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Preface

The thesis aims to discuss the application and optimization of conventional and micro
heat exchangers within the pharmaceutical and food industries, focusing on their critical roles
in enhancing process efficiency and product quality. By examining traditional heat exchangers,
which are integral to large-scale operations for maintaining consistent temperature control, and
comparing them with advanced micro heat exchangers, which offer precision and compactness
for smaller-scale or specialized processes. The research investigates how these technologies
contribute to enhancing energy efficiency, regulatory compliance, and overall process
optimization, providing insights into their design, operational performance, and potential for
innovation in high-demand environments. Moreover, this thesis also offers valuable
recommendations for the effective implementation of heat exchange systems to the specific

needs of the pharmaceutical and food sectors.

Heat transfer enhancement is crucial in the food and pharmaceutical industries to
enhance process efficiency, product quality, and energy savings. To improve the local
convective heat transfer coefficient, this research introduces an inverse study approach using
an experimental infrared camera to measure temperature data obtained within a corrugated
pipe. Specifically, six pipes with different corrugation profiles were studied to investigate the
effects of various designs, including helical, transversal, and cross-helical types, with pitch
sizes of 16 mm and 32 mm. To evaluate their effect on heat transfer performance, the findings
were examined and presented from both local and average viewpoints. The results indicate that
pitch size and corrugation type/design play a significant role in enhancing the performance
of the tested pipe. The result of this research in turbulent regime has shown that transversal
corrugation generates the highest improvement in heat transfer performance. Consequently, the
single helix solution is the preferred one in heat exchangers adopted in the food and
pharmaceutical industries, and these helical corrugations are the easiest to manufacture. A
merger solution between them is represented by the cross-helix profile. The cross-helix
profile with the bigger pitch size performs better than all other corrugated pipes, especially in
the low/intermediate Reynolds number range (i.e., 100-1000). The estimation process (for local
heat transfer) proposed in this study employs the external surface temperature of the tube,
acquired with an infrared thermal camera, as starting data for the inverse heat conduction
problem inside the pipe wall region. The calculation of its Laplacian was finally achieved by a

filtering technique applied to the infrared temperature acquisitions.



The dissertation consists of seven chapters. An overview of all chapters is discussed

here.

Chapter 01 Highlights the aims and motivation of the current research. It describes the brief
introduction of heat exchangers including conventional, compact, and micro heat exchangers.

Furthermore, it also discussed the main passive techniques for heat transfer enhancement.

Chapter 02 Describe the basic concept of inverse heat transfer problems are introduced to
estimate unknown values that occur during the research of physical difficulties. Furthermore,

it explains the various filtering techniques and inverse heat conduction problems in pipes.

Chapter 03 reports the relevant literature about the research and development of corrugated
pipes. Moreover, it also provides detailed information relating to the pipe geometries tested in

this thesis.

Chapter 04 A detailed explanation of both local and global (average) experimental setup is
presented. Moreover, it also reports the estimation procedure to determine the local convective

heat transfer coefficient.

Chapter 05 The initial phase of the investigation focused on evaluating the average heat
transfer and pressure drops in six corrugated pipes in a turbulent regime. The Nusselt number
distribution for a smooth tube was presented experimentally and compared with the Dittus—
Boelter correlation for a smooth pipe under a turbulent regime. In the second phase, the
convective heat transfer coefficient on the pipe's inner wall was determined through IR camera

analysis.

Chapter 06 Explain the results in the laminar regime of the corrugated pipe in global (average)

analysis and compare it with smooth pipe.

Chapter 07 Provides a summary of key conclusions and some recommendations for extending

the current research.



Introduction

1.1 Aim and scope of the work

The current work aims to discuss various types of heat exchangers with particular
attention to the pharmaceutical and food industries to ensure enhanced efficiency and energy-
saving potential. Heat transfer also plays a vital role in both industries including maintaining
product quality, safety, and sterility through numerous processes such as heating, cooling,

sterilization, drying, and packaging.

In this research work, experimental techniques are used to estimate the average and
local heat transfer coefficient in pipes with different corrugation profiles including helical,
transversal, and cross helix. Initially, the global performance and pressure drop of all
corrugated pipes were evaluated along their heated length. After that, local heat transfer was
measured, and an estimation method was applied to solve the inverse heat conduction problem
(IHCP) within the pipe wall domain. This is achieved by using the temperature distribution on
the outer surface as initial data and considering the convection coefficient distribution between
the internal wall and the fluid. The distribution of wall temperature varies significantly along
the pipe due to the complex effects of surface corrugation on the flow pattern. To measure these
temperature variations accurately and precisely, a high-resolution infrared camera was used. It
is noteworthy that the use of infrared (IR) cameras for high-temperature measurement
applications relies mainly on cryogenic cooling systems/techniques making it an excellent
choice for precise measurements. The coefficient of convection in corrugated pipes can be
determined by employing a filtering technique with the temperature distribution through
infrared acquisition to address the IHCP of an ill-conditioned nature. Moreover, the results
obtained provide significant implementation for the design and optimization of heat exchangers
that utilize corrugated tubes in the food and pharmaceutical sectors. It was also observed during
the study that corrugated tubes performed better than conventional smooth tubes to
enhance heat transfer efficiency. This can lead to more efficient thermal management in
different processes of the food and pharmaceutical industry including heating, cooling,

crystallization, fermentation, pasteurization, and sterilization.



1.2 Heat Exchangers

A heat exchanger is a device designed to transfer heat between two or more fluids at
different temperatures without allowing them to mix and provide maximum transfer rate. They
are used in various cooling and heating processes, where the fluids may come into contact
directly or remain separated from one another through a solid wall. In heat exchangers, heat is
transferred from a hot fluid to a cold fluid, typically without the fluids going through a phase
change. The process becomes more complex when thermal convection, radiation, and heat
conduction are considered. Heat exchangers have a significant role in the transportation of
about 90% of the heat energy used in energy production and management. They are used in
various engineering applications, such as food processing systems, pharmaceutical industries,
power plants, chemical processing systems, waste heat recovery units, heating, ventilation and

air conditioning and automobile radiators and so forth [1].

Chemical and
Petrochemical

Others

Oil and Gas

Food and
Beverage
industry

Generation

Figure 1. 1 Global heat exchangers market [2]

The increasing demand for heat exchangers for thermal management in different sectors
is shown in Figure 1.1. The development and optimization of heat exchanger technology is
continually growing and focusing not only enhancing efficiency but also on sustainability and
reliability [3]. The role of heat exchangers in industries to reduce emissions and energy
consumption becomes more significant, highlighting their importance in achieving both
economic and environmental goals. They not only reduce overall energy consumption but also
decrease maintenance costs, enhance industrial sustainability, and improve economic
feasibility. Furthermore, the utilization of renewable energy sources and the recovery of waste
heat further contribute to the transition to cleaner energy systems. Their design and operation
must be optimal as energy prices increase with the decreasing supply of fossil fuel resources.

Moreover, in response to the varying demands of a continuous process, the design of the



exchanger is improving day by day. Modern heat exchangers are now designed with advanced
features such as enhanced surface areas, compact design, and advanced materials which help
to minimize the size, weight, and cost of the equipment [4]. Their lifespan can be increased by
using corrosion-resistant materials and fouling-resistant surfaces such as stainless steel, copper,
aluminum, ceramic and silicon-based coatings. Additionally fouling, scaling and corrosion in
heat exchangers can be eliminated with routine cleaning, inspection and degradation can be

avoided by employing paints and protective coatings.

