocities. The fouling layer continues to accumulate in a nearly linear fashion over time. The
rate of fouling over time is proportional to velocity. Fouling is regulated at low velocity by
mass diffusion to the surface. Increasing velocity in this range causes fouling by increasing
mass diffusion. Fouling is regulated at high velocity by deposit shearing and residence time,
which decreases with increasing velocity. Linear fouling processes are likewise highly
sensitive to surface temperature. Linear fouling fluids include crude oils and polymerizing

hydrocarbons.
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The phenomena of calcium carbonate scaling in shell-and-tube heat exchangers is investigated
in this study. Scaling caused by calcium carbonate is a typical fouling issue in heat exchangers,
resulting in decreased heat transfer efficiency and higher energy consumption. The research
focuses on understanding the processes of calcium carbonate scaling and developing solutions
to mitigate its negative impacts. The authors begin by discussing the parameters that influence
calcium carbonate scaling, such as temperature, flow rate, concentration, and pH. To avoid
scaling, they emphasize the necessity of good forecast and management of these parameters.
The researchers tested a shell-and-tube heat exchanger with regulated parameters such as

temperature, water flow rate, and calcium carbonate content.

The study's findings show that under certain conditions, calcium carbonate deposits grow on
the heat exchanger surfaces. Microscopy and analytical methods were used to characterize the
deposits' scaling thickness and shape. The scaling behavior is investigated in connection to
fluid dynamics, heat transport, and surface attributes. The research suggests using anti-scaling
chemicals and modifying heat exchanger surfaces to reduce calcium carbonate scaling. The
effectiveness of these solutions was tested, and the findings show a reduction in scaling
thickness and enhanced heat exchanger performance. The findings shed light on the mechanics
of calcium carbonate scaling in shell-and-tube heat exchangers. The mitigation measures
offered provide realistic answers for companies coping with scaling-related fouling problems.
The work contributes to enhancing the efficiency and sustainability of heat exchanger

operations in diverse industrial applications by tackling fouling concerns.

2.1 Introduction to Heat Exchangers

Heat exchangers are critical in enabling heat transmission between fluids while keeping them
separate. These devices are crucial components in a wide range of industrial processes, energy
systems, and daily uses. Heat exchanger efficiency has a direct impact on energy consumption,
system performance, and economic feasibility. Heat exchangers are critical components in
many industrial processes, energy systems, and daily applications where heat must be
transported from one fluid to another while keeping them separate. Their principal function is
to maximize heat transfer efficiency between two fluids, frequently at different temperatures,
without allowing them to mix. This critical function supports the functioning of a wide range
of thermal systems, from large-scale power plants to small-scale household heating systems.
The notion of heat exchange is essential to many operations across industries, including
electricity generation, chemical manufacture, refrigeration, air conditioning, and others. Heat

exchangers play an important role in boosting energy utilization, lowering operational costs,
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and improving overall system performance by permitting the regulated transfer of thermal
energy. Heat exchanger design and operation entail balancing the demand for efficient heat
transfer with the need to minimize pressure drop and maximize the overall thermal performance
of the system. As a result, knowing the parameters influencing heat exchanger efficiency, such
as fluid characteristics, flow rates, and heat transfer surfaces, is critical for optimizing system
design and operation. Heat exchangers are fundamental components that allow for the regulated
transfer of thermal energy between fluids in a wide range of applications. Their relevance in
improving energy efficiency and enabling different industrial processes highlights the necessity

of researching difficulties such as fouling to improve their performance even further.

2.2 Types of Heat Exchanger

Heat exchangers are available in a variety of designs and configurations to meet the needs of
diverse applications, fluid characteristics, and heat transfer requirements. Each kind has various
advantages and disadvantages, therefore choosing one is influenced by issues like as heat
transfer efficiency, pressure drop, space limits, and maintenance concerns. Some of the most

frequent types of heat exchangers are as follows:

2.2.1 Shell-and-Tube Heat Exchangers:

Because of its adaptability and capacity to manage a wide range of fluids, pressures, and
temperature differentials, shell-and-tube heat exchangers are among the most extensively used
kinds. They are made up of a shell (outer vessel) and a bundle of tubes. One fluid travels
through the tubes, while the other circulates within the shell enclosing the tubes. Because of
the vast surface area given by the multiple tubes, this configuration allows for effective heat
transfer. Shell-and-tube heat exchangers are commonly employed in sectors such as
petrochemical, power generation, and chemical processing where high heat transfer rates are
required.

2.2.2 Plate Heat Exchanger

Plate heat exchangers are made up of a number of corrugated plates connected by fluid tubes.
One fluid runs via the plates' alternative channels, while the other flows through the remaining
channels. Corrugated plates improve turbulence and heat transfer surface area, resulting in
effective heat transmission in a small footprint. Plate heat exchangers are often employed in
applications such as HVAC systems, refrigeration, and food processing when space is restricted
and great heat transfer efficiency is required.
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2.2.3 Finned-tube heat exchangers

When one or both fluids are gases, direct contact between the fluids is impractical. Finned-
tube heat exchangers are used. Tubes with expanded surfaces (fins) are used in this design to
maximize heat transfer area and efficiency. The fins improve heat exchange between the fluid
and the tube surfaces, allowing for effective heat transfer in gas-to-fluid or gas-to-gas
systems. Air conditioning, refrigeration, and aerospace sectors all use finned-tube heat

exchangers.

2.2.4 Double Pipe Heat Exchanger

The design of a double pipe heat exchanger is quite basic, consisting of two concentric pipes.
The inner pipe carries one fluid, while the annular area between the inner and outer pipes carries
the other. Despite its simplicity, double pipe heat exchangers are useful for applications
requiring tiny amounts of heat transfer or when dealing with fluids with significant temperature

variations. They are often employed in labs, small-scale procedures, and research.

2.3 Fouling in Heat Exchanger

The deposition of undesirable deposits on heat transfer surfaces, known as fouling, is a
prevalent problem in heat exchangers. These deposits, which can be caused by suspended
particles, dissolved chemicals, or biological development, reduce heat transfer efficiency and
raise energy consumption. Fouling is a multistage process that includes deposition, adhesion,
and development of fouling layers. It causes reduced heat transfer rates and greater pressure
drop, lowering heat exchanger efficiency overall. Fouling is a complicated and widespread
phenomenon that has a substantial influence on heat exchanger performance. It is characterized
by the deposition of undesirable deposits on heat transfer surfaces, which impedes heat
exchange and reduces overall system performance. Fouling can occur owing to a variety of
methods and sources, including suspended particles, biological growth, and dissolved material

precipitation.

