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ABSTRACT

INVESTIGATION OF HEAT TRANSFER ENHANCEMENT BY
COMPILING A HELICAL PIPE EXCHANGER TO THE OUTER
SHELL OF SHELL AND TUBE HEAT EXCHANGER

JABBAR, Mohammed Salih Jabbar

M.Sc., Mechanical Engineering, Altinbas University
Supervisor: Asst. Prof. Dr. Ibrahim KOC
Date: 07/2024

Pages: 103

This study investigates the enhancement of heat transfer in shell-and-tube heat exchangers,
which are crucial in key industries such as energy, petroleum, and electrical power
production. The focus is to assess the impact of adding a helical coil to these exchangers, a
practice often utilized in refractory technology, to improve their efficiency. The approach
includes a detailed numerical analysis of two HE models. The first is a conventional STHE,
while the second is an innovative variant with a helical coil added to its outer shell. This
modification aims to improve the HT process between oil and water.

The study's findings reveal that the second model, with the helical coil, significantly
enhances the HEs efficiency. This conclusion is drawn from comprehensive numerical
simulations, highlighting the effectiveness of this design change.

The originality of this thesis lies in its approach to combining traditional design elements
with innovative modifications to improve HE efficiency. This strategy offers a practical
solution for increasing thermal efficiency in industrial applications, marking a significant

advancement in energy-efficient design practices.

Keywords: Heat Exchanger, Shell and Tube Heat Exchanger, Helical Coil, Numerical
Simulations, Heat Exchanger Efficiency.
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OZET

KABUK VE BORU ESANJORUNUN DIS KABUKUNA HELIS BORU
ESANJOR YERLESTIRILMESIYLE ISI TRANSFERININ
ARTIRILMASININ INCELENMESI

JABBAR, Muhammed Salih Jabbar

Yiiksek Lisans, Makine Miihendisligi, Altibas Universitesi
Danisman: Dr. Ogr. Uyesi, ibrahim KOC
Tarih: 07/2024

Sayfa: 103

Bu calisma, enerji, petrol ve elektrik enerjisi iiretimi gibi kilit endiistrilerde hayati 6neme
sahip olan kabuk-borulu 1s1 degistiricilerinde 1s1 transferinin arttirilmasini arastirmaktadir.
Odak noktasi, refrakter teknolojisinde siklikla kullanilan bir uygulama olan bu esanjorlere,
verimliliklerini artirmak i¢in sarmal bir bobin eklemenin etkisini degerlendirmektir.
Yaklagim iki HE modelinin ayrintili sayisal analizini igermektedir. Birincisi geleneksel bir
STHE, ikincisi ise dig kabuguna sarmal bobin eklenmis yenilik¢i bir ¢esittir. Bu degisiklik,

yag ve su arasindaki HT siirecini iyilestirmeyi amacglamaktadir.

Calismanin bulgulari, sarmal bobinli ikinci modelin HE'lerin verimliligini 6nemli 6l¢ilide
artirdigint ortaya koyuyor. Bu sonug, bu tasarim degisikliginin etkinligini vurgulayan

kapsamli sayisal simiilasyonlardan ¢ikarilmistir.

Bu tezin 6zgiinliigii, HE verimliligini artirmak i¢in geleneksel tasarim 6gelerini yenilik¢i
degisikliklerle birlestirme yaklasiminda yatmaktadir. Bu strateji, endiistriyel uygulamalarda
termal verimliligin artirilmasina yonelik pratik bir ¢éziim sunarak, enerji verimli tasarim

uygulamalarinda 6nemli bir ilerlemeye isaret ediyor.

Anahtar Kelimeler: Is1 Degistirici, Kabuk ve Borulu Is1 Degistirici, Helisel Bobin, Sayisal

Simiilasyonlar, Is1 Degistirici Verimliligi.
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1. INTRODUCTION

1.1 BACKGROUND

Exponential rise in energy usage may be attributed to the quick increase in the global
population and rapid technological advancement. The use of fossil fuels, which account for
an essential portion of the world's energy supply, is fraught with resource and environmental
challenges [1],[2]. Researchers typically mitigate these kinds of environmental impacts by
making existing industrial processes more efficient, designing effective and sustainable
devices [3], Using eco-friendly materials [4], and implementing renewable energy sources
that are environmentally favorable [5]. Even though depending on renewable resources is
the most promising alternative to fossil fuels, it is still expensive, which limits its spread.
Furthermore, it is necessary to have an appropriate energy storage medium to address the
sporadic nature of sources of renewable energy [6]. Because of this, substantial effort is
made to improve the overall energy efficiency by recovering waste heat, which is vital in

enhancing the overall energy efficiency [5].

Heat exchangers facilitate the transfer of thermal energy from one fluid to another, and they
are commonly used in energy and industry. Recent research efforts concentrate on using
curved tubes to recover waste heat [7]. Other research projects investigated thermal devices
that worked better, like refrigerators and HE [8]. This led to the creation of new ways to
improve heat transfer, mostly by lowering the thermal resistance of heat exchangers [9].
Passive and active heat transfer enhancement approaches are the two primary categories that
may be broken further into subcategories. The active method is intended to use an additional
supply of energy. In contrast, the passive method uses modifications made to the
configuration of the system and other components of the system to improve flow mixing. In
addition, the active method inhibits the establishment of the thermal boundary layer,
resulting in an increased HT rate [10]. The focus of passive approaches is on the generation
of swirl flows, which contribute to improved flow mixing. This often results in a significant
enhancement of the HT coefficient. As is apparent in Figure 1.1, a typical HE is presented,

serving as a visual reference for discussions on passive methods of enhancing heat transfer.
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Figure 1.1: An Instance of the Structure of a Heat Exchanger [11].

Common thermal exchangers include cooling towers, evaporators, condensers, air
preheaters, and STHE. If the two fluids inside the exchanger do not change states, we call it
a tangible thermal exchanger [12]. The exchange mechanisms could encompass internal
power sources, comprising materials of nuclear nature and electrically powered warmers. In
fluidized-bed exchangers, fired heaters, boilers, and similar machinery, combustion and
chemical reactions may occur inside the exchanger. When the fluids are unable to mix, the
interface between them acts as a surface for transferring heat, it is common practice to
eliminate the separation wall, as observed in direct-contact heat exchangers [13].

Industrial products currently available on the market incorporate HES as critical components.
Industrial operations, transportation, petroleum, alternative fuels, cryogenics, and
refrigeration are just a few of the many fields that make use of this common equipment.
Different methods exist for classifying these exchangers, showcasing their versatility and
boundless utility [14].

1.2 HEAT EXCHANGERS AND THEIR IMPORTANCE IN VARIOUS
INDUSTRIES

Heat exchangers are essential components in many industrial processes, serving the vital
function of efficiently transferring heat between fluids to achieve precise temperature



control. These devices find widespread applications in industries such as energy, petroleum,
chemical, and manufacturing. The fundamental purpose of HEs is to optimize energy usage
by capturing and redistributing heat, thereby enhancing the overall efficiency of industrial

processes.

HEs serve specific purposes and are designed accordingly. One prevalent type is the shell-
and-tube HT system, which involves an array of tubes located within the shell. Fluids flow
through both the tubes and the surrounding shell, facilitating HT between them. Due to their
versatility and reliability, STHEs are indispensable in industries requiring heating, cooling,

or heat exchange processes.
1.3 MOTIVATION

The motivation for this research is driven by the critical role of STHE in key industrial
sectors and the ongoing need for advancements in heat transfer efficiency. These exchangers
are pivotal in many processes, yet there is a continuous need for improvement to meet rising
environmental and energy efficiency standards.

Current challenges in STHE, like restricted heat transfer rates and issues related to pressure
drops, underscore the urgency of this research. Addressing these issues not only enhances
the operational efficiency of these exchangers but also contributes significantly to reducing
energy consumption and environmental impact.

The innovative approach of incorporating a helical coil into the outer shell of the HE presents
a potential breakthrough in overcoming these limitations. The research is centered on
conducting a detailed numerical analysis to ascertain the efficacy of this modification. By
potentially improving heat transfer efficiency significantly, this study aims to set a new
benchmark in heat exchanger technology, offering substantial benefits in terms of
performance, sustainability, and cost-effectiveness.

1.4 HEAT EXCHANGERS CATEGORIZATION

Different applications of HEs different kinds of equipment and arrangements for heat
transfer. A multitude of inventive heat exchanger designs were created to meet the specific
HT needs while adhering to the given limitations [5].



1.4.1 Categorization Depending on Function and Construction

According to their design and machinery, the following represent some of the most common

kinds of heat exchangers [15]:
1.4.1.1 Understanding heat exchangers with double- pipe

The fundamental configuration of a heat exchanger is achieved by arranging two pipes
concentrically with different diameters. In a HE including two pipes, one fluid flows through
the smaller pipe, while the other fluid flows through the annular gap between the two pipes..
Figure 1.2 demonstrates that double-pipe heat exchangers provide the most efficient heat
transmission per unit length, with the smallest surface area allocated to this purpose. They
have a very slight decrease in pressure. This kind of heat exchanger is used in many sectors
for several reasons, including processing materials, food production, and air conditioning
[16].

FLUID 1 IN

FLUID 2 OUT

FLUID 2 IN

FLUID 1 OUT

Figure 1.2: Double Pipe HE [17].
1.4.1.2 Shell and tube heat exchanger

Due to their many advantages over other types of HEs, shells and tubes are now widely used
in the industry. They can manage various operating fluids and are reasonably easy to put
together. High-pressure applications, characterized by temperatures exceeding 260 degrees

Celsius and pressures exceeding 30 bar, frequently utilize STHE [18]. See Figure 1.3.



Shell Side

Tube Bundle

Tube Side

Figure 1.3: The STHE Component [19].

1.4.1.3 Plate heat exchanger

The plate HEs are made up of several plates linked to one another and stacked on top to give
the assembly the necessary support. Typically, the plates have four flow ports and attach to
a frame using aligned bushes or nozzles. These ports connect to the outside pipes, which
carry the two liquid streams [20]. The brewing, dairy, food, petroleum, and chemical sectors
are some of the ideal applications for the plate HEs regarding heat recovery responsibilities
[21].

1.4.1.4 Plate fin heat exchanger

Plate fin or matrix HE is greatly compact heat-transfer surfaces, especially in situations
where it is necessary to maintain the separation of fluids. These heat exchangers employ
matrices, fins, and plates as means of heat transfer. The construction of these exchangers
involves the utilization of multiple layers of matrices or sandwich-folded metallic sheets that
are separated by parting sheets [22]. This kind of HE is distinguished by its alternating hot
and cold channels between parallel plates, with the plates themselves including fins to
optimize the heat transfer process. When transferring heat from liquid to gas, fins are only
utilized on one side; however, when transferring heat from gas to gas, fins are utilized on
both sides. In applications involving waste heat recovery, this particular kind of heat
5



exchanger is often employed [23]. Figure 1.4 showcases a plate fin HE, pertinent to passive
heat transfer methods.

Figure 1.4: Plate Fin Heat Exchanger [24].