Heat exchangers can be classified into different categories by flow arrangement,
construction, size, heat transfer mechanism, surface compactness, and phase of the process of
the fluids [5]. In this research work, we focused on the heat exchangers utilized in the food and
pharmaceutical industries, emphasizing their critical role in various processes and their

classification based on size as illustrated in Figure 1.2.

Heat Exchanger

U

Y
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Micro HX Compact HX
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—I>< Plate 1IX — Extended surface HX
—>< Plate HX
_..< Spiral HX
_>< Plate & Frame HX —>< Ceramic HX — Regenerative HX

Figure 1. 2 Classification of HX



1.3 Heat exchangers for food and pharmaceuticals industry

Heat exchangers are essential to the food and pharmaceutical industries because they
provide a variety of operations, including process efficiency, product quality, and safety. In the
food industry, heat exchangers are used mainly for two purposes: in the industrial process
(heating and cooling) themselves or in situations where cleanliness and sanitization are
required. Similarly, in the pharmaceutical industry, heat exchangers are crucial in maintaining
the precise thermal conditions and where extreme cleanliness and sanitization for
producing medicines and vaccines. Table 1.1 displays numerous applications of micro
heat exchangers in the food and pharmaceutical industries. A brief description of heat

exchangers utilized in both industries is discussed below.

Food industry: In food industries heat transfer and thermal processes are crucial to
ensure food preservation and prolonging shelf life, both of which are important to the safety of
consumers. The methods for preserving food vary significantly depending on the procedure.
Conventional thermal processing involves several types of steps including heating, cooling,
and holding to reach the required temperature changes. Systems for alternative preservation
procedures involve connecting the food product with a treatment for the period required to
decrease the product's degradation reactions. Every processing system has a different design
depending on the food product being processed [6]. Thermal processes in the food industry
with energy consumption involve understanding how various heating and cooling operations

impact overall energy use.

The food industry consumes about 30% of the energy used worldwide, that accounts
for 20% of greenhouse emissions. By 2050, with the world's population expected to exceed 9
billion, there will be a significant increase in the demand for food. The food industry consumes
a lot of energy for a variety of operations that are necessary for the production, preservation,
and safety of food, including cooking, HVAC, heating, and cooling. Figure 1.3 shows energy
consumption in the food industry for different sectors. The major proportion of energy

consumption is utilized in the process heat.
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= Heating ventilation and air
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Figure 1. 3 Typical energy consumption in the food industry /7/
The following are the important applications of HX in the food industry.

Pasteurization: Pasteurization is a physical technique that involves applying heat to
minimize the microorganisms present in both liquid and solid foods by controlling the
temperature and time period. This technique can be used to eliminate, microorganisms that
affect food safety or cause food spoilage. Moreover, food is heated to less than 100°C for a few
minutes or seconds and then rapidly cool it [8]. Heat exchangers are crucial to the pasteurization
process because they allow food products to be heated and cool down quickly and uniformly,
removing harmful pathogens while maintaining quality. The advantages of heat exchangers
over in-container processing are uniform heat treatment, low space requirements, better control
over pasteurization conditions, higher energy efficiency, and flexibility for different products.
Most commonly, tube or plate heat exchangers are used on a larger scale, when pasteurizing
low-viscosity liquids such as fruit juices, milk, milk products, beers, and wines [9].

Sterilization: Sterilization is the process in which all viable organisms are destroyed or
eliminated by using chemicals, radiation, heat, or physical cell elimination. Typically, the
product is sterilized by quickly heating it to 130-145°C, holding it there for the necessary
amount of time, and then cooling it down. Heat exchangers help to achieve the necessary high
temperatures to ensure sterility, preventing bacterial contamination and extending shelf life.
Dairy and canned foods are typically sterilized using heat exchangers to ensure their long-term
preservation. Moreover, their capacity to retain consistent sterilizing temperatures and energy-

efficient performance contributes to reduced operational costs and enhanced food safety. The



sterilization procedure is often carried out with advanced-designed heat exchangers including

plate, tube, or scraped surface [10].

Heating and cooling: Heating and cooling are two of the largest expenses associated
with processing heat in the food industry. For this purpose, heat exchangers play a crucial role
by providing effective temperature control that is necessary for food safety and quality.
Perishable food products need specific parameters such as temperature, humidity, and
ventilation both before and after preparation. Moreover, they are used in cooling applications
to reduce the temperature of hot food products such as cooked foods, soups, and sauces. This
prevents microbial development and spoiling while maintaining the flavor, food texture, and
nutrients. They are used in heating applications to increase the temperature of fats and oils to
the required levels for different processing stages, including blending or emulsification.
Furthermore, heat exchangers improve their energy efficiency by recovering heat from hot
products and utilizing it for preheating incoming cold products. This significantly reduces

operating expenses and energy usage [11].

Fermentation: Food fermentation is a food processing method that uses
microorganisms' growth and metabolic activities to stabilize and transform perishable food
products. It has been used to preserve a variety of meals made from plants, fish, and animals
including cheese, cultured milk, and fermentation-based milk products. Heat exchangers are
essential for maintaining regular fermentation conditions in beer, yogurt, and other fermented
foods. Precise temperature control is important in fermentation operations for multiple reasons.
The growth and metabolic processes of microorganisms, such as yeast and bacteria, are
extremely temperature-sensitive, each type of microorganism has a range of temperatures
where it grows and ferments most effectively. The most common heat exchangers used in the

fermentation process are double pipe, shell and tube, and plate [12].

Drying: Drying is another fascinating food preservation technique that is used in the
food industry. Heat exchangers are used in drying procedures to heat food products to reduce
moisture content, helping to preserve them and make them lighter for transportation. Precise
control of temperatures is essential for preventing overheating, which may damage food
quality, and to make sure drying is a reliable and energy-saving procedure. Heat exchangers

are useful in the drying process of vegetables, dried fruits, and instant coffee [13].

Meat Processing: It is widely acknowledged that temperature monitoring and control

are crucial for processing meats products. For example, high cooking temperatures may



decrease cooking times but can result in increased cooking loss and worse texture quality. Heat
exchangers help with the cooking and cooling operations, which improves the safety and
quality of meat processing. They are employed in processing ready-to-eat foods, such as hams
and sausages because they ensure consistent cooking and rapid cooling, thus preventing the

growth of bacteria. [14].

Bakery Products: Heat exchangers used in the baking and bread industries by precise
control on the temperature of ingredients and proofing environments. They help to ensure that
ingredients are prevented from becoming too heated or cold during the mixing process, which
helps preserve the finished product's proper texture and structural integrity. Plate heat

exchangers are commonly used for heating and cooling in bakery product [15].

Heat exchangers are utilized in other food-related processes, including the processing
of dairy products, vegetables, sauces and dressings, oil and fat processing, seafood, beverages
production, evaporation, and concentration of sugar, heat recovery and refining and freezing of

sugar.