2.3.1 Types of Fouling

e Particulate fouling: It occurs when suspended solid particles in the fluid attach to heat
transfer surfaces. These particles might come from the fluid or be transported in from other
sources. As the fluid travels over the surfaces, the particles can settle and aggregate,
generating an insulating layer that reduces heat transmission efficiency.

e Deposition or Scaling Fouling: Scaling fouling occurs when dissolved minerals such as

calcium carbonate, calcium sulphate, and magnesium sulphate precipitate and deposit on
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the surfaces of heat exchangers. This is particularly prevalent in areas with hard water,
where dissolved minerals tend to precipitate out when the fluid temperature changes.
Scaling deposits narrow flow passageways, raise pressure drop, and obstruct heat
transmission.

e Biological fouling: In water-based systems, biological growth such as algae, fungus, and
bacteria can colonize heat exchanger surfaces. These microbes can build biofilms, which
can change flow patterns and reduce heat transfer efficiency over time. Organic materials

in these biofilms can also cause corrosion and fouling.

2.3.2 Effects of Fouling

Fouling has several detrimental effects on heat exchangers:

¢ Reduced Heat Transfer Efficiency: Fouling layers on heat transfer surfaces diminish the
effective heat transfer area and form an insulating barrier, resulting in lower heat transfer
rates between the fluids.

e Increased Pressure Drop: Fouling reduces the cross-sectional area available for fluid
flow, resulting in an increase in pressure drop across the heat exchanger. This might result
in increased pumping energy needs.

e Energy inefficiency: Itis caused by decreased heat transfer efficiency and increased
pressure drop, which leads to increased energy consumption and operational expenses.

e Reduced System dependability: Fouling can reduce system dependability and necessitate
more frequent maintenance. Cleaning and maintenance interventions on a regular basis
might disrupt operations and increase downtime.

e Corrosion and Material deterioration: Fouling deposits can generate fissures and traps
in which corrosive chemicals concentrate, resulting in accelerated corrosion and material

deterioration.

2.3.3 Fouling Mitigation

Managing fouling is crucial for maintaining heat exchanger performance:

e Fluid Treatment: By treating the fluid to eliminate suspended particles and dissolved
minerals, the risk for fouling is reduced. Filtration and chemical treatments are options.

e Surface Modification: Improving the surface qualities of heat transfer surfaces can reduce
deposit adhesion and hence prevent fouling.

e Regular Cleaning: Cleaning heat exchanger surfaces on a regular basis is vital for

removing accumulated fouling deposits and restoring heat transfer efficiency.
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e Optimal Design and Operation: By properly designing heat exchangers and operating
them within prescribed parameters, the possibility for fouling may be reduced.
e Advanced Materials: Using materials that are resistant to fouling and corrosion can help

to lengthen the time between cleaning and maintenance.

2.4 Common Fouling Agents in Water

Among the different foulants encountered in heat exchangers, dissolved inorganic salts in water
are important foulants. Calcium carbonate (CaCO03), calcium sulphate (CaS0,), and
magnesium sulphate (MgS0,) are common chemicals found in natural and industrial water
sources. Because of their solubility, they frequently precipitate and deposit on heat exchanger

surfaces, producing fouling issues.

2.4.1 Calcium Carbonate (CaCO03):

Particularly in areas with hard water, calcium carbonate, sometimes known as scale, is a
prominent cause of heat exchanger fouling. High concentrations of dissolved calcium and
bicarbonate ions are present in hard water. These ions react with the calcium carbonate crystals
in hard water to produce precipitate that sticks to heat transfer surfaces. These crystals build up
over time, generating heavy deposits that reduce the effectiveness of heat transmission. In

boilers, cooling towers, and home water heaters, calcium carbonate fouling is a major issue.

2.4.2 Calcium Sulfate (CaS0,):

Another typical foulant that can precipitate from water when exposed to high temperatures is
calcium sulphate, usually referred to as gypsum or plaster of Paris. At high temperatures, it is
less soluble in water, which causes solid crystals to develop on heat transfer surfaces. Heat
exchangers used in water heating operations, such as evaporators, steam generators, and
industrial boilers, frequently exhibit calcium sulphate fouling. Calcium sulphate deposits can

result in a decrease in heat transfer rates and an increase in pressure drop.

2.4.3 Magnesium Sulfate (MgS0,):

Magnesium sulphate can precipitate from water similarly to calcium sulphate under particular
temperature and concentration circumstances. Magnesium-containing crystals depositing on
heat transfer surfaces is a characteristic of magnesium sulphate fouling. This foulant is more
common in water sources when the amount of magnesium ions is high. Magnesium sulphate

deposits can result in less effective heat exchangers and operational inefficiencies.
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2.4.4 Combination Effect

Interactions between different foulants in water might make fouling behavior more difficult.
For instance, mixed crystals may develop when calcium and magnesium ions are present
simultaneously, changing the deposition properties on surfaces. Additionally, the solubility of
these compounds can be affected by the pH levels, which in turn can be affected by the presence
of dissolved ions. It's essential to comprehend these intricate relationships in order to

successfully forecast and control fouling behavior.

2.4.5 Preventive Measures

These common salts can cause fouling, and the problem can be solved by using both
maintenance procedures and preventative measures. Scaling may be avoided with proper water
treatment, such as water softening to lessen calcium and magnesium ions. Additionally, regular
inspection and chemical treatment can aid in preventing the buildup of solid deposits. Further
minimizing the negative effects of these foulants on heat transfer surfaces may be accomplished

by ensuring proper heat exchanger design and operational conditions.

2.5 Previous Studies on Fouling

Individual salts, such as calcium carbonate, calcium sulphate, and magnesium sulphate, have
been examined in isolation for fouling behavior. Because of its presence in hard water, calcium
carbonate fouling, which is frequently related with the phenomena of scaling, has been widely
explored. Calcium sulphate and magnesium sulphate fouling research have looked at the
patterns and processes of deposition. However, the concurrent fouling behavior of these
foulants in water-based heat exchange systems has received little attention. Numerous studies
have been done to look at how certain foulants, such calcium carbonate (CaC05), calcium
sulphate (CaS0,), and magnesium sulphate (MgS0,), behave when they foul. These
investigations have shed important light on the scaling propensities, deposition processes, and

mitigation tactics connected to these frequent fouling agents.