1.4.1.5 Compact heat exchanger

The plate-fin HE is a compact, highly efficient device consisting of alternating layers of
plates and fins. These fins create channels that allow heat to be exchanged between fluids
and are commonly used in aerospace, automotive, and HVAC systems due to their space-
saving design. While they excel at effectively transferring heat within confined spaces and
high-pressure environments, their complex structure can pose challenges in cleaning and
maintenance. However, their ability to efficiently transfer heat in various industries that
require compact and efficient heat exchange solutions continues to make them widely

used.[25]. Figure 1.5 provides a visual representation of a compact HE.
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Figure 1.5: Compact Heat Exchanger [25].

1.4.1.6 Regenerative heat exchanger

In a regenerative HE, the heat generated by one operation is utilized to heat the fluids for
subsequent processes ,this system utilizes the same fluids on both sides of the exchanger,
which can be arranged in configurations such as STHE or plate-and-frame designs. These
exchangers were designed exclusively for transferring heat between gas mediums and not
for any kind of HT between liquid substances. Their functioning was restricted exclusively
to procedures involving the exchange of heat between gases [26]. Figure 1.6 shows a

regenerative exchanger, expanding heat transfer enhancement research.



Figure 1.6: Regenerative Heat Exchanger [26].

1.4.1.7 Adiabatic wheel heat exchanger

The medium for heat transmission in an adiabatic HE might be an intermediate solid or a
liquid, depending on the type. There is continual motion of the solid between the scalding
and freezing liquids. The object's temperature increases as it travels through the heated fluid
because it absorbs thermal energy in tangible form. Once the wheel moves through the cool
fluid, it transfers all this thermal energy back into the fluid. The adiabatic wheel and the fluid
heat exchanger are two instances of this device. The adiabatic wheel is a big wheel with
small threads that rotates through cold and hot fluids [27].

1.4.1.8 Phase change heat exchanger

HE are useful for various processes, including those involving a single phase, those
involving a two-phase flow combination, and those involving a three-phase combination.
HEs that undergo a phase shift may either be of the condenser or evaporator kind, with the
former converting vapours to liquids and the latter turning liquids into vapours [28].



1.4.2 Categorization Depending on the Configuration of the Flow

The relative flow configuration of a HE, which refers to the collection of geometric
relationships between the streams, is an essential aspect of the design of the device [29]. It
must be brought to the reader's attention that the configurations presented are idealizations
of what takes place; in actuality, it is impossible to ensure that the flow patterns adhere to
the ideal. The HEs can be categorized based on the configuration of flow [30].

1.4.2.1 Parallel flow

In the parallel flow heat configuration, both fluids transport heat in the identical direction,
flowing alongside each other. Still, this setting doesn't really show how different the
temperatures of the two streams of fluid are. In contrast to most other flow designs, this one
offers a more homogeneous distribution of wall temperature. When effectiveness is of the
utmost concern, a parallel flow design should be avoided if possible [31]. Figure 1.7 depicts

the parallel flow configuration, integral to heat transfer research.

T ‘ Parallel Flow

Figure 1.7: Parallel Flow Configuration [32].
1.4.2.2 Counter flow

In a configuration known as counter-flow, the two working fluids are directed to flow in a
manner that is parallel to one another but in the opposite direction. The most effective heat
exchangers are counter-flow exchangers because they make the most of the obtainable
temperature difference and can achieve the greatest temperature difference between the two

fluids being exchanged [33]. Figure 1.8 displays the crossflow configuration.
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Figure 1.8: Crossflow Configuration [33].

In this configuration, the two fluids circulate in directions that are perpendicular to one
another. A diagrammatic representation of the crossflow arrangement may be seen in Figure
1.9. This layout falls somewhere in the middle of counter and parallel flow patterns regarding
effectiveness. They are less difficult to put together. The radiator of an automobile is an

essential instance of crossflow [32].

l‘r water inlet
X =longitudinal distance
1

T/' ,@O @ 0 e
, wasesl D O O O

100000
lT water outlet

T air inV

(a) (b)

Figure 1.9: Cross Flow Configuration A) Physical Model, B) Pipes Distribution [32].

The four types of heat exchangers depicted in Fig 1.10 include concurrent flow, counter
current flow, crossflow, and cross/counter flow (hybrid). In cocurrent flow HE, hot and cold
fluids move in the identical direction, allowing for efficient HT but diminishing the
temperature difference along the exchanger's length. Countercurrent flow HEs, on the other
hand, feature fluids moving in opposite directions, maintaining a greater temperature
difference, and enhancing overall efficiency. Crossflow heat exchangers involve

perpendicular flows of hot and cold fluids, beneficial for applications requiring separation
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between the two. Lastly, the cross/counter flow, or hybrid, design combines elements of both
countercurrent and crossflow arrangements, aiming to optimize heat transfer efficiency by

balancing advantages from each.

Cocurrent Flow Countercurrent Flow

#;

3 \
e
1 i

Crossflow Cross/Counter Flow (Hybrid)

Figure 1.10: Heat Exchanger Flow Configurations [34].

1.4.2.3 Cross counter flow

There are occasions when the actual flow arrangements of heat exchangers come close to
conforming to the idealizations presented in Figure. These kinds of exchangers are known
as cross-counter-flow exchangers. There is a choice between a two-pass, a three-pass, and a
four-pass option, and the total number of passes purchased is endless. Exchangers that use a
cross- 30 counter flow are a compromise between the two desirable characteristics of
effectiveness and simplicity more the number of times something is passed; the nearer one
gets to achieving a counter-flow economy [35].

1.2.4.4 Multipass shell and tube flow

Inside the identical HE, it is possible to combine parallel-flow and counter-flow
characteristics, such as tubes double back, either once more than once, within a single shell,
and the same impact may be obtained, with straight tubes, by the supply of appropriately
split headers. The U-tube, also known as the hairpin configuration, has the benefit of being
simple to create since it only requires one end of the shell to be perforated rather than both

[36]. Multipass shell and tube flow, as it is clear in Figure 1.11.
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Figure 1.11: Multipass STHE Flow Configuration [37].

An interface allows a HEs two working fluids to communicate and exchange information.
They may come into touch with one another in several different ways, which is why heat
exchangers could be categorized in several various ways. Sprays, films, matrix

arrangements, finned tubes, and plain tubes are many fluid-interface kinds [38].
1.4.3 Categorization Depending on the kind of Temperature Change Pattern

HEs can be classified into different kinds depending on the way temperature changes take
place [39]:

1.4.3.1 Single phase heat exchangers

Just heat in the form of latent energy is transferred across the single-phase boundary of a
heat exchanger. At no time is there any involvement of latent heat in this process. When it
exits the exchanger, the working fluid is in the same phase that it was in when it first entered.
Because of this circumstance, a discernible difference manifests in the temperatures of the
two streams. When leaving, the cold stream's temperature rises, while the hot stream'’s
temperature lowers to a similar level. Single-phase heat exchangers constitute the majority

of those observed in operational settings today [40].

1.4.3.2 Phase change heat exchangers

The exchanger may need to alter the working fluid phases in certain circumstances. In this

instance, there is also an involvement of latent heat, the isothermal nature of a stream is
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characterized by the fact that its temperature remains relatively constant regardless of its
phase. Phase change heat exchangers are the name given to this specific kind of heat
exchanger. The condenser and the evaporator, as well as the boiler, are all kinds of phase-

change heat exchangers [28].
1.5 PROBLEM STATEMENT

HEs, Important for a variety of industrial applications, facilitate HT between solid objects
and fluids, or amongst different fluids. A key challenge in this field is enhancing the
efficiency of these devices, particularly in energy-intensive industries. Market demands for
high-efficiency heat exchangers are pressing, necessitating innovative approaches to
optimize their performance. This study addresses the challenge by examining the effect of
surface area augmentation on HT. The focus is specifically on the implementation of a
helical coil on the outer shell of a STHE. This modification is hypothesized to significantly
reduce thermal losses to the atmosphere, thereby improving the exchanger's performance.
The research contrasts the thermal behaviors of a standard STHE with a modified version
that includes the helical coil, providing insights into the efficiency gains achievable through

this design innovation.
1.6 AIM OF THE THESIS

The primary aim of this thesis is to conduct a comprehensive investigation into enhancing
the efficiency of HT in a STHE by integrating a helical coil into its outer shell. Utilizing the
ANSYS simulation program, this research seeks to deepen the understanding of thermal
behaviour and fluid dynamics within the exchanger. The specific objectives are refined as

follows:
I. Optimization of Heat Transfer:

a. Employ numerical simulations in ANSYS to evaluate how different Reynolds numbers
within the pipe section influence heat transfer.

a. Analyse the impact of the helical coil on flow dynamics and its subsequent impact on
overall heat transfer efficiency.
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a. Establish a relationship between the variations in Reynolds numbers and the resulting
HT characteristics to identify the most effective flow conditions.

ii. Performance Evaluation:

a. Compare the heat exchanger's performance before and after incorporating the helical
coil to quantify the efficiency improvement.

b. Use data from ANSYS simulations to measure advancements in the exchanger's heat

transfer capabilities.

c. Evaluate changes in pressure drop, temperature profiles, and other critical parameters to

determine the enhancement's overall effectiveness.
iii. Effect of Flow Direction:

a. Examine the role of fluid flow direction in influencing mass flow rates and heat transfer

efficiencies.

b. Investigate how the introduction of the helical coil alters flow direction within the

exchanger and its effects.

c. Provide insights on how changes in flow direction can contribute to improved mass flow

rates and enhanced heat transfer efficiency.

By reaching these goals, the study hopes to make significant enhancements to the field of
designing and using heat exchangers , particularly in maximizing HT while minimizing

energy consumption and pressure losses in STHES.
1.7 THESIS LAYOUT

The recent thesis consists of five chapters with the following information distributions:

i.  Chapter 1: Presents basic information about HEs, their types, the issues addressed in

this study, the problem statement, and the aims and objectives of the search.

ii.  Chapter 2: Covers essential concepts of shell and tube HEs, including key equations
and a review of related literature to provide a background for the study.
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Chapter 3: Focuses on the theoretical analysis with a description of the model using
the ANSYS software, details about the mesh generation, and the equations used in the

analysis.

Chapter 4. Summarizes and analyses the data collected from the study, compares the

findings with other relevant research to put the results into context.

Chapter 5: presents a concise overview of the study's results and proposes

recommendations for further investigation in this field.
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2. LITERATURE REVIEW

2.1 INTRODUCTION

The energy Transfer can occur through three main mechanisms: radiation, convection, and
conduction. Heat transfer is a phenomenon that takes place whenever there exists a disparity
in temperature between two entities, and it proceeds in the direction of diminishing temp,
specifically from a great-temperature entity to a low-temperature entity. Despite the distinct
mechanisms and laws that govern the three modes of heat transfer, they may simultaneously
manifest in everyday processes, including the act of boiling water over an exposed flame
[41]. The formula for heat transfer can be mathematically represented as Q = m X ¢ X
AT, in this context, Q indicates the quantity of heat transmitted, m denotes the mass of the
item, c represents the specific heat capacity, and 4T indicates the temperature change. It is
understood that heat is a form of kinetic energy associated with the particles within a given
system. The temperature of a system has a direct impact on the kinetic energy of its particles,
increasing in kinetic energy as the temperature rises. This discussion delves into the heat
transfer equation and includes several fundamental questions. The process of moving
thermal energy from one object to another is known as HT, due to a temperature difference
between them, which is often the case when individuals possess varying body temperatures.
In the context of thermal dynamics, it is a commonly observed phenomenon that when object
A possesses a greater temperature than object B, there exists a transfer of thermal energy
from object A to object B until a state of thermal equilibrium is attained. This equilibrium is
characterized by the equalization of the temperatures of the two objects [42]. Figure 2.1

below illustrates a simplified representation of the heat transfer mechanism.
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HEAT TRANSFER

Figure 2.1: Heat Transfer [42].
2.2 METHODS OF HEAT TRANSFER

Heat transfer also takes place through three additional distinct processes. The three modes
of HT have been radiation, convection, and conduction, Figure 2.2 illustrates the heat

transfer concept [43].