Table 1. 1 Application of MHE in food and pharmaceutical industries

Industry Application Purpose Benefits Examples
Pasteurization  Heating liquids Precise Milk, juice, and
to eliminate temperature liquid eggs
harmful control, energy
microorganism efficiency
Sterilization Complete High heat Canned foods,
destruction of  transfer rates, sauces, baby
all reduced food
microorganisms processing
time
Cooling Rapid cooling of  Consistent Dairy products,
processed food product beverages, ready-
products quality, to-eat meals
reduced energy
Food Industry consumption
Concentration Removing water Enhanced Fruit juices,
from liquid food  evaporation sauces, purees
products rates, compact
design
Fermentation Controlling Precise Yogurt, beer,
temperature temperature wine
during control,
fermentation improved
processes product
consistency
o Formation of Uniform Sugar
Crystallization crystals mn crystal size, production,
products like enhanced chocolate
sugar or product quality processing
chocolate
Sterilization Elimination of High heat Injectable drugs,
microorganisms transfer ophthalmic
in drug efficiency, solutions
formulations precise
temperature
control
Lyophilizatio Removal of Efficient heat Vaccines,
n (Freeze moisture from transfer, antibiotics,
Drying) products while ~ energy savings probiotics
preserving
Pharmaceutical structure
Industry
Reactor Maintaining Accurate API synthesis,
Temperature specific control, biochemical
Control temperatures in enhanced processes
chemical reaction
reactors consistency
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Extraction and Temperature Efficient heat  Herbal extracts,

Purification control during transfer, essential oils,
extraction and reduced protein
purification solvent usage purification
processes
Cooling Rapid cooling of Preserved Biopharmaceutic
heat-sensitive product als, vaccines,
pharmaceutical stability, heat-sensitive
products improved shelf  formulations
life

Pharmaceutical industry: The pharmaceutical industry is a sensitive sector that
provides the production of products that are critical for human health. Heat exchangers in the
pharmaceutical industry are important for maintaining precise temperature control during
various processes such as sterilization, crystallization, evaporation, heating and cooling,
ensuring product quality, cost reduction, environmental impact, and optimizing energy
efficiency. Pharmaceutical operations require a unique level of attention as compared to other
industries, including strict hygienic guidelines, strict precautions to prevent contamination, and
exact regulation of temperature and pressure in order to ensure the safety and effectiveness of

the final product [16].

It is unacceptable to compromise on efficiency, quality, or safety in pharmaceutical
production. Therefore, heat exchangers in hygienic sectors are carefully designed to be
foolproof, ensuring protection against any such accidents. For many pharmaceutical firms, it
can be difficult to reduce costs without compromising product quality. Research has
demonstrated that efficient energy management can enhance product quality, efficiency,
product and production rates. In the end, these enhancement results in higher profitability and

productivity.

Therefore, in these sectors advanced energy management systems are required, which
include on-site generating, demand response, dependability, and alternate fuel and energy
supply alternatives. Pharmaceutical companies can find innovative strategies to reduce daily
energy usage and waste, and this will improve productivity by thoroughly analyzing data on
energy consumption. Figure 1.4 shows energy consumption in the pharmaceutical industry,
with manufacturing lines accounting for just 18.2% of the total. In contrast, cold production
units account for 29.5%, while air production and treatment units account for 20.7%. Pharma

companies could achieve cost savings of up to 30% and enhance production rates, product
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quality, and process efficiency by implementing changes in energy management. Furthermore,
they should utilize renewable energy options to further reduce costs after reaching optimal
energy efficiency. This is due to the fact that renewable energy sources such as solar thermal
systems, wind turbines, and others provide sustainable energy choices to enhance the emissions

balance of the pharmaceutical sector [17].

Air handing unit Main Activites

Generalservices
Pumps

Compressedair

Cold energy production

production

Figure 1. 4 Energy consumption in pharmaceutical industry [18]
The following are the important applications of HX in the pharmaceutical industry [19].

Sterilization: Heat exchangers are essential to the sterilization process in the
pharmaceutical industry because they provide consistent and efficient transfer of heat, which
is necessary to remove all traces of microbiological life from products, equipment,
and solutions. These devices provide a uniform distribution of heat and maintain a high
temperature for effective sterilization. Precise temperature control is significant to ensure that
every component of the object or fluid being sterilized is exposed to the appropriate level of
heat. Furthermore, these devices improve energy efficiency by optimizing the heat transfer
process, which is cost-effective and improves the environmental sustainability of sterilizing

processes.

Distillation: Heat exchangers are essential to the pharmaceutical industry production
of high purity distilled water because they provide precise temperature control, effective
heating and cooling, and increased energy efficiency. Distilled water is essential for use in the
production of injectable pharmaceutical applications because of its high purity and absence of

impurities, serving as a solvent to ensure that the medicines are pure and suitable for patient
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use. Additionally, distilled water is utilized to sterilize and clean syringes and vials to avoid
any contamination that would compromise the injections' safety. It is generally considered the

purest water due to complete removal of organic impurities as well as ions and minerals.

Air Conditioning and environmental control: In the pharmaceutical industry, heat
exchangers are employed in air conditioning applications to maintain temperature and humidity
at a controlled environment for manufacturing operations and storage facilities. These
devices help in the prevention of microbiological development, the degradation of sensitive
chemicals, and ensuring the compliance of regulatory standards for the stability and safety of

products by controlling temperature and air quality.

Crystallization: Crystallization plays a crucial role in the production and purification
of 70-80% small-molecule active pharmaceutical ingredients for medical applications due to
its high purity and lack of impurities. There are different factors that affect the crystallization
process including, rate of cooling, temperature of crystallization, impurities and additives, and
suspended particles. Therefore, heat exchangers play an important role in controlling these
factors. Moreover, these devices are also used during the crystallization process to accurately
control the solution or suspension temperature, developing the optimum conditions for the

growth of crystals.

1.4 Macro heat exchangers

According to S.S. Mehendale macro heat exchangers are those having a hydraulic
diameter larger than 6 mm. Figure 2 depicted the classification of macro heat exchangers. Shell
and tube design are the most common among tubular heat exchangers because of their wide
range of applications and flexibility. Figure 1.5 shows a visual representation of a shell and
tube exchanger. As the name indicates, this specific type of heat exchanger consists of multiple
tubes inside a shell, with one fluid passing through the tubes and another fluid passing through
the shell. It is suitable for higher-pressure applications and is the most popular type of heat
exchanger in the chemical process, power generation, heating ventilation and air conditioning,

food and pharmaceutical industries and so on.
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Figure 1. 5 Shell and tube heat exchanger [20]

This type of HX is especially preferred in both pharmaceutical and food industries due
to the surface's easy sanitation and cleaning qualities. The exchanger's design considers the size
and viscosity of the food ingredients and industrial requirements, providing low friction losses
and high heat transfer. Eventually because of their outstanding safety in hygienic processes,
high-temperature tolerance, and simple maintenance because of their flexible design.
Moreover, these heat exchangers are the best option to meet hygiene requirements in the

pharmaceutical industry [21].

Recently, many researchers are currently focusing on enhancing heat transfer,
improving design, resistance to corrosion materials, reducing fouling effect and pressure drop
in shells and tubes. There are important factors need to be considered to improve heat
exchanger design, such as heat exchanger must be able to meet process requirements, withstand

plant maintenance conditions, and be maintainable.

Moreover, it should have the lowest cost with a compact design regarding diameter,
length, weight, and tube specifications. In terms of improved design [22], Asadbeigi et al. [23]
conducted simulation-based study and designed a shell and tube heat exchanger for
improvement in heat transfer during the pasteurization process of making tomato paste. The
behavior of viscosity during the pasteurization of tomato paste was addressed by employing
the Herschel-Bulkley model. It was demonstrated that the segmental baffle used in this heat
exchanger was suitable provided that food is more heat-sensitive than other baffle types
like helical baffles, which have less heat transfer. Furthermore, variation in the inlet mass flow
rates did not affect the tomato paste output temperature. The performance of this type of heat
exchanger has been significantly affected by the baffle. Regarding this, Mohammad and Reza

[24] carried out an experimental study to investigate how a helical baffle affects the distribution
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of shell side flow and the improvement of heat transfer. The mass flow rate, baffle pitch size,
and helix angle were the performance-indicated parameters. At lower baffle pitches, the heat
transfer coefficient is lower than at higher pitches; however, as the mass flow rate increases, it
also increases. Moreover, when the helix angle increases, the pressure drops, and the heat

transfer coefficient both decreases.