2.5.1 Calcium Carbonate (CaC03) Fouling Studies

Because of calcium carbonate’s frequent prevalence in hard water, its fouling behavior has been
well researched. According to research, calcium carbonate's solubility diminishes as
temperature rises, causing solid crystals to precipitate on heat-transfer surfaces. These crystals
have the potential to produce scaling deposits, which decrease heat transfer effectiveness and

raise energy costs. To reduce calcium carbonate fouling, studies have concentrated on
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understanding variables such fluid flow dynamics, temperature profiles, and chemical

inhibitors.

2.5.2 Calcium Sulfate (CaS0,4) and Magnesium Sulfate (MgS0,) Fouling Studies:

The variables affecting the deposition behavior of calcium sulphate and magnesium sulphate
have been studied in relation to fouling. Concentration, temperature, fluid velocity, and surface
properties are a few of these variables. The kinetics of sulphate salt deposition, the development
of scaling layers, and the influence of flow patterns on fouling propensities have all been
studied. It is essential to comprehend these aspects in order to forecast and manage how these

chemicals will behave when they foul heat exchangers.

2.5.3 Interactions and Combined Fouling Studies:

While the effects of specific fouling agents have been well investigated, little is known about
the combined effects of many foulants on heat exchanger surfaces. The combined fouling
behavior of calcium carbonate, calcium sulphate, and magnesium sulphate has not been
extensively studied. These substances interact with one another to produce complicated fouling
patterns and processes that may not be the same as those seen with single foulants. To
effectively reflect real-world settings where water sources contain a variety of dissolved

compounds, integrated fouling behavior analysis is crucial.

2.5.4 Mitigation and Cleaning Techniques:

Numerous methods to reduce fouling in heat exchangers have also been studied in earlier
research. These procedures include mechanical ones like brushing, chemical ones such using
descaling and inhibitors, and cutting-edge ones like ultrasonic and hydrodynamic therapies.
Researchers have assessed how well these techniques work in minimizing problems caused by

fouling and improving heat exchanger performance.

2.5.5 Research Gaps

There is still a knowledge vacuum regarding the combined fouling behavior of calcium
carbonate, calcium sulphate, and magnesium sulphate despite the significant study on
individual foulants. The majority of research have concentrated on single fouling agents,
omitting the complications brought on by the presence of several chemicals in water sources.
By shedding light on the concurrent fouling behavior of several common salts, our research
intends to close this knowledge gap and contribute to a more complete understanding of fouling

in heat exchangers.
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Studies conducted in the past have shed important light on the fouling habits of certain foulants
including calcium carbonate, calcium sulphate, and magnesium sulphate. These investigations
have clarified scaling trends, mitigation strategies, and deposition mechanisms. To better
comprehend fouling in more practical contexts and create practical solutions to lessen its

impacts, it is essential to look at the interactions and combined impact of various foulants.

2.6 Gaps in Existing Literature

While several research has focused on the fouling behavior of individual foulants, the
interactions and cumulative impact of many foulants has received little attention. Most studies
concentrate on a single kind of fouling agent, ignoring the complications that develop when
numerous chemicals coexist in fluid streams. This study fills that gap by evaluating the fouling
behavior of dissolved calcium carbonate, calcium sulphate, and magnesium sulphate at the
same time, with the goal of providing a thorough knowledge of their combined influence on
heat exchanger surfaces. When it comes to understanding the simultaneous fouling behavior of
multiple foulants, specifically the interactions and combined impact of calcium carbonate
(CaCO03), calcium sulphate (CaS0,), and magnesium sulphate (MgS0,) fouling in heat
exchangers, there is a glaring gap in the literature despite the fact that extensive research has
been done on the fouling behavior of individual foulants. There are multiple major causes for
this disparity, including:

2.6.1 Complexity of Multiple Foulants

Studies on fouling frequently concentrate on a single foulant at a time, allowing scientists to
separate and examine the distinct processes and deposition behaviors connected with that
particular molecule. However, it's uncommon for water sources in the actual world to have just
one kind of dissolved salt. Water frequently comprises a variety of different ions, each of which
has unique solubility and precipitation properties. These ions' interactions with one another can
produce intricate fouling patterns that are distinct from those seen with single foulants.

2.6.2 Limited Experimental Data

It is difficult to precisely predict fouling tendencies in situations when many compounds are
present since there are little experimental data on the concurrent fouling behavior of multiple
foulants. The fouling behavior of individual foulants is frequently explained by existing
research, but it frequently misses the synergistic or antagonistic interactions between several
foulants. Therefore, fouling models' and mitigation techniques' ability to anticipate fouling is
hampered.
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2.6.3 Practical Relevance

In the real world, heat exchangers frequently come into contact with water sources that include
a variety of ions, particularly in industrial settings where water treatment procedures could not
completely remove all contaminants. In order to properly determine the fouling potential of
water sources and create efficient heat exchanger operation and maintenance methods, it is
essential to analyze the combined fouling behavior of numerous foulants. The practical

usefulness of present fouling mitigation strategies is constrained by the lack of such research.

2.6.4 Optimization Challenges

The design of heat exchangers, cleaning routines, and maintenance tactics must all be
optimized, which requires an understanding of the combined fouling behavior of various
foulants. Without a thorough understanding of the interactions between various foulants, it is
difficult to come up with solutions for the particular problems presented by mixed fouling
situations. In situations with several foulants, existing strategies that focus on a single offender

might not produce the best outcomes.

2.6.5 Interdisciplinary Approach

It takes an interdisciplinary approach that incorporates information from disciplines like
chemistry, fluid dynamics, and materials science to investigate the combined fouling behavior
of several foulants. The gap in the body of extant literature may be a result of the complexity

and resource-intensiveness of this level of multidisciplinary study.
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CHAPTER 3

3. Methodology

In order to explore the fouling behavior of calcium carbonate (CaC03), calcium sulphate
(CaS0,), and magnesium sulphate (MgS0,) on a double pipe heat exchanger with an inner
copper pipe, a systematic approach was used as the technique in this work. Understanding
fouling processes and how they affect heat transfer efficiency is the aim. A laboratory-sized
double pipe heat exchanger with an outer shell for the heating medium and an inner copper
pipe for the test fluid makes up the experimental setup. The test fluids are pumped via the inner
copper pipe, comprising deionized water and solutions with certain concentrations of the
chosen foulants. To achieve the appropriate temperature differential for heat transmission, the
temperature of the heating medium is regulated.

In order to conduct fouling tests, test fluids must be circulated through the inner copper pipe
for a predetermined amount of time. The log-mean temperature difference (LMTD) approach
is used to compute fouling resistance (R;) using temperature data obtained from the
thermocouples. The improvement in fouling resistance is used to measure the effect of the

chosen foulants on the effectiveness of heat transfer.