Conduction Convection

Figure 2.2: Concept of HT [43].
2.2.1 Conduction

In this type of heat transfer, objects in contact with each other exchange both kinetic and
potential energy through a process known as conduction. Once a higher-temperature object
meets a lower-temperature object, over some time, the temperature of the higher-temperature
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object eventually reach equilibrium with that of the lower-temperature object. The process
of heat conduction, or the transmission of thermal energy that travels from a hotter to a colder
item, is responsible for this effect [44]. When different metals come into direct contact with
each other, they do not exchange heat since metals are efficient conductors. Instead, they
transfer an equal amount of heat through their surfaces when those surfaces have equal
temperatures. Gases and liquids also exhibit good thermal conductivity, albeit lower than
that of solids due to their free movement along their length, which solid materials do not

permit [45]. The equation for the HT through conduction is expressed as [46]:

dT
Jcond = —k - ix (2-1)

In this equation, g.onq represents the rate of HT by conduction, measured in Watts (W). The

variable k denotes the thermal conductivity of the material, expressed in Watts per meter-
Kelvin (W/m-K). It quantifies the material's ability to conduct heat. The term % is the

temperature gradient in the direction of HT, measured in Kelvin per meter (K/m). This

gradient is the rate of change of temperature with respect to distance in the material.
2.2.2 Convection

Convection is a process of heat transmission when objects in direct contact with each other
exchange either potential or Kinetic energy. When a hotter object contacts a cooler object,
over time, the temperature of the hotter object equalizes that of the cooler object. This
process occurs through convection or the HT from the greater temperature object to the lower
temperature object [47]. The equation governing heat transfer through convection [46]:

Geconv = h - A(Tgyrrace — Thinid ) (2-2)

In this convection equation, is the HT rate due to convection, measured in Watts (W). The
factor is the convective HT coefficient, in Watts per square meter-Kelvin (W/m?-K),
representing the effectiveness of convection per unit area and temperature difference. T tace
and Ty,;4 are the temperatures of the surface and the fluid, respectively, both measured in
Kelvin (K). The difference between these two temperatures drives the convective heat

transfer.
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2.2.3 Radiation

The convection is a heat transfer mechanism in which objects that are in physical contact
with each other exchange both potential and Thermal radiation refers to the mechanism
through which heat is exchanged between two bodies via the emission and absorption of
electromagnetic waves. This phenomenon arises once a great-temperature object emits
thermal radiation that is instantaneously absorbed by another object, increasing in the latter's
temperature. Radiative heat transfer exhibits omnidirectional characteristics, in contrast to

conduction and convection which are limited to unidirectional heat flow [48].

The equation governing heat transfer through radiation [46]:

Qraq = €0 - A(Tstrface F Tstrroundings ) (23)

In the Stefan-Boltzmann law, g,,q refers to the rate of HT by radiation, measured in Watts
(W). The variable € is the emissivity of the surface, a dimensionless factor indicating how
effectively a surface emits radiation compared to a perfect blackbody. The constant ¢ is the
Stefan-Boltzmann constant, valued at 5.67 x 10~8 Watts per square meter-Kelvin to the
fourth (W/m?-K*). It is a universal constant for blackbody radiation. Tgyface 3Nd  Toyrroundings
are the temperatures of the radiating surface and its surroundings, respectively, in Kelvin
(K). The fourth power of these temperatures is used in the equation, highlighting the strong

temperature dependence of radiative heat transfer.
2.3 SHELL AND TUBE HEAT EXCHANGER

A STHE consists of a cylindrical container that holds a collection of tubes, referred to as the
tube bundle. These tubes contain a fluid that is maintained at a particular temperature and is
submerged in another fluid with different temperatures. Thermal energy is transferred
between these two fluids because of disparities in temperature. The fluid that moves through
the tubes is often known as the "tube side" fluid, while the fluid that circulates outside the
tubes is commonly referred to as the "shell side” fluid. This arrangement facilitates efficient
thermal transfer between the fluids while also ensuring their independent flow routes [49].
STHEs, with their diverse structural variations, are widely recognized as the predominant
and extensively employed fundamental configuration of heat exchangers within process

industries. HEs are commonly employed in various industries, including nuclear power
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stations, and conventional and process industries. They are used for many things, like heat
feed water, making steam in power plants with pressurized water reactors, and cooling things
down. Additionally, heat exchangers find applications in alternative energy sectors such as
ocean, thermal, and geothermal energy systems. Furthermore, they are utilized in certain air
conditioning and refrigeration systems [50]. There are multiple reasons for the widespread
acceptance of this phenomenon. STHE offers a favourable proportion between the surface
area available for the HT and the volume and weight of the system. The surface is presented
in a manner that facilitates its manufacturing process across various dimensions, offering
relative ease and versatility. Moreover, it possesses mechanical durability that enables it to
withstand typical stresses encountered during fabrication, transportation, field assembly, and
regular operational conditions. Various adaptations of the fundamental structure can be
employed to cater to specific services. The STHES possess a convenient cleaning
mechanism, allowing for efficient maintenance. Furthermore, the components that are most
susceptible to malfunction, namely gaskets and tubes, could be readily replaced. There are
established design methods and ample resources worldwide for the successful design of heat
with tubes and shells [50]. Figure 2.3 displays the most basic configuration of a HE is
consisting of a STHE, wherein the upper portion of the shell is the entry point for warm
kerosene. Baffle plates serve the purpose of directing the movement of kerosene within the
heat exchanger's tubes, ensuring that it follows the intended route. Once the kerosene reaches
the necessary temperature, it discharges through the nozzle situated on the lower side of the
shell. Strategically positioned baffle supports along the brace and tubes further reinforce the
tube bundle, which is securely fastened between two tube sheets. The flow on the tube side
initiates from the bottom left section of the tube bundle and progresses towards the top left
section, with a horizontal baffle plate dividing the two flows on the tube side. This
arrangement is widely recognized as a 1-2 exchanger, indicating that the outer shell has one

flow while the inner tubes have two flows [51].
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N
Figure 2.3: An Example of a Fixed Tube STHE [19].

The reboiler depicted in Figure 2.4 illustrates the process of generating isobutene vapor
through the application of heat to liquid isobutene. The reboiler variant being referred to is
commonly known as a "kettle" kind reboiler due to the additional surface area located above

the tube bundle, which facilitates the separation of vapor.
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Diagram of Kettle Reboiler - TEMA K Shell

Figure 2.4: A U-Tube Kettle Kind Reboiler [19].

Another arrangement involves installing a STHE vertically next to the processing tower. The
thermal energy of steam facilitates the separation of liquid propane and propylene in this
setup, creating a two-phase mixture that includes both liquid and gaseous phases. This
configuration is frequently observed within the gas processing sector. The supports of the
exchanger should be meticulously designed due to the thermal expansions of the tubes [52].
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2.4 CLASSIFICATION OF SHELL AND TUBE HEAT EXCHANGERS

One of the criteria for classifying HE depends on the design of the STHE configuration [53]:

2.4.1 Fixed Tube Shell and Tube Heat Exchanger

The tubes of a fixed-tube sheet HE elongate and securely connect to the carapace at both

ends via tube sheets connected to the tube. The system components may consist of

detachable channel covers, bonnet-style, or tube sheets that are an integral part of the
structure [54].

2.4.1.1 Advantages

The primary benefit of utilizing the fixed tube sheet configuration lies in its cost-
effectiveness, which is attributed to its straightforward design. The fixed tube sheet is
considered the most cost-effective construction method, assuming that no expansion

joint is necessary.

The tubes have the potential to undergo mechanical cleaning following the elimination

of the channel cover or bonnet.

The occurrence of fluid leakage on the shell side is reduced due to the absence of flanged
joints. Additionally, this configuration necessitates a lower number of gaskets compared

to alternative configurations [55].

2.4.1.2 Disadvantages

One drawback of this design is that due to the fixed attachment of the bundle to the
shell, the external surfaces of the tubes are not amenable to mechanical cleaning.
Therefore, the scope of its implementation is restricted to sanitary services within the
shell domain. Nevertheless, if an effective chemical cleaning program could be
implemented, the fixed-tube sheet architecture is selected for fouled activities on the

shell side.

In situations where there is an essential temperature difference between the tubes and

the shell, the tube sheets may not be able to effectively manage the resulting stress
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differential. Consequently, the inclusion of an expansion joint becomes imperative.
This essentially diminishes the cost advantage.

Iii.  The absence of an expansion joint limits the maximum variation in temperature between
fluids to roughly 200 °F [55].
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Figure 2.5: A Fixed Tube Sheet STHE [56].

This type of HT derives its name from the characteristic U-shaped configuration of its tubes.
A U-tube heat exchanger typically employs a single tube sheet. Nevertheless, the extra
expenses accrued throughout the tube bending procedure and the marginally increased shell
diameter due to the modest U-bend radius counterbalance the cost benefits linked to
employing a solitary tube sheet. Figure 2.6 illustrates a U-tube STHE [57].

dudyr _s_‘t.\\,..c’:’:r"‘o..- MU", '

Figure 2.6: A U-Tube STHE [58].
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2.4.1.3 Advantages

a.

The U-tube HE offers the benefit of allowing the bundle to expand or contract

depending on stress differentials, due to the presence of one free end.

The external surfaces of the tubes are capable of being cleaned due to the removable

nature of the tube bundle.

The cost of this kind of exchanger is lower compared to a fixed tub or floating head
exchanger. Additionally, the need for an inner gasketed joint is dismissed.
Furthermore, the tube bundle can be easily removed and replaced [59].

2.4.1.4 Disadvantages

a.

One drawback of the U-tube structure is the limited effectiveness of cleaning the
interior of the tubes, as the U-bends necessitate the use of flexible-end drill shafts for

thorough cleaning.

U-tube HE is not suitable for applications involving the circulation of contaminated

fluids within the tubes.

The utilization of U-shaped tubes findings in a decrease in the number of tubes that
could be installed. Additionally, the tubes are not capable of being replaced
individually [57]

2.4.2 Floating Head STHE

The conventional STHE has several variants, one of which is called a Floating Head STHE.

The "floating head" design is what sets it apart from similar products on the market. Because

this structure includes a floating tube sheet, one end of the tube bundle that is contained

within the cylindrical shell has the ability to move. This mobility is a practical solution that

accommodates thermal expansion and contraction of the tubes, which is vital for effective

and dependable heat exchange. Specifically, this mobility allows the tubes to expand and

contract as the temperature changes., Figure 2.7 depicts the TEMA shell configuration, a

significant aspect of our discussions [60].
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2.4.2.1 Advantages

a. The system exhibits the capability to effectively manage fluids that are contaminated and
possess great temperature differentials.

b. Both the head and tubes of the system could be thoroughly cleaned.

c. Itis possible to remove and substitute individual tubes [61].