Similarly, Pranita et al. [25] also analyzed the effect of various types of baffles including
helical, single, and double segmental on the performance of shell and tube heat exchanger. The
problem of dead zones and poor heat transfer resulting from single-segmental baftles is
resolved by double-segmental baffles. However, the result indicted that helical baffle was
better performance than other two baffles. The thermal performance and pressure drop of a heat
exchanger are affected by the fluid flow path and the types of baffles used, including their
angles. Moreover, introducing more complexity to the baftles enhances heat transfer; however,
this increased heat transfer also causes a higher pressure drop. Danish et al. [26] numerically
carried out investigations to improve the design of shell and tube heat exchangers by staggered
baffles to the enhance heat transfer rate. The baffles were oriented at a consistent angle, either
clockwise or counterclockwise, between the next baffles. According to the results, the baftle
cut, baffle spacing, baffle orientation angle, and the interior diameter of the shell all have a
significant impact on the pressure drop and rate of heat transfer. Moreover, the optimal
combination of variables leads to a pressure drop of 58.6 kPa, however, the maximum heat
transfer produces 141kW. Ali and Reza [27] carried out a simulation-based investigation that
combined a baffle and a longitudinally ribbed tube configuration to maximize fluid flow and
heat transfer inside the segmental baffle shell and tube heat exchanger. The fluid moves axially
along the tubes' axis, which lowers the pressure drop. The result indicated that a combination

of baffles and longitudinal ribbed tubes improved the heat transfer than conventional baftles.

Another common type of macro heat exchangers are plate heat exchangers. This type
of heat exchanger is fabricated with many parallel plates arranged one on above the other in
order to form a series of channels which allow the fluids to flow between them. The schematic

illustration of a plate heat exchanger is shown in Figure 1.6.
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Figure 1. 6 Plate heat exchanger [28]

The most important features of modern PHE construction, which make them effective

and energy-efficient heat exchangers in a variety of process scenarios are,

e Plates as thin as are possible due to the plate adjacent numerous contact points,
which provide a strong structure that can withstand significant pressure
differentials between streams in channels. Therefore, it is possible to utilize
plates with smaller thicknesses, which lowers the weight and materials cost.

e PHESs have superior heat transfer coefficients, and they require a much smaller
heat transfer area, making them much more compact and requiring less space
for maintenance than conventional shell-and-tube heat exchangers.

e PHESs require significantly less material since the heat transfer surface is made
up of thin metal plates. Due to this, even when more expensive materials are
employed, costs can be reduced.

e PHE:s have significantly lower heat losses to the environment since the plates
only come into contact with the surrounding air on the outside surfaces.

e PHEs low weight results in reduced transportation expenses and foundation
needs.

e Plate corrugation geometries can be modified to maximize PHE performance
under particular process conditions.

e PHEs with small channels have a low hold-up volume, which makes them
appropriate for handling costly and low weight provides easier process

parameter control.
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e The geometric shape of the PHE channels, which include contact sites for the
corrugations inside, causes a change in the direction of flow as well as

significant levels of swirl, vortex, and turbulence.

At present, the majority of PHEs produced for the market contain corrugations that are
angled toward the plate axis, designing crossing flow channels between them. Plate heat
exchangers are classified into three primary types including plates and frames, brazed, and
brazed plate heat exchangers. It is noteworthy that certain aspects of the thermal and hydraulic
design are significantly impacted by the kind of PHE construction. For all PHE designing
techniques, the fundamental ideas of heat transfer intensification in these channels are still the
same. The use of materials with optimum thermophysical and thermal characteristics, such as
nanofluids, reduces costs and enhances the heat exchanger efficiency [29]. Plate heat
exchangers are classified into three primary types such as, plate and frame, brazed, and welded
heat exchangers. Jorge et al. [30] designed a new method for plate heat exchangers that takes
into account the economic effects of chevron angles. The result revealed that, the corrugation
angle affects the size of the component based on the plate dimensions (length and width).
General correlations can be used to modify this angle, which acts as a variable. The optimal
design for a two-stream heat exchanger was achieved with a corrugation angle of 46° and 166

thermal plates.

Behrozifard et al. [31] conducted an experimental investigation to improve the
performance of plate heat exchanger by utilizing nanofluids including GO (Graphene oxide),
Al>03, and GO-ALO; with water. The primary objective was to achieve atomic stabilization,
which involved adding surfactants applying ultrasonic vibrations to nanofluids at particular
weight concentrations and increasing equilibrium, in order to improve the efficiency of the
nanofluids. The results indicated that the maximum influence on heat exchanger performance
was observed with GO nanoparticles, with an optimal heat exchanger performance as compared
to other two nanofluids. Similarly, Calvifio et al. [32] conducted researched to enhance the
hydrodynamic efficiency and heat transfer of tubular and plate heat exchangers in both laminar
and turbulent flows by using Zr 0, nanofluids. The results revealed that in laminar flow within
a plate heat exchanger, the nanofluids achieved convective heat transfer coefficient
enhancements of up to 123%, while in turbulent flow within a tubular heat exchanger, the
enhancements reached 8.8% compared to the base fluid. Moreover, for 0.75 weight percent
Zr0,, the Nusselt number rises approximately 65% under laminar flow conditions (Re = 400).

On the other hand, with 0.25 weight percent Zr0,, the Nusselt number rises by approximately
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6.7% in turbulent flow (Re=22500). Therefore, weight percentage of nanofluid significantly

impact on the performance of heat exchangers.

1.5 Compact heat exchangers

According to S.S. Mehendale, compact heat exchangers have a hydraulic diameter of 1
to 6 mm. These heat exchangers have reduced size and weight, higher heat transfer efficiency,
lower fluid inventory, and enhanced design flexibility. They are designed by their high area
density, which corresponds to a high ratio of heat transfer surface to volume. Typically, surface
area density of a gaseous fluid is 700 m*/m?>, whereas that of a liquid is 400 m?/m? in these heat
exchangers. Hence, a heat exchanger with a high surface area density should ideally have a
large number of small heat transfer channels, resulting in a greater heat transfer capacity for a
given volume. These heat exchangers can be used in a wide variety of industrial applications
as the design temperature and pressure remain within the allowed range, (450°C and 40 bar
gauge). Numerous industries utilize these heat exchangers significantly including HVAC,
aerospace, chemical, food processing, and pharmaceutical industries. Figure 1.2 depicts the
classification of compact heat exchangers. The most widely used varieties of these heat
exchangers are plate, plate-fin, printed circuit, spiral, and ceramic heat exchangers [33]. Figure

1.7 depicts the schematic representation of a compact heat exchanger.
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Figure 1. 7 Schematic representation of compact heat exchanger [34]

The raising demand for sustainable development, environmental conservation, and the
current high cost of energy have contributed to a new interest in high-performance heat
exchangers. In the design and development stage to enhance the performance of these heat

exchangers, many researchers and scientist utilized a wide range of methods.
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One of the methods adopted by Agarwal et al. [35] to enhance the performance of
compact heat exchangers by computational fluid dynamics to apply ZnO/water nanofluid for
enhancement in heat transfer. Compact heat exchanger design and optimization are
investigated by computational fluid dynamics (CFD), which eliminates the need of physical
prototypes. Moreover, computational fluid dynamics (CFD) simulations improve the
development of more efficient flow channels by the evaluation of fluid flow patterns, pressure
drops, and velocity distributions. According to the results, ZnO/water obtained the highest
Nusselt number, whereas water obtained the lowest Nusselt number when used as the base
fluid. However, when the rate of heat transfer increases, the pressure drop also rises, requiring
an increase in pumping power. Chamil [36] optimized the design of compact heat exchangers
by employing advanced Computational Fluid Dynamics (CFD) techniques. The Kern method
was used to determine the pressure drop and energy consumption. Subsequently, ANSYS was
used to create a computational model of the same heat exchanger, which was modified to six
different models by changing its important design parameters for optimization. These
parameters are mass flow rates, pressure drops, flow velocities, and vortices of shell and tube
flows. The result indicated that there was only a 1.05% disagreement in the hot fluid's cooling
performance between the theoretical and CFD values. Moreover, positive relationships were
seen between the pumping power requirement the total heat transfer coefficient, and the axial

pressure drops.