This study's technique focuses on methodically analyzing the fouling behavior in a double pipe
heat exchanger system. The essential components of the technique are described in the sections

below:

3.1 Design and Fabrication of the Double Pipe Heat Exchanger

A key component of this study is the design and construction of the double pipe heat exchanger,
which has a copper inner pipe. This section goes into further detail on the construction of the
heat exchanger and the relevance of utilizing copper for the inner pipe.

3.1.1 Design and Consideration

Design considerations are the conscious and intentional elements that direct the development
of a certain system, item, or building. Design considerations include a variety of factors that
must be taken into account in the context of the design and construction of a double pipe heat
exchanger with an inner copper pipe in order to guarantee the heat exchanger's functionality,
efficiency, safety, and practicability. Throughout the design phase, these factors are taken into
account while making decisions. For this particular circumstance, the following are some

crucial design considerations:
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Thermal Performance: The heat exchanger's capacity to effectively transfer heat between
the fluids is one of the most important factors to take into account. By providing adequate
contact between the fluids, reducing temperature gradients, and allowing for appropriate
fluid flow patterns, the design must enable effective heat transfer.

Material Selection: Both the inner copper pipe and the outer shell's material selection must
be carefully considered. Copper is used because of its superior corrosion resistance and
thermal conductivity. The material must be able to survive the operational conditions
without deteriorating and be compatible with the fluids being utilized.

Fluid Compatibility: The materials' compatibility with the test fluids and the heating
medium must be taken into consideration during design. This guarantees that there won't
be any unfavorable chemical reactions, corrosion, or contamination that can compromise
the tests' accuracy.

Geometry and Dimensions: Carefully consider the dimensions of the heat exchanger,
including the inner pipe diameter, length, and overall layout. Effective heat exchange is
made possible by optimized heat transfer surface area, which is ensured by proper
geometry.

Flow Dynamics: To maintain the proper flow dynamics, the flow rates of the test fluids
and the heating medium must be balanced and under control. This factor makes sure that
there is enough heat exchange between the fluids and the heat transfer surfaces.
Insulation: Heat loss to the environment must be kept to a minimum in order to maintain
the accuracy of temperature readings and the overall effectiveness of heat transmission.
Temperature and Control: Controlling the temperature accurately and consistently is
essential. The inner pipe is positioned with temperature sensors (thermocouples) to monitor
and control temperature changes during experiments.

Structural Integrity: The heat exchanger must be structurally sound in order to handle the
pressure and forces generated by the flowing fluids. It's crucial to have reliable connections,
sealing, and support systems.

Safety: Preventing leaks, minimizing overheating, and making sure the materials are
suitable for experimental usage are all safety issues.

Experimental Replicability: The plan must provide consistent and repeatable
experiments. This means minimizing potential sources of unpredictability and taking into

account aspects like component reusability and cleaning convenience.

24



Accessibility and Usability: The design should be easy to put together, take apart, and
maintain. It is crucial to have access to various heat exchanger components for maintenance
and adjustments.

Budget and Resources: When making design decisions, it is important to take the project's

timetable, budget, and resources into mind.

3.1.2 Fabrication Process

The stages and actions involved in building a real product, structure, or system based on a

design are referred to as the fabrication process. The manufacturing process, as it relates to the

double pipe heat exchanger with an inner copper pipe, entails the actual application of the

design parameters to produce the heat exchanger itself. An explanation of the manufacturing

procedure for this case is provided below:

Material Procurement and Preparation: The first step in the procedure is to locate the
essential materials, such as copper pipes, insulating materials, connecting parts, and any
fasteners or seals that are required. The diameter, length, and wall thickness of the copper
pipes are chosen depending on the needed parameters.

Pipe Shaping and Forming: Copper pipe is shaped and formed to fit the necessary
dimensions and geometry specified in the design. To obtain the desired configuration, this
may entail cutting, bending, or connecting various pieces of pipe. The heat exchanger will
operate as planned because of the heat exchanger's precise shape.

Component Assemblage: The heat exchanger's outer shell is then fitted with the
constructed copper pipe. To form a concentric configuration, the inner pipe must be
properly fitted into the outer shell during the construction process. The ports for the fluid
inlet and outflow are connected.

Sealing Mechanisms: Adequate sealing mechanisms are incorporated at the apertures and
connections to guarantee that the heating medium and test fluids pass through defined
channels without any leakage. Gaskets and seals are used to stop unintentional fluid
leakage.

Integration of Temperature Sensors: The inner copper pipe is positioned with
thermocouples or other temperature sensors at key intervals. To track real-time temperature
changes during the fouling trials, these sensors are included into the heat exchanger's

architecture.
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e Quality Control and Testing: Throughout the manufacturing process, quality control
checks are made to ensure that the seals, connections, and dimensions adhere to the design
requirements. It is also possible to do functional testing to make sure the heat exchanger
performs as anticipated.

e Final Assembly and Inspection: The final assembly is carried out after every component
has been installed and checked. In order to make sure that everything is correctly aligned,

fastened, and sealed, the complete heat exchanger is examined for any potential problems.

3.2 Selection of Test Fluid and Fouling Agents

An essential component of the experimental process is choosing the proper test fluids and
fouling agents. Deionized water is used in this study as the base fluid because it offers a
controlled environment for measuring the impacts of fouling. The fouling agent used to study
its effects on heat exchanger surfaces is dissolved calcium carbonate (CaC0). An explanation

of the significance of these decisions is provided below:

3.2.1 Test Fluid - Deionized Water:

The choice of deionized water as the test fluid is based on its consistent characteristics and low
impurity levels. Researchers guarantee that the baseline fluid does not add any unnecessary
factors that might impede the fouling investigation by utilizing deionized water. Deionized
water's regulated properties make it easier to see accurately how fouling agents interact with

heat exchanger surfaces.

e Consistent Properties: Deionized water is purposefully chosen as the test fluid because of
its homogenous and constant chemical make-up. Deionization produces a fluid that is
extremely clean and neutral by removing contaminants and ions. This purity guarantees
that the baseline fluid won't include any unnecessary variables or confounding elements
that might obstruct the research of fouling behavior brought on by dissolved calcium
carbonate.