2.4.2.2 Disadvantages

a.  Fixed tube HEs are associated with lower costs compared to their counterparts.
b.  The increased number of gaskets in fixed tube heat exchangers could potentially lead

to leakage issues [62].
2.5 KINDS OF FLOATING HEAD CONSTRUCTION

There are several variations of floating-head construction. The following are the two
prevalent ones [19]:

i. Pull-through with backing device (TEMA S)

ii. Pull through (TEMA T).

2.5.1 Classification Based on Service

Heat exchangers made of tubes and shells could be categorized into various kinds depending

on their respective functions [63]:

a. A reboiler is a specific category of heat exchanger utilized in distillation columns to
facilitate the heat transfer to a liquid, resulting in the generation of a two-phase gas-liquid

mixture.

b. Thermosiphon A reboiler is a particular kind of HE that facilitates the natural circulation

of a boiling fluid through the utilization of a static liquid head. 45 c.

c. A forced circulation reboiler is a kind of reboiler that employs a pump to facilitate the
movement of liquid through the heat exchanger, thereby transferring heat to the

distillation column.

d. A condenser is a kind of HE that facilitates the condensation process by extracting heat
from the vapours of a liquid.
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e. A partial condenser is a kind of heat exchanger that is specifically engineered to achieve
partial condensation of gas, to transfer heat to another medium to meet specific process
requirements. The residual gas undergoes recirculation and recycling by passing through
a heater. One prevalent utilization of a partial condenser in a distillation column involves

employing surplus steam to elevate the temperature of a process fluid.

f. The final condenser is a HE that facilitates the condensation of all the gas while
transferring all the heat to another medium.

g. A steam generator, also known as A heat exchanger, is equipment that generates steam,
and it most commonly takes the shape of a boiler, to supply energy for the specific needs
of a given process. One prominent illustration is the traditional steam locomotive,
characterized by its HE with a shell and tube configuration that is affixed to a mobile
platform, enabling the utilization of steam as a propulsive force for the locomotive. The
unit in question is a vessel that has undergone the process of firing, and its design is not
subject to regulation under Division VI1II of the ASME Section.

A vaporizer is a device that facilitates the complete or partial vaporization of a liquid.
A chiller is a heat exchanger that facilitates the cooling of a process medium through
the utilization of a refrigerant, or by employing cooling and heat mechanisms with
minimal or negligible phase alteration [64]. Figure 2.7 displays the TEMA shell

configuration.
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Figure 2.7: TEMA Shell Configuration [63].
2.6 HELICAL COILS

Extensive literature supports the idea that heat transfer rates in spiral coils exceed those in
straight tubes. As a result, spiral coil heat exchanger finds widespread use across multiple
industrial sectors, such as the food industry, refrigeration, heat recovery systems, process
plants, nuclear industry, and power generation. This popularity stems from its compact
structure and significantly higher heat transfer coefficients [65]. HEs with helical coils are
often used in systems that get rid of leftover heat in nuclear reactors that are either on land
or on a barge. These systems harness nuclear energy for seawater desalination. The study

conducted by [66] changed several process parameters to see how they affected the
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performance of a system that uses a "helically coiled heat exchanger" to get rid of residual
heat [67].

2.6.1 Definition of Terminology for Helically Coiled Pipes

The helical coil's schematic is shown in Figure. 2.8. The pipe is 2r in diameter inside.
2R, (estimated between the centers of the pipes) is used to denote the coil diameter. The
pitch is the separation of two neighbouring turns. Pitch circle diameter is another name for
coil diameter. The curvature proportion, or r/Rc, is a proportion of pipe diameter/coil
diameter. Nondimensional pitch, 4, is the proportion of pitch to the evolved length of one
turn (H/2 zRc). Think about the coil's projection on a plane that passes across its axis. The
helix angle, ¢, is the angle formed by one turn of the coil projected onto a plane perpendicular
to the axis. Consider any pipe cross-section produced by a plane running across the coil axis.
The pipe wall side closest to the coil plane is commonly referred to as the internal side of
the coil, while the pipe wall side that is further away is known as the external side of the coil.
Dean number is utilized to describe the flow in a helical pipe, much as the Reynolds number
is for describing flow in pipes. Figure 2.8 presents the fundamental helical pipe geometry
sketch [68].

2Rc

- -

Figure 2.8: Sketch of FUNDAMENTAL HELICAL PIPE Geometry [68].
2.6.2 The Transfer of Flow and Heat in a Single Phase

Single-phase flow and HT are essential to fluid dynamics and thermal physics, with many
engineering applications. Understanding these processes improves efficiency and safety in

aircraft, automotive, energy, and manufacturing. Single-phase flow moves a homogenous
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liquid or gas. Pipelines, cooling systems, and heat exchangers use it to ensure efficient and
cost-effective procedures. Single-phase flow involves fluid dynamics, flow regimes (laminar
and turbulent), and accurate flow measurement for monitoring and control. For efficient
cooling, heat, and energy systems, heat transmission is essential. Conduction, convection,
and radiation are used in insulation, heat exchangers, and solar energy harvesting [69].
Yamamoto et al.[70] Employing experimental methods, this study investigated the influence
that torsion has on the flow of fluid inside a helical tube that has a circular cross section. The
Reynolds number range covered by the research was around 500-20,000. The research of
fluid flow through curved tubes holds significance within the medical field due to the
prevalence of curved arteries [71]. Figure 2.9 illustrates the fundamental helical pipe

geometry.
2.7 THEORETICAL BACKGROUND

The concentrated tube HE has become known as a prevalent example of the conductive-
convective heat exchanger category. Parallel flow is characterized by the entry of both fluids
into the concentrated HE tube from the same sides and their subsequent flow in the same
directions. In contrast, counter flow is characterized by the entry of both fluids from opposite
sides and their subsequent flow in opposite directions. The prevailing assertion posits that
the counter flow configuration exhibits greater efficiency compared to the parallel flow
configuration. The focus of this analysis is on a heat exchanger with two pipes. The equation
that represents the HT rate at a specific distance x along the tubes connecting the hot and

cold fluids is expressed as follows:
qx = UA (Th - Tc) (2-4)

A is area for transmission of heat that conforms to the definition of U, Th is temperature of
hot fluid; Tc is temperature of cold fluid; U depends on either the inner or exterior area of
the tube, the total HT coefficient. Indeed, it is observed that the temperature of both the cold
and hot fluids undergo variation along the length of the tube. Hence, to determine the HT
between the two fluids, it is necessary to integrate the equation 2.4 over the range of both

inlets and outlets situations, resulting in the following expression:
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where AT, is the average temperature variation across the heat exchanger, and it could be
specified as:

ATin — ATout

ATlm - In (ATin / ATout)

(2.6)

The temperature variance discussed here is commonly referred to as the log mean
temperature difference (LMTD), which holds true for both flow conditions. The derivation
presented above is based on two major presumptions: firstly, that the specific heats of the
fluid do not change with temp, and secondly, that the coefficients of heat transfer for
convection remain constant across the entire exchanger. The second hypothesis can be
affected by factors such as entrance impacts, variations in fluid viscosity, and alterations in
thermal conductivity. The quantification of heat loss resulting from the flow of hot fluid
within the internal tube could be ascertained by employing the following methodology [71].

Whereas:
Qh = mh Cph( Thin _Thout ) (2-7)

™y, is mass flow rate of hot water,c,, is specific heat of hot water, Ty;, is temperature of
hot fluid at entrance, Ty, 1S temperature of hot fluid at exit. In a similar vein, the thermal
energy acquired by the colder fluid as it traverses the region between both the interior and

exterior pipes could be determined through the application of appropriate calculations.

qc = Mg Cpc (Tcin - Tcout) (2.8)
Where m, is mass flow rate of cold water, Cpc is specific heat of cold water.

Tc;, is temperature of cold fluid at entrance, Tc,,,; is temperature of cold fluid at exit. If the
rate of heat transfer g is smaller than the HT rate @y, it can be inferred that a certain amount
of heat is dissipated through the insulating material into the surrounding air. This occurs
while the exterior surface of the concentric tube remains thermally insulated. Hence, the
effectiveness could be derived from [72].

n=41%x« (2.9)

dH

Where the effectiveness of an exchanger for heat is characterized as follows:
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actual heat transfer
£= (2.10)

~ Maximum Possible Heat Transfer

where the determination of the actual heat transfer value can be achieved by evaluating the
energy dissipated by the hot fluid using the equation (2.7), or by determining the energy
acquired by the cold fluid using the equation (2.8). Given that the energy acquired by the
cold fluid is dissipated to the ambient air via the insulating material, it is more advantageous
to replace the energy lost by the hot fluid with the actual heat transfer magnitude in the
equation (2.10). To ascertain the upper limit of the HT for the HE, one of the fluids must
experience a temperature alteration that corresponds to the maximum temperature
differential observed within the HE. This differential is defined as the disparity between the
temperatures of the hot and cold fluids upon entering the HE. Similarly, the fluid possesses
the lowest value of mass flow rate multiplied by specific heat capacity (mcp). Therefore,

the expression for the maximum potential heat transfer could be derived as follows:
Qmax = (mcp)mm (Thin =5 Tout) (2-11)

The determination of the minimum fluid can be influenced by factors such as mass flow rates
and specific heats. Consequently, the efficiency () is subject to variation based on these

considerations.

IH_ 5 100% (2.12)

Amax

)
I

2.8 LITERATURE REVIEW

Crossflow heat exchangers employing an elliptical tube arrangement exhibit enhanced heat
transfer surface area in comparison to those utilizing a circular tube arrangement. As a result,
these interactions have received much attention recently. However, while improved HT can
be beneficial, it often results in the pump's increased electricity usage. Hence, it is crucial to
strike a balance between improving HT efficiency and reducing the energy consumption
required by the pump [73]. Empirical research is often characterized by its time-consuming
nature and high costs, making it unsuitable for conducting a comprehensive analysis of
factors in heat exchanger prototypes [74]. Researchers have widely documented the use of
modeling and simulation techniques for HEs in the scientific literature [75]. Considerable
research has focused on comprehensively documenting the performance of HE designs
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across various domains and applying them in engineering processes to achieve the most
effective modeling methods [76]. Zaversky et al. [77] introduced a meticulous modelling
approach for this category of heat exchangers. Hence, in addition to empirical research,
various computational methods are extensively employed to assess the attributes of HEs
[74]. Boukhadia and Karima [78] demonstrated that the utilization of perforated fins, as
opposed to plain fins, leads to an augmentation in the Nusselt number and convection
coefficient HT.