Experimental and theoretical research was conducted by Xiaojun et al. [37] analyzed
the performance of a finned tube compact heat exchanger made up of steel for a heat recovery
steam generator to recover both sensible and latent heat. According to the results, humid air
has a higher friction factor and Colburn factor than dry air, with the difference in the friction
factor decreasing as the air-side Reynolds number increases. On the other hand, for humid air,
the friction factor and j factors increase as the concentration of water vapor rises. To recover
waste heat from the flue gas, a fin-and-tube heat exchanger's heat transfer correlation was
developed and has a maximum variation of +7.3%. Wang et al. [38] did research on the
performance of fin and tube compact heat exchangers in the air side of two louvered surfaces
under dehumidifying conditions. According to the test results, fin pitch has a slight impact on
heat transfer efficiency, while in completely wet conditions, fin pitch significantly increases
friction factors. The relative humidity at the inlet has a negligible impact on the sensible heat
transfer performance. Moreover, changes in fin pitch and tube row number did not have much

impact on heat transfer performance. In order to correlate the current datasets, a correlation of
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heat, momentum, and mass transfer was presented, with mean deviations of 5.94%, 6.1%, and

7.89%, respectively.

Printed circuit heat exchangers (PCHEs) are the most popular type of compact heat
exchanger. The objective of printed circuit heat exchangers is to maximize the transfer of
thermal energy between two fluids with minimal footprint. A printed circuit heat exchanger's
have surface area density greater than 2500 m?/m®. Moreover, PCHEs obtained increased
interest due to recent advancements in production techniques. These devices utilize the
processes of chemical etching and diffusion bonding, in which metal plates are etched with
flow channels. Due to its wide surface areas that facilitate efficient heat transfer between fluids.
PCHEs channels' precise geometry and thermophysical properties of working fluid on flow
also improves thermo-hydraulic performance. Engineers can design compact designs with
printed circuit heat exchangers, which provide great thermal performance and effective heat
transfer due to complex flow patterns. Furthermore, the reliability and performance of heat
transfer are improved by their minimized fluid supply when compared to macro exchangers.
Diffusion bonded in these heat exchangers are useful for heating and cooling processes in the
industrial sector, among other uses, because of their high efficiency. Figure 1.8 depicts

schematic representation of printed circuit heat exchangers.
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Figure 1. 8 Printed circuit heat exchangers [39]

These heat exchangers are usually made of metals with high thermal conductivity and
corrosion resistance because of their application requirements. Grades 304 and 316 of stainless
steel are the most popular choices for materials because of their affordability, corrosion

resistance and durability. Numerous studies based on experimental and numerical simulations
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of PCHEs applications have been conducted. However, more investigation is needed,
particularly into the structural design and material choice for PCHEs. Konstantin et al. [40]
studied the experimental supercritical CO> loop as well as the heat transfer and pressure drop
characteristics of the PCHEs. The PCHE was made of flat metal plates with chemically
machined fluid flow passages; this technique is similar to that of producing electronic printed
circuit boards. According to the results, the compactness in relation to the heat exchanger core
was roughly 1050 m™!, while the overall heat transfer coefficient ranged from 300 to 650

W/mZK.

Minghui et al. [41] conducted researched by computational fluid dynamics was used to
simulate zigzag-channel PCHEs with high pressure and temperature helium on both the hot
and cold sides and their thermal-hydraulic performance. It was noticed that a channel cross
section's wall temperatures varied along its azimuthal direction. Moreover, it was determined
that the zigzag channels with sharp bends had greater mean pressure losses and mean Nusselt
numbers than the channels with rounded bends. The friction factor and Nusselt number
decreased when the channel pitch lengths increased when the zigzag angle was fixed.
Moreover, it was noted that at zigzag pitch angles larger than thirty, there was minimal increase
in the Nusselt values. Mylavarapu et al. [42] researched to investigate the heat transfer and
pressure drop in printed circuit heat exchangers at high temperatures for extremely high-
temperature reactors. The experimental lab was built to be able to operate at pressures and
temperatures as high as 3 MPa and 900-950°C, respectively. After the laboratory was built,
two PCHEs with ten hot and cold plates and twelve channels in each plate were fabricated from
alloy 617 plates. A modified PCHE model was successfully evaluated using simultaneous
computational fluid dynamics simulations, and the outcomes for three flow rate scenarios
including 15, 40, and 80 kg/h at a system pressure of 3 MPa. The result revealed that, the
Nusselt number in a fully developed laminar flow was constant and unaffected by the Reynolds
number. However, the local heat transfer coefficient was determined only by the fluid's thermal

conductivity.
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1.6 Micro heat exchangers

Tuckerman and Pease [44] introduced and used the micro-channel heat exchanger
technology for the first time in 1981. S.S. Mehendale [45] defines a micro-channel heat
exchanger as if the hydraulic diameter of the heat exchanger is less than 1mm. These are a
unique and specialized category of heat exchangers, then macro-ones due to their smaller

hydraulic diameters (Dn).

Figure 1. 9 Schematic representation of Micro heat exchanger [43]

The trend of miniaturization contributes to innovation across various sectors.
Specifically lithographic and other microfabrication techniques which are conventionally
employed in the integrated circuit (IC) industry, are being modified to fabricate ultra-compact
heat exchangers. Micro heat exchangers are crucial for precise thermal management in areas
such as microelectronics cooling, pharmaceutical industry, food industry, automotive industry,

HVAC, chemical processes and so forth.

The advancements achieved in these areas highlight how crucial micro heat exchangers
are in meeting the dynamic demands of modern technology and industry. In recent times,
developments in industry and technology have made significant interest in micro heat
exchangers, leading to numerous improvements focused on their design, efficiency, and
applications. Schematic representation of micro heat exchangers as depicted in figure 1.9
developed by Tokyo titanium with high efficiency technology by processing 0.2 mm extremely

thin internal diameter.
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The most common type of micro heat exchanger is the micro-plate heat exchanger. A
microplate heat exchanger is a highly efficient device that transfers heat between fluids using
a series of very thin wavy or corrugated plates of metal. These plates provide a lot of surface
area for heat exchange in a small amount of space, which makes the device extremely effective
in transferring heat, and ensuring material compatibility with their compact design. The role of
material is very important in the design of heat exchangers because it improves durability and
potential of energy saving. Examples of the most common such materials are titanium,
aluminum, copper, nickel, or stainless steel. The properties of the above-mentioned materials
have high thermal conductivity and corrosion resistance, provide longer lifespans and high
efficiency contribute to waste reduction. These materials have also the ability to lower carbon
emissions and provide high energy savings potential. Moreover, they have the ability to work
at higher and lower pressures and temperatures and also operate different fluids such as both
gases and liquids. The application of microchannel heat exchangers is attracting more interest
with the innovation and design of microchannel fabrication techniques, including lithography,
electroplating, and molding, chemical milling, and femtosecond laser fabrication. As a result,
micro-plate heat exchangers are significant in modern industries, offering reliable and efficient
heat transfer solutions for a variety of applications in various industrial sectors such as the food
industry, HVAC systems, chemical processing, pharmaceuticals, and food and beverage

industries.