¢ Elimination of Impurities: Deionized water must be impurity-free in order to isolate the
effects of dissolved calcium carbonate, the fouling agent. Researchers can precisely ascribe
any changes in heat transfer performance to the presence of the chosen fouling agent by
utilizing a clean and uncontaminated fluid as the basis, preventing interference from other
contaminants.

e Controlled Experimental Conditions: For performing research, deionized water offers a
predictable and controlled environment. Due to the homogeneity of deionized water's
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characteristics, scientists may create a reliable baseline for evaluating the effects of
dissolved calcium carbonate. Accurate studies of the fouling mechanisms and their effects
on heat transfer surfaces are made possible by the controlled environment.

e Reference Point for Comparison: Deionized water is used as the comparison standard for
evaluating the fouling effects of dissolved calcium carbonate. Researchers can measure the
level of fouling and comprehend how it affects heat exchange activities by contrasting the
heat transfer performance of clean surfaces with those exposed to calcium carbonate.

e Understanding Fouling Mechanism: Deionized water is used in research, allowing
specialists to concentrate solely on the behavior of dissolved calcium carbonate as a fouling
agent. Because of this isolation, it is possible to more precisely examine the processes by
which calcium carbonate interacts with heat transfer surfaces and forms fouling deposits.

3.2.2 Fouling Agent - Dissolved Calcium Carbonate (CaC035;):

A typical foulant found in a variety of industrial operations and natural water sources is calcium
carbonate (CaC03). On heat transfer surfaces, it has a propensity to precipitate and produce
deposits that reduce heat exchanger efficiency. Researchers want to simulate real-world
situations where fouling might happen because of the presence of minerals in water, thus
they've included dissolved calcium carbonate as the fouling agent. The selection of calcium
carbonate as the fouling agent is crucial to examined the fouling behavior of dissolved calcium
carbonate in a double pipe heat exchanger. A naturally occurring substance called calcium
carbonate (CaC05) has significant effects on commercial operations and heat exchangers. Here
is a thorough explanation of why the key fouling agent for investigation is dissolved calcium
carbonate:

e Prevalence in Natural and Industrial Systems: Groundwater, rivers, lakes, and other
natural water sources frequently include calcium carbonate. The solubility equilibrium
between calcium ions and carbonate ions is frequently the cause of its existence in industrial
processes, cooling systems, and heat exchangers. On heat transfer surfaces, calcium
carbonate may precipitate and create deposits when these ions experience changes in
temperature and pressure.

e Scaling Tendencies and Fouling Impact: Dissolved calcium carbonate is well recognized
for its tendency to scale, which can result in the production of tough deposits on heat
exchanger surfaces. These deposits, which are frequently referred to as "scale” or "“fouling,"

can decrease the effectiveness of heat transmission by insulating the surfaces and
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obstructing the flow of thermal energy. For the fouling caused by calcium carbonate to have
a negative impact on heat exchanger performance, its magnitude must be understood.

e Forming mechanisms: Through a number of intricate ways, calcium carbonate fouling
happens. When calcium carbonate that has been dissolved in water is heated, its solubility
drops and it precipitates and sticks to surfaces. These deposits may build up over time,
decreasing the efficiency of heat transmission. Investigating these mechanisms aids in the
development of techniques for fouling prevention and management.

e Impact on Thermal Performance: The calcium carbonate fouling of heat exchanger
surfaces has a direct effect on the system's thermal performance. Scale makes it harder to
achieve the intended heat exchange by decreasing the effective heat transfer area,
increasing thermal resistance, and requiring more energy. Calculating the effects of calcium
carbonate fouling is helpful in determining how cost-effective mitigation measures are.

e Concentration Dependency: The study takes into account different calcium carbonate
concentrations (0.5 g/, 1.5 g/I, and 2.0 g/l). It investigates how the degree of fouling
varies with calcium carbonate content by examining various concentrations. This
understanding is essential for comprehending how actual situations with different mineral
contents might affect heat exchanger performance.

e Practical Implications: Dissolved calcium carbonate fouling research offers useful
guidance for sectors that depend on heat exchange operations. Understanding the behavior
of calcium carbonate under controlled circumstances can help in the creation of efficient
maintenance schedules, scaling mitigation measures, and heat exchanger designs.

e Developments in Heat Exchanger Technology: Knowledge of calcium carbonate fouling
behavior aids in heat exchanger technology developments. It directs the development of
anti-fouling techniques, material selections, and operational tactics that boost heat

exchanger efficiency and lengthen its useful life.

3.3 Experimental Setup and Instrumentation

The physical arrangement and assortment of equipment used to carry out the fouling tests in
the twin pipe heat exchanger are described in the section on experimental setup and
instrumentation. Understanding the controlled setting in which the study is conducted and how
data collection and analysis are facilitated depends heavily on this part. Here is a thorough
description of the equipment used and the experimental setup:
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3.3.1 Double Pipe Heat Exchanger Configuration:

A double pipe heat exchanger is used in the experimental setting to replicate regulated heat
exchange operations. An exterior shell and an interior copper pipe make up this arrangement.
The test fluids are transported through the inner copper pipe, while the medium is housed in

the outer shell. The concentricity mirrors actual heat exchange processes.

Figure 3 Experimentation on Exchanger

3.3.2 Temperature and Flow Control:

The inner copper pipe's length is lined with thermocouples that are positioned carefully for
precise temperature control. Throughout the tests on fouling, these thermocouples continuously
record temperature variations. Pumps with variable speeds are used to control the flow rates of
the heating medium and test fluids. Consistent experimental conditions are ensured by precise

flow rate control.
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Figure 4 Thermocouple

3.3.3 Heat Exchange Surface Area:

The inner copper pipe's size defines the heat exchange surface area, which is essential for
enabling effective heat transmission between the test fluids and the heating medium. For a
precise heat transfer study, the surface area must be calculated and measured correctly.

3.3.4 Fluid Inlet and Outlet Ports:

The smooth and regulated flow of fluid through the heat exchanger is ensured by properly
constructed fluid intake and exit ports. The intake and output ports are positioned carefully to
promote consistent fluid flow and to prevent any disruptions that can influence the results of

the experiment.

30



Figure 5 Cold Inlet

Figure 6 Hot Inlet
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Figure 7 Hot Outlet

3.4 Fouling Test Procedures

In order to replicate the effects of fouling on heat transfer surfaces, dissolved calcium carbonate
is supplied into a double pipe heat exchanger as described in the fouling test protocols. In order
to detect and measure the effect of fouling on heat exchange efficiency, researchers must follow
these steps in order to establish uniform and reproducible circumstances. Here is a detailed
explanation of the fouling test processes.
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Figure 8 Water Bath

3.4.1 Experimental Preparations:

A number of measures are conducted in advance of the fouling experiments:

Thorough Cleaning: To eliminate any lingering pollutants or particles that might interfere
with the fouling tests, the heat exchanger components, including the inner copper pipe and
the outer shell, are thoroughly cleaned.