Improving heat transfer is a critical element in enhancing the efficiency of STHE. To
understand the mechanisms of HT and fluid flow within these systems, it becomes necessary
to examine both the HT and pressure drop attributes. Xie et al. [79] demonstrated that HT
rates are increased in dimer tubes compared to normal tubes. These findings suggest that the
increased HT rates in dimer tubes can effectively enhance the performance of the HT. In
their study, Matos et al. [80] performed a comparative analysis of 12 elliptical and circular
tubes across a spectrum of Reynolds numbers spanning from 300 to 800. The utilization of
elliptical tubes resulted in a heightened efficiency, leading to a 20 percent increase in HT.
This reduction in the fouling rate resulted in an increase in the HT area and a decrease in
pressure drop. The HT and flow properties of single cam-shaped tubes were investigated in
[81]. In a study performed by Moawed [82], empirical research was performed to analyse
the phenomenon of forced convection occurring on the outer surface of spiral tubes. Rosen
and Dincer (year) demonstrated that smaller variations in temperature in heat exchangers
can be achieved, and increasing the efficiency of HEs helps to mitigate temperature
degradation. A mixture of multiple shell-pass STHX of different kinds was patented and
empirically and numerically analysed by Mroue and Hassan [83]. The current design exhibits
numerous enhancements in comparison to its predecessor. The outer shell passes had been
designed with a series of uninterrupted helical baffles, while the internal pass was equipped
with alternative kinds of baffles. The positioning of the external and internal shell-pass
baffles does not necessarily have to be fixed on the same helical surface, as the existence of
inner sleeve tubes allows for flexibility in their placement. The exterior and interior shell
passes are seamlessly combined at one extremity of the shell side. One design involves the
concurrent flow of the working fluid through each of the external and internal shell passes,
referred to as a parallel combined multiple shell and tube HE. In contrast, another design

entails the sequential flow of the working fluid through the external and internal shell passes,
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known as a series, mixed multiple STHX. Debnath and Pradhan [84]investigated heat
transfer enhancement through the integration of a helical pipe exchanger into the outer shell
of a STHEs encompass a multitude of facets, including the choice of material, design of
baffles, assessment of pressure drops, and enhancement of HT. The consistent alignment
between the numerical results obtained by Chen and Wang and existing experimental studies
confirms the reliability and validity of their computational model. This represents a major
step forward in understanding turbulent convection heat transfer inside spiral tubes. Pawar
et al.[85] performed an empirical study on HT of Newtonian and non-Newtonian fluids in
turbulence using three coiled tubes of varying curvatures (0.0757, 0.0064, and 0.0757).
Furthermore, the study obtained correlations between Nusselt numbers and friction factor.
Additionally, it has been detected that the total HT coefficient transfer reduced as the coiled
diameter increased, while maintaining an identical velocity. Nada et al. [86] started a
numerical study to find out how secondary flow patterns affect HT while studying the details
of laminar flow through helically coiled tubes. Their research focused on the fully developed
and inlet parts of helical coils and showed that secondary flow has a big effect on how heat
moves through them. Notably, the empirical data obtained from their investigation
confirmed the predictive outcomes and further proposed a theoretical relationship between
the Nusselt numbers. In a similar vein, Kumar and Manish [87] performed numerical studies
on the HT properties of fully evolved laminar flow inside helically coiled tubes. Their
research showed that secondary flow weakens when a fluid cools, which may be due to the
fluid's temperature-dependent viscosity, leading to relatively lower Nusselt numbers.
Moawed [82] performed empirical research to examine the impact of various structural
variables on HT by forced convection in helically coiled tubes. The study's findings suggest
that there is a positive correlation between the Nusselt number and the P/d0 ratio, while
keeping the D/d0 ratio constant. Wang and Guanghui et al. [88] performed empirical
research on the performance of HT within the shell side of a helically coiled HE tube.
Furthermore, the study examined the impact of various structural variables, such as axial
spacing, radial spacing, and coiling angle, on the HT coefficient transfer of the shell side.

Furthermore, researchers extracted experimental correlations of the Nusselt number by
fitting them to the experimental data by Wang, Karen Lee [89] conducted a numerical
analysis focusing on spirally wound HE tubes, exploring the influence of various structural

properties Anusha et al.[90] Focus on enhancing HT efficiency and speed through the design
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of STHEs, with particular emphasis on barrier design. Initial research focuses on heat
exchangers' effects from spiral wire inserts with consistent geometric properties. These
studies include straight and helical tubes. Furthermore, Anantha et al. [91] provides
significant insights regarding the enhancement of HT in double-pipe HES, encompassing the
implementation of compound HT enhancement techniques and the utilization of helical
baffles. The second research area examines spiral wire qualities, particularly non-uniform
geometric attributes, in straight tubes. Few research has focused on helical tubes in this
context. To understand the thermal behaviour of helical tubes, specialist investigations that
explicitly examine spiral wire geometric qualities are needed. The flow properties and
amount of helical and straight tubes differ greatly. To increase the efficiency of HT in helical
HEs, a special turbulator called a spiral wire can be simply put into the tubes. Therefore, it

is crucial to study how spiral wire geometry affects helical HE thermal efficiency [92].

The correlation between the HT coefficient transfer gained through numerical calculation
and the empirical data was found to be consistent. Salimpour [93] conducted experiments to
determine the optimal curvature and pitch of spiral-wound tubes for optimal HT in HEs,
Kiiciik, Hasan et al. [94] The research looked at both straight-through and cross-current
arrangements. Assuming a constant wall temperature and counter-current flow, numerical
computations yield an empirical formula for the tube-side and shell-side HT coefficients for
small De. The empirical equation for parallel flow tends to underestimate the observed
coefficients. Furthermore, researchers developed correlations to estimate HT coefficients on
both the shell and tube sides. Salem et al.[95] colleagues conducted research to explore the
effect of torsional curvature on HT and fluid dynamics inside a helically coiled tubular HE.
The research also demonstrates that thermal transfer is directly affected by operating
parameters and warping curvature. As the tube or shell's radius of curvature shrank, the
Nusselt number increased. Both the shell and tube sides of the spiral wound tube HE provide
average or typical values of the Nusselt number and coefficient of friction. Naphon and
Wongwises [96] investigated the thermal transfer coefficient in a helically coiled tube when
subjected to chilling and dehumidification. The lack of a HT correlation coefficient
determined, especially for the spirally coiled tube configuration, prompted us to conduct this
investigation [97]. To fill this knowledge gap, the researchers used mathematical models and
empirical methods. The results show that the developed model's results are generally

consistent with the empirical results. Excellent thermal performance, simplicity of
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manufacture, and a space-saving shape make helical tubes a popular choice for use in curved
heat transfer. These kinds of heat exchangers find wide application in various industries and
processes, including heat recovery, refrigeration, nuclear industries, food processing, and
power generation [98], [99]. Among the various techniques available for enhancing HT, both
active and passive, the utilization of turbulators stands out as a particularly practical and
cost-effective approach to HT improvement. The utilization of helically coiled wires in HT
instruments is greatly advantageous due to their straightforward assembly and production
methods. The implementation of wire coils as turbulators has been observed to significantly
enhance the HT rate. By creating turbulence disruptions in the boundary layer's progression,
this is possible. The implementation of turbulators results in a decrease in the tube's cross-
sectional area, thereby leading to an increase in the average velocity of the fluid flow.
Consequently, this results in a rise in the temperature gradient and the effective axial
Reynolds number. These phenomena have the potential to induce a transition from laminar
to a turbulent flow system, as well as an increase in turbulence intensity. Therefore, this
leads to enhanced momentum and heat flux transfer, as well as improved mixing processes
within the boundary layer. Ultimately, these effects contribute to an increase in the HT

coefficient transfer [100].

The subsequent examinations pertaining to helical tubes or spiral wires are succinctly
outlined. The working fluids employed in the empirical had been water propylene glycol and
water. They considered both turbulent and laminar flow systems. Adding helical wire coils
to circular tubes does not substantially change heat transmission in low Reynolds number
activities, according to the study. The study observed a 200 percent increase in HT rate in

the transient flow regime compared to the smooth tube.

Balaji et al.[101] used spiral wire inserts. Empirical analysis was used to look at collectors'
HT and pumping power. Better thermal transfer mechanisms, such as wire-coil inserts, were
investigated by Hobbi and Siddiqui [102] for their potential effect on flat-plate solar
collectors. Their research shows that a flat-plate solar collector's rate of HT does not
significantly benefit from the usage of such devices when mixed convection and free
convection are the dominant modes of convection. In their study, EI Maakoul and Anas, et
al [103]. Conducted a comprehensive empirical investigation. Their study aimed to assess

the effect of this novel heat transfer augmentation approach on the total heat exchange
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process. The analysis revealed a significant enhancement in HT efficiency with the
incorporation of the helical pipe exchanger.

Lokhande and Atharva[104], also in [105] performed an empirical analysis to examine the
phenomenon of producing entropy and the improvement of HT in a circular straight tube
that was equipped with coiled-wire inserts featuring a triangle with an equilateral cross
section. Moreover, Patel and Sharma [106] conducted a numerical analysis on the same
subject. They explored the intricate fluid dynamics and HT characteristics associated with
this novel configuration. Their results confirmed the feasibility of enhancing HT efficiency

through the inclusion of a helical pipe exchanger in the outer "shell of the STHE:s.

In the most recent research performed by Mashoofi et al. [107], the researchers examined
the impact of helical wire insertion on the thermal characteristics of "tube-in-tube-helically
coiled tube HEs". While there exists a considerable body of research on the impact of spiral
wire turbulators, there remain certain areas that require more study. This research could be
categorized into two distinct groups. Two categories of case studies have been conducted to
investigate the thermal behavior of HEs with spiral wires. The first group includes studies
that only look at how the consistent geometric properties of spiral wires affect HEs, which
can be either straight or helical tubes. In the second category, researchers consider various
properties of spiral wires, including non-uniform geometrical properties, but limit their
investigations to straight tubes. Remarkably, there have been relatively few studies carried
out on helical tubes in this context. To comprehensively understand the thermal properties
of helical tubes, it becomes imperative to undertake dedicated investigations that specifically
explore the influence of the geometric features of spiral wires. This necessity arises from the
significant disparities in both flow quality and quantity between helical tubes and straight
tubes. Additionally, spiral wires represent the sole type of turbulator that can be readily
incorporated into helical tubes to enhance HT rates in helical HEs. Consequently, it is of
utmost importance to analyze the influence of the geometric properties of spiral wires on the

thermal efficiency of helical HEs.
2.8.1 The Experimental Study

Boomsma et al., [108] performed empirical using water as a basis for estimating the
performance of HEs when utilized with a solution consisting of 50 percent water and
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ethylene glycol. Metallic foams with a mean cell diameter of 2.3 mm were produced using
aluminum alloy (6101-T6). These foams were then compressed and shaped into compact
HESs with dimensions of (40x40%2 mm) and a surface area/volume proportion approximately
equal to (10,000 m?/m3). The specimens were subjected to a convection apparatus setup,
with water serving as the coolant. The heat fluxes observed at the interface between the
heater and foam material exhibited a maximum value of 688 kW/m?. This value correlated
to a Nusselt number of up to 134, After careful deliberation, the dimensions of the heater-
foam interface were determined to be 1600 mm?, with a coolant flow velocity of
approximately 1.4 m/s following Darcian principles. The heat exchangers made of
compressed open-cell aluminium foam exhibited thermal resistance of approximately 2-3

times lower than those of the most efficient alternatives.

Sahiti et al.,[109] provided evidence to support the superiority of the suggested method for
exchange upgrades over existing strategies. The findings indicate that the suggested method
leads to an essential increase in both the exchange area of pin fins and the HT coefficient
exchange. The work demonstrated notable advancements through the implementation of

small cylindrical rods on the heat exchangers surfaces.

Wang et al., [110] performed empirical research on a STHE. The researchers employed
sealers to obstruct the spaces between the baffle and the shell. The closure of small gaps on
the shell side leads to an essential enhancement in the HT coefficient, resulting in an increase
ranging from 18.2 to 25 percent. Moreover, this improvement in HT extends to the total HT
coefficient transfer, which experiences a boost ranging from 15.6 to 19.7 percent.
Additionally, the closure of these gaps has a positive impact on the exergy effectiveness,
leading to an increase ranging from 12.9 to 14.1 percent. The losses in pressure exhibit an
increase within the range of 44.6 to 48.8 percent. However, the corresponding increase in

pump power may be disregarded when compared to the rise in "heat flux".