1.6.1 Factor affecting the performance of MHE

Channel geometry

In recent years, many researchers investigated the performance of micro heat exchangers
in terms of efficiency by different methods. Microchannel heat exchangers can be
manufactured with channels of different geometries and are depicted in Figure 1.10.
Researchers are frequently searching for the ideal geometry, which could result in a small
pressure drop and an increase in heat transfer. The channel size, types and various shapes in

MCHE significantly impacts the heat exchanger's thermal and hydraulic performance.
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Application of channels with diameters in various fields are depicted in Figure 1.11.
Different shapes/types of channels enhance heat transfer efficiency by increasing the surface
area, reducing the boundary layer, and creating turbulence flow to improve convective heat
transfer. Generally, velocity flow in the microchannel is low due to the smaller passage in
microchannels as a result of a very low Reynolds number. Microchannel flows have relatively
high friction factors and pressure gradients because there is a large amount of surface area
available for a given flow volume. Similarly, the heat transfer coefficient is significantly high
under laminar flow conditions and decreases as the channel hydraulic diameter increases, while
maintaining a constant Nusselt number. The influence of channel size on heat transfer
efficiency is highlighted by this inverse relation. Different types of microchannel are used to
enhance the efficiency of micro heat exchangers such as circle, semicircle, triangle, rectangle,
trapezoid, sinusoid, ellipse, annular sections and so forth. In this regard, Yaghoubi et al. [47]
conducted research to investigate the impact of the size and shapes of channels on the
performance of counter-flow micro heat exchangers. Investigations were also conducted on
several channel configurations, such as square, wavy, ribs, V-shaped ribs, dimple, convergent,
divergent, rectangular, circular, and iso-triangle. The result indicated that the influence of
different channel shapes on pressure drops and heat transfer reveals that circular shape offers
the best overall performance in terms of both hydrodynamic and thermal aspects and square
channels offer the second-best overall performance. Moreover, heat transfer, pressure drop, and
pumping increase by decreasing the volume of each channel or increasing the number of
channels. Therefore, the application determines whether to increase or decrease the number of

channels in micro heat exchangers.
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Figure 1. 11 Channel diameter ranges applied for various applications [48]

Similarly, Yang et al.[49] conducted an experimental study on three different shapes of
channels in micro heat exchangers, those were designed with macro heat transfer enhancement
concept, including chevron channels, long offset strips, and short-off strips for high heat flux.
For comparison, a straight-channel heat exchanger was also designed. The result indicated that
three micro heat exchangers have higher heat transfer enhancements and lower thermal
resistance as compared to straight channel heat exchangers. Moreover, the performance of the
short-strip micro heat exchanger was better than the long-strip micro heat exchanger. The third
micro heat exchanger designed with a chevron channel provides lower thermal resistance,
however five times higher pressure drops. Furthermore, it is important to note that traditional
heat transfer enhancement techniques were successfully used to design a micro heat exchanger

for high heat flux.

Tiantong et al. [50] increase the heat transfer and decrease the pressure drop in
microchannel heat exchangers by introducing two different shapes of cavities and lengths of
expansion and contraction sections. Microchannels were created using dry etching-based
microfabrication techniques, and they were then used in fabricating single-crystal silicon for
micro-electro-mechanical systems. Deionized water was used in that study as a working fluid
because it has good thermal characteristics and low electrical conductivity. The result indicated
that, due to adding cavity into the microchannels the heat transfer can be improved and
minimize the pressure drop as compared to the straight microchannel. Conversly, for
devices sensitive to increased pressure drop and pumping power consumption, cavities could
be used instead of ribs, resulting in a greater pressure drop. Therefore, the conclusion obtained

is that the channel's geometry significantly impacts the exchanger's thermal performance.
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Nanofluids

Nanofluid is a powerful technique that plays a significant role in enhancing the
performance of heat exchangers. An increase in temperature in nanofluids will cause the
nanoparticles to move energetically, which will increase the amount of energy transferred.
Debendra et al. [51] conducted an experimental and numerical study to analyze the
performance of three different nanofluids including copper oxide, silicon dioxide, and
aluminum oxide in microplate heat exchangers. They also reduce the size and pumping power
and increase the higher heat flux of heat exchanger with the use of nanofluids as compared to
macro heat exchanger. For comparison, three crucial parameters mass flow rate, heat transfer
rate, and pumping power were used for comparison in the plate heat exchanger. There is a good
agreement between experimental and predicted data in the rate of heat transfer and overall heat
transfer coefficient. The result indicated that aluminum oxide nanofluid has better results than
the others. The improvement in the overall and convective heat transfer coefficient was 4.85%
and 11%, respectively. Moreover, it also reduced the pumping power by 6.65%, demonstrating

the energy-saving potential of nanofluids.

Mehdi and Ali [52] researched to check the effect of different shapes of nanofluids on
the performance of microplate heat. The shape of nanoparticles with various forms such as
brick, blade, platelet, brick, oblate spheroid, blade, and cylinder with 1% of their concentration.
The heat exchanger was designed with copper material having high thermal conductivity. The
finding indicated that platelet-shaped nanoparticles had maximum heat flux and convective
heat transfer coefficient as compared to others. The highest effectiveness was shown by the
nanofluid having oblate spheroid and after which came the solutions containing nanoparticles
shaped like bricks, blades, cylinders, and platelets. Finally, the microplate heat
exchanger experiences the lowest pressure loss when the oblate spheroid-shaped nanofluid and
pressure loss increases with the increase of Reynolds number. Chandrakant et al. [53]
investigated the performance of microplate heat exchangers with hybrid nanofluids at various
temperatures and flow rates. The nanofluids analyzed were ZnO/ethylene glycol nanofluids,
TiOz/ethylene glycol, and hybrid nanofluids with varied nanoparticle volume fractions. The
effect on the thermal conductivity of hybrid nanofluids was determined from the
measured conductivity values by using the temperature and volume fraction of nanocomposite
powder. The study demonstrates that the thermal conductivity of composite nanofluids is
significantly improved by both an increase in the volume percentage of solid particles and an

increase in fluid temperature. Additionally, the thermal conductivity of nanofluids was shown
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to increase with an increase in particle velocity and particle collisions with one another in the
base fluid. Furthermore, the result demonstrated that the enhancement in the Nusselt number
and convective heat transfer coefficient in hybrid nanofluids were higher than in nanofluids.
Chaitanya et al. [54] conducted an experimental study to improve heat transfer by introducing
the multiples twisted tapes inside the circular microchannels. The experiments performed at
different twist ratios for single, twin, and times twisted tape inserts were 2.5,3 and 3.5. The
result revealed, there was an increase in pressure drop but greater heat transfer was calculated
by the 2.5 twist ratio compared to the smooth channel. They also developed a corelation for
Nusselt number and friction factor as a function of Reynolds number with respect to twist ratio.
Furthermore, as the number of twisted tape inserts increases, the Reynolds number has greater

influence on the Nusselt number and friction factor values.