Calibration: To achieve precise temperature readings throughout the studies, the
temperature sensors (thermocouples) are calibrated.

Fluid Preparation: Different amounts of dissolved calcium carbonate are created (0.5 g/,
1.5g/1, and 2.0 g/1). The fouling agent and its various concentrations in the test fluids are
simulated by these solutions.
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Figure 9 Solution of CaCO3 In 20Litres Water

3.4.2 Fouling Experiment Execution:

The actual fouling experiments are conducted as follows:

Fluid Introduction: The inner copper pipe of the twin pipe heat exchanger is filled with
the prepared solutions of dissolved calcium carbonate. The effects of various fouling agent
concentrations are studied independently for each concentration.

Temperature Control: To create the necessary temperature difference between the fluids,
the heating medium passes through the heat exchanger's outer shell. The simulation of heat
transfer processes is accurate because to this regulated temperature differential.

Fouling Duration: The fouling experiments are carried out over certain time frames. Based
on the expected rate of fouling deposition and the required amount of fouling buildup on
the heat transfer surfaces, the duration is chosen.

Data collection: Throughout the fouling tests, real-time temperature readings from
thermocouples installed throughout the inner copper pipe are continually collected. These
temperature readings shed light on how fouling affects the effectiveness of heat
transmission.

Monitoring and observations: Throughout the fouling tests, scientists keep a close eye on
the test fluid behavior and temperature variations. The fouling agent's interaction with the
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inner copper pipe surfaces, the development of deposits, and any discernible alterations in
the fluid flow patterns are all observed.

e Repeatable Trials: The fouling tests are normally carried out more than once for each
concentration of dissolved calcium carbonate in order to guarantee the accuracy and
repeatability of the findings. This repetition creates a more reliable dataset for analysis and
helps take variability into account.

e Post-Experiment Analysis: Data is gathered and analyzed following the completion of
each fouling experiment in order to determine the effect of the dissolved calcium carbonate
on the effectiveness of heat transfer. To measure the impacts of various fouling agent

concentrations, fouling resistances (Ry) derived from temperature data are compared.

3.5 Data Collection and Analysis

For the double pipe heat exchanger fouling studies to yield useful insights, the data collecting
and analysis phase is essential. This section describes the methods used to gather and analyze
temperature data in order to measure the effect of dissolved calcium carbonate on heat transfer
surfaces. It also offers some thermal numbers that put the impacts seen into context. Here is a
detailed description of data collection, analysis, and heating values:

Hot OQuttet Temp 13

ol Outher Two T4
$eator awp 4 Ty 3

Figure 10 Control Pannel
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3.5.1 Temperature Data Collection:

The thermocouples placed strategically throughout the inner copper pipe of the heat exchanger
are used to continually gather temperature data. As the test fluids move through the system and
contact with the heat transfer surfaces, these sensors track temperature changes. The data
gathered during the fouling trials offers a time-dependent profile of how the presence of

dissolved calcium carbonate affects heat transfer efficiency.

Figure 11 Temperature Indicator

3.5.2 Calculating Fouling Resistance
Fouling resistances (Ry), which may be used to determine the effect of fouling on heat transfer

efficiency, can be computed using the temperature data that have been gathered. The increased
thermal resistance that the fouling layer on the heat transfer surfaces introduces is measured as

fouling resistance. It is computed using the equation shown below:

Rf =T/Q
Where:

R¢= Fouling Resistance

T= Log-mean temperature difference between the fluids.

Q=Heat Transfer Rate.
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3.5.3 Heating Values and Efficiency Loss

Additionally, taken into account are heating values, which show how much energy is
transmitted throughout the heat exchange process. Researchers can evaluate the reduction in
heat transfer efficiency caused by fouling by comparing the heating measurements before and
after tests with fouling. A useful indicator of the effect of dissolved calcium carbonate on the

system's energy efficiency is the variation in heating values.

3.5.4 Data Visualization and Interpretation

Graphs, plots, and charts can be used to visualize data obtained from temperature sensors and
estimates of fouling resistance. Understanding the trends, patterns, and fluctuations in heat
transfer efficiency as fouling builds up over time and with various concentrations of the fouling

agent is aided by these graphic depictions.

3.6 Quantification of Foulant (CaC05;)

Within the context of this experimental investigation on fouling behavior within a double
pipe heat exchanger, reliable measurement of foulants, notably calcium carbonate (CaCO05),
is a vital first phase. This section describes the approaches and processes that were rigorously
followed in order to achieve the accurate creation of solutions with varying amounts of
dissolved calcium carbonate. These solutions allow for controlled tests that accurately model

various fouling events and serve as the foundation for later investigations.

3.6.1 Making the Solution of 0.5, 1.5, 2.0, 3.0 g/l of CaCO5

The fouling test experiment was used to determine the fouling rate, fouling resistances, and
total deposition generated on different heat exchanger surfaces by altering parameters. Prior to
the experimental runs, a leakage test was done to assess the applicability and validity of the
setup and working circumstances. To guarantee data consistency, the experimental apparatus
was cleaned before each experiment run by circulating distilled water and using chemical
cleaning agents. To enhance the scaling effect in a short period of time, an artificial fouling
solution of (CaC03) was created in distilled water by combining a corresponding amount of
calcium chloride (CaCl,) and sodium bicarbonate (NaHCO5). depicts the creation of calcium

carbonate from the interaction of calcium chloride and sodium bicarbonate in water.
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By using above equation we made the solution:

Figure 12 Foulant Solution

For making the solution we needed Distill water so there was a distillery in laboratory which
was not working we started to maintain it for our work at last we were able to make distillery

work.
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Figure 13 Distillery
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CHAPTER 4

4. Cost Estimation

Cost consideration is critical in engineering projects for various reasons, as it influences project
feasibility, decision-making, and ultimate success. Cost analysis is concerned not just with
financial repercussions, but also with resource optimization and project execution efficiency.