Qasim et al., [111] tested a HE in a lab. The HE had wire coils in different-pitch tubes. The
Reynolds number was gradually changed from 5000 to 4000. The exchanger used water in
counterflow on both sides. The results indicate that heat transmission and friction factors
increase with coil intensity or coiling pitch. Wire coil performance improves more at lower
Reynolds numbers than at higher Reynolds numbers. Nusselt number rises to a maximum of

2.43 inside Reynolds numbers. Friction increases 4.75-fold with this increment.
37



In their Santhosh Cibi et al., [112] investigated the utilization of a system comprising a HE
made up of a shell and tube. The graphite powder is combined with water to create a graphite
aqueous solution. The solution is prepared by incorporating varying weight percentages
(0.025, 0.05, and 0.075) of the graphite in water. The mass flow rate of the hotter fluid
remains constant at 1 LPM, while the mass flow rate of the cold water varies between 1 and
5 LPM. The findings of the study indicate a positive correlation between the amount and
thermal conductivity, whereby an increase in amount leads to an increase in thermal
conductivity. By incorporating varying weight percentages of 0.025, 0.05, 0.075, the thermal
conductivity of the substance is expected to decrease within the range of 1.8, 3.2, 4.3, which
is essentially greater than that of water, which stands at a mere 0.618W/m. k.

2.8.2 The Numerical Study

Vijay et al., [113] developed a HE and performed empirical testing. The internal tube of the
HE had been engineered to be corrugated and twisted, while the exterior tube remained a
standard, non-modified tube. The numerical analysis performed using ANSYS FLUENT
14.0 software revealed that the rate of HT and distribution of temperatures are higher in
corrugated twisted tubes compared to normal tubes in HE.

Shweta et al.,[114] performed a comparative analysis of a water/water HE made of shells
and tubes. The objective was to assess the HT coefficient transfer and pressure decrease
across a range of mass flow rates and temperature outlets. To achieve this, the researchers
employed the Kern, Bell, and Bell Delaware methods. The results suggest that there is a
direct relationship between the HT coefficient transfer on the shell side and the mass flow
rate in all three approaches. However, the Bell Delaware method demonstrates a greater HT
compared to the other two methods. Furthermore, it has been detected that the pressure on
the shell side exhibited an essential and rapid increase as the flow rate increased. Notably,
this increase was found to be more pronounced in the Bell Delaware technique in comparison

to other methods.

Tyagi and Kumar [115] performed theoretical research on the impact of fin tube thickness
on mass and temperatures as well as flow rate. The ANSY'S software is utilized in the process
of carrying out the CFD analysis. The study examined the effects of three different materials
(copper, aluminium, and steel) on various outcomes. It has been detected that there were

minimal changes in weight and speed as the thickness of the blade increased. Additionally,
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it was found that the copper and aluminium materials experienced greater temps at the outlet
compared to steel. once the thickness of the balance is increased, the temperature of the cold
liquid at the outlet of the HE also increases. By reducing the mass flow rate, the temperature

value increases.

Sekhar et al., [116] performed numerical research on the differences in pressure drop in a
multi-tube pass STHE. Additionally, they gained the HT coefficient transfer. The pressure
drops for a HEmade of tubes and shells with 1, 2, 4, and 6 tube passes were determined using
the "C PROGRAMING" language and subsequently compared with values obtained from
the "Bell Manual Method." The study determined that a 4-tube pass configuration is
preferable to a 6-tube pass configuration because the former exhibits a lower pressure drop,
which falls within the acceptable range.

Nawaz and Sultan [117] conducted an experimental study of a double-pipe HE, comparing
convex and concave corrugated-tube designs for heat transmission and pressure drop. The
corrugation process involved the utilization of a specialized machine to create ridges on both
the exterior and interior of the tubes. The coefficient for convective HT has been identified
through the utilization of Wilson plots.

Shinde Digvijay and Dange [118] performed an analysis of exergy on a STHE consisting of
a corrugated shell and tube. The primary goal of this research is to provide empirical
evidence for how external tube (shell) corrugations affect the rate of HT, the size of the
energy loss, and the number of HT units in a STHE. Different configurations of convex and
concave corrugated tubes were also examined. The findings indicate that employing a
corrugated "tube in a shell and tube HE " leads to a dimensionless exergy loss increase
ranging from 4% to 31%. However, when both the "shell and tube™ are corrugated, the
dimensionless exergy loss experiences a more substantial increase, ranging from 17 to 81
percent.

When comparing the effects of corrugation on a smooth tube versus a smooth shell, it is
observed that the Number of Transfer Units increases by approximately 12 - 19 percent when
only the tube is corrugated. However, when both the tube and the shell are corrugated, the
NTU increases by approximately 34% - 60 percent. Therefore, the HE composed of a

corrugated tube and corrugated shell yielded the greatest NTU value.
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Date and Khond [119] performed empirical research focused on the HT dynamics within a
cone-shaped helical coil HE. The researchers also performed a comparative analysis of HT
between a cone-shaped helical coil HE and a conventional helical coil HE. To conduct a
comparative analysis, the researchers utilized two kinds of coils. The first coil had an outer
diameter of 9.53mm, an inner diameter of 8.41mm, and an axial length of 6096mm. This
coil consisted of 7 turns. The second coil, known as a conical coil, also had an outer diameter
of 9.53mm and an inner diameter of 8.41mm. However, it had a longer axial length of
6096mm and consisted of 10 turns. The conical coil had a cone angle of 65 degrees. The
empirical is performed using various flow rates, and subsequent calculations are executed.
According to the study results, the HE with a conical coil shows superior efficiency
compared to the HE with a standard spiral coil. Spiral-cone HEs exhibit higher Nusselt
numbers than their straight-walled counterparts, indicating improved HT capabilities. This
study revealed that a conical spiral coil facilitates faster HT compared to a standard spiral
coil. A conical spiral coil facilitates HT 1.18 to 1.38 times greater than a regular spiral coil.
Perumal et al. [120] performed a comprehensive review of advanced methodologies aimed
at improving the efficiency of HT processes. There are primarily two techniques: active
methods and passive methods. The researchers performed analysis and empirical research
on various methods, including coiled tubes, swirling flow devices, rough surfaces, and
treated surfaces. Research has demonstrated that the HT rate of improved methods surpasses
that of a plain tube. The findings obtained from the modelling and empirical analysis indicate
that an elevation in turbulence intensity may contribute to the enhanced performance
observed in augmentation techniques applied to plain tube HEs. By comparing the HT
coefficients of corrugated tubes, dimpled tubes, and wire coils with those of plain tubes, it

becomes clear that modified surfaces exhibit higher HT coefficients.

Ghorbani et al., [121] studied mixed convection HT. The study examined a wide variety of
configurations, including different ratios of tube and coil diameters and dimensionless coil
pitches, as well as different values for the Reynolds and Rayleigh numbers. The main goal
of this study was to find out how different factors, such as "tube diameter, coil pitch, shell-
side mass flow rate, and tube-side mass flow rate”, affect the performance and overall
efficiency of vertical helical coiled tube HEs. The steady-state conditions were estimated,
and subsequent empirical studies of turbulent and laminar flow phenomena within the coil

were conducted. Researchers found that the HEs axial temperature profiles were
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significantly affected by the mass flow rate's distribution between the shell and tube sides
[122]. Table 2.1 presents a concise summary of the literature review, highlighting key

findings and insights gathered from various studies.

Table 2.1: Summary of Literature Review.

No

Authors

Kind of
Research

Finding

Boomsma et al.,
[109]

Empirically

At a coolant velocity of 1.4 m/s, the
compressed open-cell aluminum foam HEs
produced thermal resistance that was 2-3
times lower than the optimum

Sahiti et al, [110]

Empirically

Considerable enhancements were
demonstrated in the work by using small
cylindrical pins on HE surfaces.

Wang et al., [111]

Empirically

Enhance both the HT coefficient and the
overall HT coefficient.

Chinaruk et al.,
[124]

Empirically

At Re =12000 — 24000, detected that the HT
coefficient transfer and factor of friction in
the blended devices increases as the twist
proportion (y/w) and pitch proportion (PR)
reduce.

Qasimetal, [112]

Empirically

At the condition [Re=5000-40000, m=0.1-
0.15 kg/s, Thi=60-70°C, Tci=20°C].
Improvement by wire coils is greatly
effective at low Reynolds number
magnitudes than great magnitudes, Re =
5000 —40000.

Vijay et al, [114]

Numerically

At [Thi=100°C, Tci=30°C] the distribution
of temperature and HT rate was better in the
corrugated twisted tubes than in normal tubes
in HEs.

Shweta et al.,
[125]

Numerically

At [Re = 200-400, m=0.01-0.04 kg/s] the HT
specified by Bell and Kern techniques is
lower than the Bell Delaware technique

Resat et al., [126]

Numerically

Genetic algorithms (GA) were effectively
applied for the optimum HE design.

Tyagi and Kumar
[116]

Numerically

At the condition [Re = 1000-1500, Tin = 313
k, m=0.320 kg/s]. Once the fin thickness
increase, the temperature of the cold fluid at
the external of the HE increases.
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Table 2.1: Summary of Literature Review “Table Continued”.

B. Chandra et al.,
[117]

Numerically

At the situation, [Q oil=43.33 m3/hr, Q
water = 200 m3/hr. Tiw= 32°c]. The analysis
suggests that a 4-tube pass configuration is
more favorable compared to a 6-tube pass
configuration since the estimated pressure
drop for the former is lower than its
permissible pressure drop.
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3. NUMARICAL ANALYSIS

3.1 INTRODUCTION

This chapter of the thesis presents a detailed numerical analysis of a STHES, focusing on a
significant modification: the addition of a helical coil to its outer shell. The study employs
ANSYS, a well-known software for computational analysis, to thoroughly examine the HEs
thermal performance and efficiency. The application of ANSYS in this research enables a
precise investigation of how HTs within the system, examining the temperature distribution,
fluid flow patterns, and overall HT rates. This chapter details the process of creating the heat
exchanger's geometry, setting up the mesh for simulation, and establishing the required
boundary conditions. It also describes the approach for formulating the necessary equations
and extracting analytical results. The aim of this numerical analysis is to provide insightful
understanding into the HT mechanisms in the HE, especially with the integration of the
helical coil. This section is essential in showcasing the effective use of computational

simulations to predict and enhance the performance of HE designs.
3.2 VALIDATION 1

The validation process in this research plays a crucial role in establishing the accuracy and
trustworthiness of the computational simulations conducted using ANSYS. This section
rigorously compares the model's predictions against empirical or real-world data, focusing
on the alignment of simulated flow patterns with expected physical behaviours. In the
context of this heat exchanger study, the validation of ANSYS streamline results for Case 1
(standard configuration) is essential. It involves ensuring that the simulated fluid dynamics
within the heat exchanger are consistent with established physical principles. This validation
is not just a procedural step but a cornerstone in confirming the fidelity of the numerical
model, making sure it accurately reflects the HEs performance. Effective validation is
critical in bolstering confidence in the simulation outcomes. It provides a solid foundation
for making informed design decisions and drawing reliable conclusions. As a fundamental
aspect of the study's methodology, validation strengthens the overall credibility of the
insights obtained from the ANSY'S analyses. The juxtaposition of validation results from the
previous study and this current research, as illustrated in Table 3.1, offers a comprehensive

assessment of the computational model's accuracy. The alignment in parameters such as B
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(m), A; (m?), Reo, and thermal characteristics (h,, U, Uy between the studies underscores
the success of the validation process. The slight variations in parameters like h,, U,,
and Uy, falling within acceptable ranges, further attest to the reliability of the ANSYS
simulations in this study. These results collectively validate that the numerical model
accurately represents the physical behavior of the HE system and confirms the
appropriateness of the simulated streamlines and heat flux patterns, enhancing the reliability
and applicability of the findings derived from the ANSYS analyses.