Yang et al. [55] conducted research to optimize the microchannel structure in order to
improve plate heat exchanger performance based on three evaluation parameters such as heat
transfer coefficient, pumping power consumption, and effectiveness. Thay designed optimized
microchannel structure of plate heat exchanger based on minimum pressure drop and maximum
heat transfer coefficient. A comparative study between the optimized structure and the contrast
structures was conducted, using the area of a single microchannel element and the fluid volume
fraction as limitations. The result revealed the optimized plate heat exchanger was 2.81-times
higher effectiveness than comparison structure. Moreover, the pumping power and heat transfer
coefficient was better than three contrast structure. The performance of a micro plate heat
exchanger with a trapezoid-shaped cavity was examined by Yufeng et al. [56] in terms of heat
transfer, pressure and flow characteristics. The flow characteristic is a major parameter that
affects the heat transfer characteristics and pressure drop characteristics of heat exchangers.
The geometry such as height, width, coincidence degree, number and distribution of cavity also
influence on the performance of MPHX. The heat transfer capacity of the microplate heat
exchanger, with and without the trapezoid-shaped cavity, decreases initially with an increase
in flow rate before increasing once the flow rate reaches its optimal level. At higher flow rate
MPHX with trapezoid shaped cavity experiences a lower pressure drop than conventional
micro heat exchanger. Therefore, cavities could be useful instead of using ribs to improve the

performance of heat exchangers.

The technique of simulating flow and heat transfer in heat exchangers
with computational fluid dynamics (CFD) as well as other commercial software is very popular

among research and scientists. Therefore, Lee et al. [57] used a CFD approach with different-
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shaped nanofluids to investigate the microplate heat exchanger utilizing hybrid nanofluids
ADO3/Cu and single particles Al>O3. The obtained results obtained by using different shaped
of nanofluids were compared by first and second law of thermodynamics. Different shapes of
hybrid nanofluids and single particles were platelet, blade, cylinder, oblate spheroid, brick and
prolate spheroid. According to first and second law characterizations, the results showed that
for single particle and hybrid nanofluid, an oblate spheroid shape represents better performance
index and a prolate spheroid shape demonstrates lower performance index at different
temperature and mass flow rates for both hot and cold fluids. The OS-shaped nanoparticles
demonstrate maximum values of 0.913 for the Bejan number and 4.07 for the performance
index. Furthermore, as the volume fraction has increased, the characteristics of first and second
law have become better. A research conducted by Shooshtari et al. [58] developed a
computational fluid dynamics (CFD) model to calculate the heat transfer rate in microchannel
plate heat exchanger (MPHE). Thay also used a hybrid technique to develop an MPHE, which
has the advantage of requiring less computation time than a fully computational fluid dynamic
model. There was good agreement found in the hybrid method results with experimental and
computational fluid dynamic work. Moreover, approximation-based optimization technique
applied and found that the optimized microchannel plate heat exchanger was superior

to chevron plate heat exchanger designs in terms of heat transfer performance.

Dimension less number

There are three effective dimensionless parameters such as Nusselt, Rynolds and
Knudsen numbers that effect on the performance of micro heat exchangers. In these aspects,
Sheikholeslami et al. [59] investigated the effect of nanofluid on the performance of micro heat
exchanger in the presence of magnetic fluid. According to the researchers, the particle size of
the nanoparticles in the nanofluid correlates to the Nusselt number. The decrease in the size of
the nanoparticles led to a reduction in the temperature differential between the wall and coolant,
resulting in increased Nusselt. They also reported that Al,Os have better Nusselt number
copper oxide CuO. Moreover, the percentage of nanoparticles by volume that enhances particle
movement, which has a significant impact on heat transfer. Sidik and Abubakar [60]
numerically researched on heat transfer enhancement by utilizing nanofluid in rectangle
microchannel heat sink. Their average diameter was 13 nm, and they employed Fe,Os-water
nanofluid with varying volume percentages of 0.4%, 0.6%, and 0.8%, respectively. Figure 1.12

depicted the Nusselt number is increase with the increase of Reynolds number and volume
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fraction of Fe»O3 nanofluid. Therefore, Nusselt number improve with the increase of volume

percentage in the nanofluids.
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Figure 1. 12 Nusselt number with respect to Reynolds number [60]

Seungwhan et al. [61] a new measurement method was developed and implemented in
order to investigate the properties of heat transfer on the wall of the microchannel with
a particular focus on the conduction phenomenon across the channel walls. This model predicts
the wall temperature varies across a location at the end of the heater to a certain distance from
it. The size of the microchannel is very small, therefore it is difficult to measure the temperature
inside the microchannel. Moreover, they also developed a numerical model to validate the
experimental measurements of temperature changes and found a good agreement between
them. The outcome showed that, for Reynolds numbers below 300, the Nusselt number was
independent of the Reynolds number during the laminar flow regime. Mohammed et al. [62]
researched to investigate the performance of microchannel heat exchangers with various factors
including shapes of the microchannel, Reynolds number, and types of nanofluids. They utilized
four different nanofluids such as silver, titanium dioxide, aluminium oxide, and silicon dioxide
with volume percentages of 2%, 5%, and 10%, respectively. According to the results, an
increased Reynolds number causes a decrease in effectiveness and an increase in pumping
power due to higher shear stress along the channel walls. When the Reynolds number increased,
the average temperature of the hot fluid increased, but the average temperature of the cold fluid
decreased. Moreover, aluminium oxide showed a higher heat transfer coefficient, while silicon
oxide indicated that higher pumping power was required at different Reynolds numbers (100-

800). Furthermore, the silver nanofluids found a higher performance index than others followed
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by titanium dioxide, aluminium oxide, and silicon dioxide, respectively. Shahabeddin et al.
[63] compared the hydraulic and thermal performance of counter flow micro heat exchanger
with and without nanofluids to investigate the effect of various parameters such as Reynolds
number, volume fraction, efficiency, pressure drops, Brownian motion and consumption of
pumping power on micro heat exchanger. There are two types of nanofluids used, both with
three different volume fractions: water-Al>Os3, with mean diameter of 47 nm, and water-CuO,
with mean diameter of 29 nm. According to the results, pumping power, efficiency, and
performance index significantly drop as the volume percentage of nanoparticles rise. The
efficiency and performance index rise while pressure drops and pumping power declines as the
Reynolds number drops. Moreover, the performance index for Al,Os higher than the CuO with
the increase of Renyolds number. Wang et al. [64] experimentally and numerically investigated
the performance of microchannel heat sink with various shapes of pin fins including ellipsoidal,
diamond, rectangular, backward and forward triangular. They concluded that various pin fins
significantly improve the heat transfer enhancement by disrupting the boundary layer. The
performance of microchannel heat sink improves in term of Nusselt number with the increase
of Reynolds number; however, friction factor also increases which drawbacks of improvement.
Moreover, below 300 Reynolds number rectangle pin fin while above 300 Reynolds number

backward pin fin found maximum friction factor.