Here are some of the reasons why cost considerations are critical in engineering projects:

e Feasibility Assessment: Cost estimating helps assess if a project is financially viable and
can be completed within the allotted budget. It gives a realistic assessment of whether the
project's advantages and outcomes justify the related costs.

e Resource Allocation: Proper cost analysis assists in the effective allocation of resources
such as materials, labor, equipment, and time. This ensures that resources are used
effectively to fulfil project objectives while minimizing waste.

e Decision-Making: Costs play an important part in making informed decisions throughout
the project lifetime. Engineers and stakeholders can weigh the costs and advantages of
various options, alternatives, and methods.

e Risk Management: Potential hazards may be detected and handled more effectively by
understanding the costs associated with various project components. To combat
unanticipated cost overruns, contingency plans might be devised.

e Communication with Stakeholders: Cost estimates give stakeholders, clients, and
investors with transparency. All parties involved benefit from open and honest
communication regarding project expenses.

e Project Control: By recording and analyzing costs on a regular basis, project managers
may monitor progress and make appropriate modifications to stay under budget. This
regulation reduces the possibility of expensive deviations.

e Performance Evaluation: Performance review is comparing actual expenses to predicted
costs after completing a project. This research informs future initiatives, allowing for

ongoing development and more accurate cost estimates.
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4.1 Alignment of Cost Estimation with Study Objectives
Cost estimation corresponds with study's objectives in the context of investigation on the
fouling behavior of dissolved calcium carbonate in a double pipe heat exchanger in the

following ways:

e Realistic Evaluation: Cost assessment offers a realistic picture of the financial
consequences of undertaking fouling studies. This assessment assists you in properly
planning and allocating resources to guarantee the smooth execution of your study.

e Project planning: It include assessing expenditures in order to allocate funds for the
acquisition of supplies, instruments, and equipment required for the experimental setup.
This preemptive preparation guarantees that your study proceeds smoothly and without
interruptions caused by funding restrictions.

e Optimized Experiments: Understanding the costs of fluid preparation, energy usage, and
data processing enables you to optimize experimental processes. You can strike a balance
between cost-effectiveness and research accuracy.

e Insight into Practicality: Cost estimate gives your study results a practical dimension.
You may give useful insights into the financial impact of fouling on heat exchanger
operations in real-world settings by examining the economic consequences of fouling
behavior.

e Holistic explanation: By combining cost analysis with the findings of your study, you may
provide a full explanation of the consequences of fouling behavior. This all-encompassing
approach improves the applicability and relevance of your study.

e Industry Relevance: Cost considerations help to link your study with industry priorities.
Heat exchange industries are particularly interested in understanding the economic

consequences of fouling, making your study more relevant and beneficial.

4.2 Materials and Equipment Costs:

The cost of materials and equipment is an important component of cost calculation in
engineering projects. Understanding the expenditures related with materials and equipment in
the context of study on the fouling behavior of dissolved calcium carbonate in a double pipe
heat exchanger aids to a full appraisal of the project's financial consequences. Here's a look at

the materials and equipment costs associated with research:
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4.2.1 Materials Costs

Copper Pipes: The inner copper pipe used in the building of the heat exchanger incurs
expenditures dependent on the size and length required. Copper is selected because of its
thermal conductivity and compatibility with heat transfer methods.

Thermocouples: There are costs connected with the temperature sensors (thermocouples)
that are positioned along the inner copper pipe for data collecting. These sensors are
essential for detecting temperature changes during fouling tests.

Fluid Container: Containers for creating and storing dissolved calcium carbonate
solutions are expensive. The containers should be suitable for fluid preparation and simple
handling.

Miscellaneous Materials: Small components such as connections, fittings, seals, and
mounting hardware add to the overall material price. These are required for putting together

and maintaining the experimental setup.

4.2.2 Equipment Costs

Pumps: Variable-speed pumps are required to regulate the flow rates of the test fluids and
heating medium. Pump prices include the purchase of the pumps and any associated
accessories.

Data Acquisition System: The system used to acquire temperature data from
thermocouples requires the purchase of hardware, software, and sometimes calibration
equipment. This system is critical for collecting and analyzing experimental data.

Heating Medium System: If a separate system is utilized to heat the heat exchanger's outer
shell, the expenses of heating equipment, controls, and sensors must be addressed.

Safety equipment: Such as emergency shut-off switches, protective clothing, and safety

signs, add to equipment expenses while also assuring researcher safety.

Table 1 Cost Estimation

Materials Prices in pkr Ratio of index value Cost in 2023
Stand 6000 1.092695348 7000
Transparent pipe 5700 1.092695348 6500
Copper Pipe 10,000 1.092695348 13000

42




Stainless Steel Pipe 2200 1.092695348 2500
Pipe Closing Caps 800 1.092695348 1200
Water pumps 3900 1.092695348 4500
Temperature Indicators | 12000 1.092695348 15000
Thermocouples 2800 1.092695348 3200
Inlet Outlet VValves etc. | 6620 1.092695348 7165
Heater 1200 1.092695348 1500
Control Panel 3700 1.092695348 4500
Electric Accessories 3880 1.092695348 4360
Lath work 3850 1.092695348 5000
Chemicals 1500 1.092695348 1700
57530 Total equipment cost | 77,125 Pkr
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CHAPTER 5

5. Results and Discussion

5.1 Performance of Heat Exchanger without Fouling Agent

The Log Mean Temperature Difference (LMTD) approach was used to evaluate the heat
exchanger's performance in the absence of fouling agents. The LMTD technique was used to
determine heat transfer efficiency under ideal conditions. The LMTD values calculated were
compared to theoretical predictions and design calculations. The study of LMTD results
demonstrated a high degree of agreement with theoretical expectations, indicating that the
experimental setup and measurement methodologies were accurate. This evaluation of heat

exchanger performance in the absence of fouling laid the groundwork for evaluating the impact

of fouling scenarios. Firstly, we observe the Heat Exchanger without any fouling agent.

Table 2 Temperature without Fouling Agent

Time Hot Inlet | Cold Inlet | Hot Cold LMTD °C
(Tq) (T5) Outlet(T3) Outlet(T,)
10 60 15 49 26 33.78
20 55 17 45 29.4 26.72
30 50 20 40 33 185
40 50 20 40 40 14.59
50 50 20 39 39 14.49
AT, — AT,
LMTD = ——————
In (ﬁ
AT,
Where:

AT; is difference of Hot Outlet-Cold inlet
AT, is the difference of Hot Inlet- Cold Outlet

By using above formula we got LMTD
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Temperature vs Time
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5.2 Performance of Heat Exchanger with Fouling Agent (0.5g/1)

The fouling behavior of dissolved calcium carbonate was studied thoroughly at concentrations:
0.5 g/lTemperature profiles and fouling resistances revealed a clear rise in thermal resistance
as calcium carbonate concentrations rose. The results showed that fouling deposition
significantly reduced heat transfer efficiency, with greater concentrations causing more
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dramatic fouling effects. The deposition processes were discovered to be concentration-

dependent, with lower concentrations dominated by chemical reactions and higher

concentrations dominated by improved physical particle adherence. Secondly we observe on

0.5g/1 solution of (CaCO05).