Table 3.1: Validation Results between the Previous Study [125] and the Current Study

Previous Study Current study
Parameter Design A Design B Design C Design D
B(m) 382 x 1073 427 x 1073 472 x 1073 517 382 x 1073
x 1073
A (m?) 70.04 x 1073 78.29 x 1073 86.54 x 1073 94.79 70.04 x 1073
x 1073
Re, 28851.07 25810.82 23350.24 21317.96 28851.07
h,(W /m?*K) 1183.96 1113.63 1053.92 1002.44 1190
U.(W/m?K) 471.64 460.06 449.54 439.90 470
Ur (W /m*K) 386.08 378.28 371.14 364.55 405

In this chapter, a comprehensive 3D model of the heat exchanger was developed.

3.3 VALIDATION 2

Validation plays a crucial role in this study. Validation 2 work was to ensure that the ANSY'S
works within a good range and that the results obtained are reasonably close to experimental
reality. Reference [125] is relied upon to take dimensions and conditions. The limit, as shown
in Figure 3.1, is the model for which the simulation is performed. In Figure 3.2, the results
were obtained from the ANSY'S software for Temperature Distribution contour for previous
and current study respectively, with an error rate not exceeding 10% in comparison with the

previous researcher.
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Figure 3.1: (a): Geometry of Previous Study, (B): Geometry Of Validation Current Study [124].
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Figure 3.2: (a): Temperature Distribution Contour for Previous Research [124], (B): Temperature
Distribution Contour for Current Study.
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3.3.1 Physical Model

A detailed and comprehensive 3D model of the HE was meticulously developed to facilitate
the numerical simulations conducted in the ANSYS program. The physical model
encompasses two distinct cases, each meticulously crafted to represent specific

configurations within the heat exchanger system.

3.3.1.1 Case 1: shell and tube HE (Reference Case)

The first case serves as the reference model, embodying a traditional STHE. This widely
recognized configuration forms the baseline for comparison. Figures 3.3 and 3.4 provide a
visual representation of this reference case. The model is designed to accurately capture the

structural and geometric intricacies inherent in standard STHES.
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Figure 3.3: Geometric Model of Shell for Case 1.

Figure 3.4: Geometric Model of Tubes for Case 1.
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3.3.1.2 Case 2: Helical Pipe Exchanger Integrated into shell and tube HE.

The second case introduces a novel modification, incorporating a helical pipe exchanger
onto the outer shell of the traditional STHE. Figure 3.5 illustrates this innovative design,
showcasing the helical coil seamlessly integrated into the system. This modification aims to
enhance heat transfer efficiency by optimizing fluid dynamics and increasing the available

surface area for HEs.

imlet aill

tube

inlet water

outlet water

outlet oill

Figure 3.5: Geometric Model for Case 2.

To give a deeper comprehension of the geometric model, Figure 3.6 presents a cross-
sectional view. This view encapsulates the intricate details of the modified HE, illustrating
the spatial relationship between the helical coil and the conventional shell-and-tube

components.

The physical model serves as the foundation for the subsequent numerical simulations
conducted in the ANSY'S program. Through these simulations, the research endeavours to
quantify and analyse the thermal performance and fluid dynamics of both the reference and
modified heat exchanger configurations. The intricate details embedded in the physical
model are crucial for accurately capturing the complex interactions and variations in HT
characteristics.
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Figure 3.6: Sectional View for Geometric Model.

Figure 3.7 displays a sectional view of the geometric model for the tube.

174

Tube of water—"

Figure 3.7: Sectional View for Geometric Model for the Tube.

Figure 3.8 displays a second sectional view of the geometric model, and Figure 3.9 provides
a cross-sectional perspective of the geometric mode.
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Figure 3.8: Second Sectional View for Geometric Model.
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Figure 3.9: A Cross Sectional View for Geometric Model.
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Table 3.2 displays the characteristics of the shell's geometry.

Table 3.2: Shell Geometry.

A (mm) B (mm) C (mm) R (mm) D (mm) E (mm) H (mm)

555 390 60 114 150 280 104

The considered HE consists of: The shell is made of carbon steel. Copper tubes, 11 letters
U, 22 slots Another sectional view for a geometric model of the tube is shown in Figure
3.10.
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Figure 3.2: Sectional View for A Geometric Model of the Tube.

Oil and water are pumped in the same quantities into the exchanger. The oil is pumped into
the shell, while the water is pumped into the copper tubes. The second case is based on the
installation of a spiral tube of circular cross-section around the outer shell of the HE. Water
flows through this tube, which enters the HE tubes. In this case, a helical coil is added, which
Is a tube connected to the same tube feeding the water covering the surface area of the crust,
to increase the HE efficiency and benefit from the surface area at the lowest cost. Table 3.3

presents the specifications for the geometry of the helical coil.

Table 3.3: Helical Coil Geometry.

Geometrical Specification

Number of turns 12
Spacing between consecutive coil turns 3cm
Outer diameter of tube 1.5¢cm
Inner diameter of tube 1.2cm
Diameter of helix (coil) 12.2cm
Height of coil 40 cm
Diameter of shell 220 cm
Height of shell 52 cm

In general, the surface area greatly affects the amount of heat transferred in the HE, in other
words, increasing the surface area increases the performance of the HE. The surface of the

heat exchanger is a large area, and it exposed to the atmosphere, so this is in turn represents
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part of the heat loss for any exchanger. Adding a spiral tube coil on the outer shell of the
outer surface of the exchanger helps greatly in reducing the heat exchangers heat loss in the
atmosphere, and thus increasing the performance of the exchanger thermal. Figure 3.11

illustrates the model and dimensions of the helical coil.

Figure 3.3: Model and Dimensions of the Helical Coil.
3.4 MESH GENERATION

The geometry is designed for the two cases of the exchanger studied, and the networking is
done by a program ANSYS FLUENT program The type of network is determined in these
models in the form of a tetrahedral network, and it consists of triangle elements. Figure 3.12
illustrates the process of generating a mesh in the exchanger for case 1.
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Figure 3.4: Mesh Generation in the Exchanger, Case 1.
Table 3.4 presents the mesh information for the exchanger in Example 1.

Table 3.4: Mesh Information for the Exchanger, Case 1.

Nodes 2692160

Elements 1723782

Table 3.5 presents the mesh information for case 2 of the exchanger with the helical coil.

Table 3.5: Mesh Information for the Exchanger with the Helical Coil, Case 2.

Nodes 3219174

Elements 1987101

Figure 3.13 illustrates the generation of a mesh in the exchanger with a helical coil,
specifically in Example 2.
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Figure 3.5: Mesh Generation in the Exchanger with Helical Coil, Case 2.

Figure 3.14 illustrates the mesh of the tubes for both instance 1 and case 2.

Figure 3.6: Mesh Generation in the Tube, Case 1 & Case 2.

Figure 3.15 displays a cross-sectional view of the mesh grid used for the tubes and the

shell. In
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Figure 3.7: Cross-Sectional View on the Mesh Grid for the Tubes and the Shell.

In Figure 3.16, a cross-sectional view of the mesh grid for the tubes is depicted.

Figure 3.8: Cross-Sectional View on the Mesh Grid for the Tubes.
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A cross-sectional view of the mesh grid used for the body and tubes is shown in Figure 3.17.

Figure 3.9: Cross-Sectional View on the Mesh Grid for the Body and Tubes.

3.5 HEAT TRANSFER COEFFICIENT

Calculation of, Reynolds, Prandtl and Nusselt numbers are as follows [46]:

Re =*2 (3.1)

v

Where u is Velocity of the fluid, D is Characteristic dimension or diameter and, v is
Kinematic viscosity of the fluid. The Reynolds number is a dimensionless quantity that helps
predict flow patterns in different fluid flow situations. It is used to characterize the type of

flow, whether it be laminar or turbulent.

\%

Pr = o (3.2)

Where v is Kinematic viscosity of the fluid, and o is Thermal diffusivity of the fluid. The
Prandtl number is a dimensionless number that signifies the ratio of momentum diffusivity
(kinematic viscosity) to thermal diffusivity. It indicates the relative thickness of the
momentum layer to the thermal layer in fluid flow and is crucial in heat transfer analysis.

Nu = (3.3)
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Where h, is Convective HT coefficient, | Characteristic length, and K is Thermal
conductivity of the fluid. The Nusselt number is a dimensionless number that provides a
measure of the convective HT occurring at a surface, relative to the conductive HT through

the fluid. It is essential for calculating the rate of HT in convective systems.
Table 3.6 presents the boundary conditions employed in the simulation for both cases.

Table 3.6: The Boundary Conditions Used During the Simulation for the Two Cases.

Type Boundary Condition
Shell inlet temperature for oil 80°C

Tube inlet temperature for water 38°0C

Mass flow rate 2 -3.5kgls

Table 3.7 displays the thermal and optical parameters of the heat exchanger material.

Table 3.7: Thermal Properties of HE Material.
Material K (W/m K) C (J/kg K) p (kg/m®) Emissivity

Copper 400 385 8700 0.05

Table 3.8 presents the characteristics of the oil.
Table 3.8: The Properties of the Qil and Water.

The metal p (kg/m®) Cp (kJ/kg K) k (W/m K)
The oil 400 385 8700
The water 997 2260 0.608

3.6 THE ITERATION AND CONVERGENCE

The observation residuals for each variable are stable which indicates a true operation of the

steady state problem as shown in Figures 3.18, 3.19 respectively.
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Figure 3.19: Grid Independence Test for Exchanger Model Case 2.

The number of elements represents the total number of discrete elements that make up the
computational mesh in the simulation. This line is crucial, as it indicates the level of detail
or fineness of the mesh used in the numerical analysis. A finer mesh, with a higher number
of elements, generally provides more detailed and accurate results. However, there is a point
where increasing the number of elements further does not significantly change the simulation

results. This point of stability, where further refinement of the mesh does not lead to
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substantial changes in results, is essential for ensuring that the simulation is both accurate
and computationally efficient. The horizontal line of the number of elements in the graph
shows how the results of the simulation stabilize or converge as the mesh becomes finer.
This is a key aspect of validation, indicating that the model's predictions are reliable and not

unduly influenced by the mesh size.
3.7 STHE CAD MODEL

The 3D geometric model of a STHE is depicted in Figures 3.20 and 3.21

Figure 3.12: 3D Geometric Model and Boundary Condition of the Second Case.
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4. RESULT AND DISCUSSIONS

4.1 INTRODUCTION

In this chapter, the focus is on summarizing and analyzing the results from the numerical
simulations of the HE conducted using ANSYS software. The chapter aims to evaluate how
the heat exchange between the different layers of the exchanger and the fluids that pass
through it changes with variations in the flow rates of water and oil. Additionally, it examines
the impact of adding a spiral coil to the exchanger's outer surface on its thermal performance.
The chapter provides a comparative analysis between two studied cases: the standard
configuration and the modified configuration with the helical coil, highlighting the

enhancements or changes in thermal efficiency due to this modification.
4.2 NUMERICAL RESULTS
4.2.1 Temperature Distribution on the Front Surface of the Heat Exchanger

The numerical study of the engineering model was conducted using four flow values of oil
and water (2, 2.5, 3, and 3.5 kg/s) and two case studies of the exchanger. The temperature of
the water inlet was 38 °C, and the temperature of the oil inlet was 80 °C Figures 4.1 depict
the TD across the HEs tubes and surface (in the two cases, the water and oil mass flow rate
were 2.0 kg/s).
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Figure 4.1: Average TD on (a) the Shell And (B) The Tubes, Case 1 (at 2 kg/s).

For the first case, which is the STHE, the mass flow rate was 2 kg/s and the temperature of
the water outlet was 48 °C, while the temperature of the oil outlet was 67 °C. Figures 4.2
show the TD on the surface of the HE and tubes (in the two cases, the water and oil mass
flow rate was 2.5 kg/s).
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Figure 4.2: Average TD on (a) The Shell And (B) The Tubes, Case 1 (at 2.5 kg/s).

For the first case, which is the STHE the mass flow rate was 2.5 kg/s and the temperature
of the water outlet was 50 °C, while the temperature of the oil outlet was 65 °C.
Figures 4.3 show the TD on the surface of the HE and tubes (in the two cases, the water

and oil mass flow rate was 3 kg/s).
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Figure 4.3: Average TD on (a) The Shell And (B) The Tubes, Case 1 (at 3 kg/s).

For the first case, which is the STHT, the mass flow rate was 3 kg/s, and the temperature of
the water outlet was 52 °C, while the temperature of the oil outlet was 64 °C.

Figures 4.4 show the TD on the surface of the HT and tubes (in the two cases, the water
and oil mass flow rate were 3.5 kg/s).
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Figure 4.4: Average TD On (A) The Shell And (B) The Tubes, Case 1 (at 3.5 kg/s).
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Figure 4.5: Average TD On (A) The Shell And (B) The Tubes, Case 1 (at 3.5 kg/s).

For the first case, which is the STHE, the mass flow rate was 3.5 kg/s, and the temperature
of the water outlet was 53 °C, while the temperature of the oil outlet was 65 °C.
Figures 4.5 show the TD on the surface of the HE and tubes (in the two cases, the water

and oil mass flow rate was 2.0 kg/s).
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Figure 4.6: Average TD on (a) The Shell And (B) The Tubes, Case 2 (at 2 kg/s).

For the second case, which is the exchanger with the helical coil, it was 53 °C for the water

outlet and 63 °C for the oil outlet.

Figures 4.6 show the TD on the surface of the HE and tubes (in the two cases, the water and

oil mass flow rate were 2.5 kg/s).
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Figure 4.7: Average TD on (a) The Shell And (B) The Tubes, Case 2 (at 2.5 kg/s).

For the second case, which is the exchanger with the helical spring coil, the temperature
was 60 °C for the water outlet and 63 °C for the oil outlet.

Moreover, Figures 4.7 show the TD on the surface of the HE and tubes (in the two cases,

the water and oil mass flow rate were 3 kg/s).

66



Temperatus
cantaw 1

(@)

Temperature
contour 1

1.c0é
7.606
7,53
.45
5037
55IM
Ny
49192
4500
19 Mn
=)

(b)
Figure 4.8: Average TD on (a) The Shell And (B) The Tubes, Case 2 (at 3 kg/s).

For the second case, which is the exchanger with the helical spring coil, the temperature
was 60 °C for the water outlet and 63 °C for the oil outlet.
Figures 4.8 show the TD on the surface of the HE and tubes (in the two cases, the water

and oil mass flow rate were 3.5 kg/s).
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Figure 4.9: Average TD on (a) The Shell And (B) The Tubes, Case 2 (at 3.5 kg/s).
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Figure 4.10: Average TD on (a) The Shell And (B) The Tubes, Case 2 (at 3.5 kg/s).

For the second case, which is the exchanger with the helical spring coil, the temperature was
60.5 °C for the water outlet and 60 °C for the oil outlet.

Streamlines are a fundamental concept in fluid dynamics, providing a visual representation
of the flow field within a fluid. The imaginary lines represent the fluid particles’ immediate
trajectories as they navigate through the system. Understanding streamlines is crucial in the
analysis of HEs, as they offer insights into the patterns and efficiency of HT. In the context
of your project, comparing the streamline patterns between Case 1 (normal configuration)
as shown in Figures 4.9 and Case 2 (coil addition) Figures 4.10 becomes significant.
Streamlines help reveal how the introduction of a spiral element alters the fluid flow,
influencing factors such as velocity, pressure, and TD. By examining and interpreting these
streamlines, you can gain valuable information about the impact of the spiral on HT
characteristics within the HE, aiding in the optimization and design of such systems for
enhanced thermal performance.
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Figure 4.11: Average Velocity SD for Case 1 On (A) The Shell And (B) The Tubes, (C): Shell and
Tubes.
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Figure 4.12: Average Velocity SD for Case 2 On (A) The Shell And (B) The Tubes, (C): Shell,
Tubes, And Coil.

Heat flow is a pivotal factor in HT, indicating the rate at which thermal energy moves

through a given area. It represents a vector quantity that includes both the magnitude and

direction of HT. Within the scope of a HE project; the analysis of heat flow patterns holds
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great importance in understanding how thermal HEs occur between the liquid and solid
components of the system. Examining the heat flow distribution on the surface of the HE
gives valuable insights into areas of intense HT and potential thermal inefficiency. By
understanding the dynamics of heat flow, it becomes possible to optimize the design and
operation of the HE, ensuring efficient and uniform heat distribution. Ultimately, this
improvement leads to improved overall performance and increased energy efficiency.
Figures 4.11- 4.12 illustrate the heat flux for case 1 and case 2 at 2.0 kg/s and 3.5 kg/s).
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Figure 4.13: The Total Heat Flux For Case 1 at (a): 2. kg/s, (b): 3.5. kg/s.
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Figure 4.14: The Total Heat Flux For Case 2 At (A): 2. kg/s, (b): 3.5. kg/s.

4.2.2 Analysis of Heat Convection

It was noted that the convective HT coefficient increases as the fluid velocity increases,
leading to an increase in the Reynolds number. A graph was created showing the convection
coefficient for different values of the water and oil flows (if the two fluids flow at the same

value), as shown in Figure 4.13.
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Figure 4.15: The Convection HT Coefficient For The Two Cases With Different Flow Rates.

In addition, a graph was created showing the convection coefficient for different values of

the Reynolds coefficient, as shown in Figure 4.14.
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Figure 4.16: The Convection HT Coefficient For The Two Cases With Different Reynolds

Numbers.
4.2.3 Analysis of Temperature

Temperature profiles were generated along the thermometer reciprocating and on different
sectional surfaces to stress on temperature. The distribution of the steady-state flow of water

and oil is shown in figure 4.15.
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Figure 4.17: The Outlet Water Temperature For The Two Cases With Different Flow Rates.

4.2.4 Analysis of Pressure Drop

Pressure drop is a critical aspect in thermal studies, as it directly impacts the net power
gained by causing a decrease in frictional pressure. Decreased pressure results in a reduction
in the overall efficiency of the system. In the present investigation, the introduction of a
spiral coil results in a decrease in pressure in the second scenario. The reduction in frictional

pressure, known as pressure, drop, is a critical element in thermal assessments as it directly

impacts the net power obtained.
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Figure 4.18: Pressure Drop For The Two Cases With Different Flow Rates.
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The detailed examination of the numerical simulation results in this study reveals significant
advantages of adding a helical coil to the HE. The analysis particularly focuses on comparing
thermal performance between two configurations: Case 1 being the standard shell-and-tube
HE, and Case 2 featuring the addition of the helical coil. In the temperature distribution
analysis, a marked improvement in HT efficiency is evident for Case 2. The distribution of
temperature across the exchanger's surface and tubes shows that the modified configuration
with the helical coil provides a more efficient heat exchange. This enhancement is attributed
to the altered fluid dynamics and increased surface area for HT due to the coil. The study of
streamline patterns further substantiates these findings. In Case 2, the introduction of the
spiral element creates more turbulent and effective flow patterns, which contribute to
enhanced heat exchange efficiency. This alteration in fluid dynamics is a key factor in
achieving a higher HT rate. Additionally, the analysis of heat flow and convective HT
coefficients across different flow rates of water and oil reinforces the superiority of Case 2.
The graphical representations show a consistent increase in HT efficiency with the helical
coil in place. The examination of pressure drop and temperature profiles across the system
further underlines the improved operational efficiency in Case 2. Despite potential concerns
of increased pressure drop due to the coil addition, the study finds that the overall efficiency
of the HE remains significantly higher in the modified configuration. In conclusion, the
comprehensive analysis clearly demonstrates that the integration of a helical coil in Case 2
notably enhances the thermal efficiency of the HE. This modification not only improves HT
rates but also contributes to the overall performance and energy efficiency of the system,

making it a valuable consideration in HE design and optimization.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

Heat exchangers continue to be a pivotal component in various industrial applications,

demanding ongoing advancements in their design and efficiency. This study focused on

enhancing the HT efficiency of a STHE by exploring two distinct configurations: a standard

STHE and a modified version with an added helical coil on the outer shell. The findings

from this study demonstrate the significant improvements achieved with the addition of the

spiral coil, particularly in terms of HT efficiency and operational performance. Key

conclusions from this research are:

a. Altering fluid flow rates significantly impacts heat exchange processes, with the added

helical coil facilitating better conductivity, load factor, and heat transfer efficiency.

. The second case model, featuring the added helical coil, exhibited remarkably high

efficiency and superior performance compared to the standard configuration.

. Notable enhancement in heat transfer was observed in areas with lower turbulence,

indicating the effectiveness of the coil in optimizing fluid dynamics.

. There was a clear correlation observed between the increased volume of water, elevated

heat transmission, and the associated pressure drops.

. A nonlinear drop in pressure was proportional to the heat transfer rate with increasing

Reynolds number, highlighting the coil's role in maintaining system efficiency.

. Overall, the study achieved satisfactory results in terms of heat transfer enhancement and

operational efficiency.

. The introduction of the coil on the outer shell led to a remarkable efficiency increase of

over 10%, implying significant energy savings in pump consumption.

5.2 RECOMMENDATIONS

Based on the findings of this study, future research in the field of heat exchangers can

be guided in several key directions:
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. Further theoretical, experimental, and numerical studies are recommended using different
fluids in STHE to generalize the findings.

. Conducting experimental studies to validate and compare with the results of this research,
thereby determining optimal configurations for thermal performance.

. Exploring the effects of internal fins in HEs through both numerical and experimental
studies, focusing on optimizing parameters like fin shape, dimensions, number, and
spacing.

. Numerical and experimental analysis of HEs with varying tube parameters, such as tube

number and material, to understand their impact on overall efficiency.
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