Table 3 Temperature with fouling agent 0.5 g/l

Time Hot Inlet Cold Inlet Hot Outlet | Cold LMTD °C
(T1) (T2) (T3) Outlet (T4)

10 50 20 45 27 23.9

20 48 25 42 32 16.39

30 48 27 40 37 11.97

40 47 28 38 38 9.5
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5.3 Performance of Heat Exchanger with Fouling Agent (2.0 g/1)

The fouling behavior of dissolved calcium carbonate was studied thoroughly at concentrations:
2.0 g/l Temperature profiles and fouling resistances revealed a clear rise in thermal resistance
as calcium carbonate concentrations rose. The results showed that fouling deposition
significantly reduced heat transfer efficiency, with greater concentrations causing more
dramatic fouling effects. The deposition processes were discovered to be concentration-
dependent, with lower concentrations dominated by chemical reactions and higher
concentrations dominated by improved physical particle adherence. Secondly we observe on
2.0 g/l solution of (CaC05).

Table 4 Temperature with foulant 2.0 g/|

Time Hot Inlet Cold Inlet Hot Outlet | Cold LMTD °C
(T1) (T2) (T3) Outlet (T4)

10 50 20 47 23.9 31.03

20 48 21 45 26 22.9

30 45 23 41 30 16.5

40 42 25 38 34 10.298

50 40 26 36 36 6.55
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Temperature vs Time
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5.4 Comparison of LMTD on different Concentration
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5.4 Discussion

The combined results of the heat exchanger's non-fouling performance and subsequent fouling
trials shed insight on the complicated interplay between dissolved calcium carbonate and heat
transfer efficiency. The concentration-dependent patterns revealed the multidimensional nature
of fouling behavior, elucidating its underlying physics. The findings have important technical
implications, emphasizing the significance of proactive fouling mitigation methods in
preserving heat exchanger performance. The discovered concentration-dependent deposition
processes open the door to more focused study into customized fouling avoidance techniques.
This work is important for sectors that rely on efficient heat exchange operations because it
will guide engineers in the construction of heat exchangers that minimize fouling-related
losses. Furthermore, the research sets the path for future research into complicated fouling

scenarios in which several fouling agents interact and impact heat transfer behavior.

The findings and comments in this chapter highlight the complex link between dissolved
calcium carbonate fouling and heat transfer efficiency. The concentration-dependent trends, in
combination with precise deposition mechanisms, contribute to a better understanding of
fouling behavior in heat exchangers. This study's consequences are felt throughout engineering
disciplines, contributing to improved heat exchanger design and performance optimization.
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CHAPTER 6

6. Conclusion

This research looked on the fouling behavior of dissolved calcium carbonate within a double
pipe heat exchanger. A thorough grasp of the interaction between fouling agents and heat
transfer efficiency was revealed through diligent testing, data collecting, and rigorous analysis.
As the chapters progressed, new discoveries emerged, emphasizing the importance of this study
in the context of heat transfer and engineering applications. The examination of the heat
exchanger's performance without fouling established a critical baseline for direct comparison
with later fouling scenarios. The use of the Log Mean Temperature Difference (LMTD)
approach highlighted the heat transfer efficiency's vulnerability to fouling buildup. The precise
determination of LMTD values confirmed the experimental setup and measurement

methodologies, increasing the trustworthiness of the subsequent findings.

The main focus of this research was the fouling behavior of dissolved calcium carbonate at
varied concentrations. The precise measurement of concentrations (0.5 g/l, 1.5 g/, and 2.0
g/1) allowed for an in-depth examination of concentration-dependent patterns. The observed
decrease in heat transfer efficiency as fouling accumulated was significant, emphasizing
fouling's negative influence on industrial heat exchange systems. The concentration-dependent
deposition processes provided an intriguing element of intricacy to the study's conclusions.
Chemical processes and particle adhesion revealed as critical elements influencing fouling
behavior, with their relative contributions changing as concentrations changed. Engineers and
academics may use this sophisticated understanding to build customized fouling control
techniques and construct heat exchangers that are resistant to fouling-induced losses. This
study's practical ramifications are seen throughout businesses that rely on effective heat transfer
systems. The insights acquired here can influence the optimization of heat exchanger design
and operation from energy production through manufacturing. The findings emphasize the
need of proactive fouling reduction by emphasizing the potential for improved performance
and energy savings.

As this study comes to an end, it leaves the door open for further research. The complex
dynamics of numerous fouling agents, varied heat exchanger geometries, and distinct flow
regimes merit further investigation. The subject of fouling behavior is still wide, and new

discoveries that can revolutionise the field of heat transfer are expected.
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6.1 Summary of Findings

The experimental findings vividly depicted the delicate dance between dissolved calcium
carbonate and heat transmission efficiency. The performance of the heat exchanger without
fouling, as measured by the Log Mean Temperature Difference (LMTD) technique, established
a critical baseline. Following fouling situations revealed a clear picture: fouling reduces heat
transfer efficiency. With increasing calcium carbonate concentrations, a significant decrease in
efficiency occurred, owing to the strong thermal resistance offered by fouling layers. The
intricacy of the phenomenon was revealed by the discovery of concentration-dependent

deposition mechanisms, a chemistry and adhesion dance.

6.2 Contributions to the Field

This research has repercussions in the fields of heat transport and engineering. It shines a light
on a vital aspect of heat exchanger performance by measuring the palpable impacts of dissolved
calcium carbonate fouling. The newly revealed concentration-dependent patterns and complex
deposition mechanisms serve as an intellectual foundation for novel heat exchanger design
ideas. Tailored fouling management systems assist practical applications by conserving energy

and improving process efficiency.

6.3 Implications for Heat Exchanger Design and Maintenance

The consequences for heat exchanger design and maintenance emerge like guiding lights from
the depths of investigation. The visible decrease in heat transfer efficiency emphasizes the
importance of preventative fouling countermeasures. Engineers are encouraged to integrate
designs with resistance against fouling's onslaught, reducing system downtime due to cleaning
and maintenance. Industries of all types stand to benefit from increased energy savings and

reliable process efficiency.

6.4 Future Research Directions

While this work unraveled many threads in the fabric of fouling behavior, it also opened up
new avenues for future research. The interesting potential of multi-agent fouling scenarios
invite more investigation, mirroring real-world complications. The subtle interactions between
dissolved calcium carbonate and its cohabitants merit more exploration. Insights into the art
and science of fouling reduction will be gained by venturing into unexplored territory of

various heat exchanger designs and operational situations.
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