In microchannel, Kn number is inversely proportional with the length (L), and directly
proportional with mean free path length (1) therefore smaller length of microchannel leading
to increase the Kn number. This number greatly effect on different parameters such as pressure
drop, velocity profile and heat transfer [65]. Maqableh et al. [66] reported numerically the
effect of Knudsen number on the performance of parallel and counter flow micro heat
exchanger with heat conduction on the wall of microchannel. The result indicated that with the
increase of Kn number and thermal resistance, temperature on the microchannel wall increases.
On the other hand, number of unit (NTU) rise with decline of Kn number and thermal
resistance. Furthermore, because of heat conduction in the separation wall and the entrance
region, athermally fully developed flow for counterflow may not occur throughout a
significant part of the heat exchanger. Sinkovits et al. [67] reported the effect of three different
Kn numbers at high speed with the variation of channel heights on microchannel flows. The
aspect ratio was constant between the length and height of microchannels. The result indicated

that with the increase of Kn number the angle and thickness increase at the entrance of
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microchannels. Moreover, temperature jumps, and velocity slips were also observed and found
at the entry point of microchannels.
Brownian motion

Another factor that effects the performance of microchannel heat exchangers is
Brownian motion. The random movement of particles suspended in a liquid or gas as a result
of collision with the fast-moving molecules of fluids is known as Brownian motion. Seyf and
Nikaaein [68] numerically examined the effect of Brownian motion by utilizing various
nanofluids on the thermal and cooling performance of microchannel heat sinks. Brownian
motion plays a significant role in the enhancement of thermal conductivity of nanofluids. They
found that in the thermal enhancement depends on various factors such as, nanofluid diameter,
nanoparticle shape as well as Brownian motion. Wang et al. [69] a comprehensive study on the
enhancement of thermal conductivity of nanofluids. The size of nanoparticle is subjected to
several forces, such as the Van der Waals force, the electrostatic force produced by the electric
double layer at the particle surface, the hydrodynamic force, and the stochastic force that cause
the Brownian motion of particles. They found that, when the distance between the particles is
smaller than dominating Van der forces. There are two factors that improvement the thermal
conductivity as well as heat transfer of nanofluids including structure of nanoparticles and
Brownian. Similarly, another study conducted by Shahabeddin et al. [63] to analyzed the effect
of Brownian motion on the enhancement of thermal conductivity of nanofluids in counter flow
micro heat exchanger. They found that, Brownian motion of nanofluids strongly influence on
the enhancement of thermal conductivity as well as increase the efficiency of counter flow
micro heat exchangers. Moreover, as the volume fraction and Reynolds number increase,
the impact of Brownian motion on efficiency increases.

Mohammad et al. [70] reported the impact of viscous dissipation , trapezoidal structure
of channel and Brownian motion on heat transfer enhancements for microchannel heat sink.
The findings obtained demonstrate that the diffusion coefficient of Brownian particles
decreases with an increase in nanoparticle diameter. Moreover, it increases as the temperature
and volume percentage of nanoparticles rise. Moreover, the other parameters such as the
volume percentage of nanoparticles and viscous dissipation increase as a result of heat transfer
decreases.

It is concluded that various parameters including nanofluids, channel geometry,
dimensionless number (Nu, Re and Kn) significantly effect on the performance of micro heat

exchanger.
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1.6.2 Manufacturing Techniques

Currently, it is challenging to manufacture microchannels for heat exchangers utilizing
a variety of materials; therefore, more research is needed to find more effective manufacturing
techniques as well as precise microchannel shapes. Typically, different types of materials are
utilized to manufacture the microchannels such as metallic, polymeric, ceramic, glass,
semiconductors and composite. These materials are preferred due to their unique properties
such as excellent thermal conductivity, high strength, hardness, light weight, resistant to
corrosion, high melting point, thermal stability, and so forth. Therefore, further research is
needed to select the efficient materials, precise geometry as well as more efficient fabrication
techniques. Regarding fabrication techniques are classified into two different types such as
conventional and modern technologies are depicted in Figure 1.13 to manufacture the
microchannels. The fabrication methods developed a microchannel with precisely measured

geometries and dimensions, significantly enhancing the microchannel's performance.
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Figure 1. 13 Classification of microchannel fabrication techniques
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Laser Fabrication

Laser fabrication is a innovative technique in which a high-powered laser is used to
perform various operations with quickly and high precision and accuracy.
Almost every type of substrate material can be processed with laser technology, which also has
the advantage of being very flexible and requiring short processing times. This technology
utilizes powerful laser beams to a variety of materials, including metals, polymers, ceramics,
glass, semiconductors and composites, to perform a range of operations including cutting,
engraving, welding, and surface modification. The advantages of laser techniques over other
techniques because it is easy to use, scrapless, environmental friendly. Various laser fabrication

methods for manufacturing microchannels are shown in Figure 1.14.
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Figure 1. 14 Laser fabrication of microchannels [71]

In recent years, laser processing of microchannels have been developed and researched
by various scientists. Chen et al. [72] did a simulation-based study to investigate the surface
roughness and improvement in the microchannels with the excimer laser fabrication method.
It was found that the excimer laser's fluence has a significant impact in determining the
microchannel surface roughness because both the surface roughness and the depth of the
microfluidic channel increase as it increases concentration. It is possible to significantly reduce
the surface roughness of microfluidic channels by excimer laser polishing. The surface
roughness decreases as the irradiation time frame increases, however, if the irradiation time is
too long, some flimsy stripes will form on the corner of the edges, worsening the surface
roughness. Similarly, another study Hong et al. [73] utilized novel techniques CO> laser beam

for scribing microchannels. The results demonstrate that by using an CO> laser beam during
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the scribing process, a smooth channel wall can be achieved without the requirement for a post-
machining annealing operation. Moreover, this laser fabrication is a cost-effective and
adaptable way to prototype polymethylmethacrylate-based microfluidic devices quickly.
Recently, Jianlei et al. [74] used a UV nanosecond laser processing machine to conduct an
experimental investigation by fabricating a microchannel composed of diamond material
having high thermal conductivity. However, it is a big challenge to manufacture the straight
microchannel by utilizing diamond material. They manufactured a 1600pm deep collecting
groove with a smooth bottom geometry by combining an improved multi-feed technique with

a grid path spaced 1 pum.

Micro-mechanical cutting

One of the key techniques for creating microchannels is micro-mechanical cutting,
which enhances heat transfer in microchannels by providing better surface finish and channel
accuracy using high-precision machine tools. The advantages of micromechanical cutting as
compared to laser as it doesn't need a piece of particularly expensive equipment, in comparison
with laser fabrication techniques, therefore microchannels are easily manufactured at a low
cost. Furthermore, a wide range of materials can be fabricated, including steel, aluminium,
brass, plastics, and polymers. Commonly, there are two types of micro-mechanical cutting are
micro milling and micro cutting [74]. Recently, using micro-milling techniques, Zhou et al.
[75] fabricated rectangular copper microchannels and investigated their burr formation and
surface roughness characteristics at various feed rates, spindle speeds, and depth of cut. They
also investigated how burr form within the microchannels by simulation based and
experimentally. The finding indicated that by changing the micro-milling parameters, surface
roughness variations of the microchannel bottom and sidewalls generally correlated with the
top burr size on the down-milling side. It was observed that, in the micro-milling of
microchannels, top burr formation and its size on the down-milling side were significantly
larger than those on the up-milling side. Moreover, various micro-milling processes such as
thin depth of cut, high spindle speed, and medium feed rate enhance the surface quality of the
microchannel, emphasizing the selection of an optimum cutting-edge radius. Similarly,
Vazquez et al. [76] analyzed experimentally the effect of various micro milling process such
as spindle speed, feed per tooth, depth of cut, and coolant applications during fabrication of
metallic microchannel (aluminium and copper). These parameters significantly influence on
quality of finishing surface and precise dimensions of microchannels. It's important to

determine which process factors have the greatest influence on the final product quality and

34



how much altering them would impact it. The outcome showed that, at high feed rates,
aluminium microchannel width was more controllable during manufacturing than copper.
Moreover, by utilizing coolant provides higher quality in terms of average micro-channel width
and bottom surface roughness in both aluminium and copper materials. A mechanical cutting
force model was proposed by Lee et al. [77], to estimate the cutting force accurately in micro-
end milling under particular conditions. Based on measured cutting forces, these cutting force
coefficients represent the effects of most cutting mechanisms utilized in micro-end milling,
including the influence of the minimum chip-thickness.

The size and surface quality of the micro-structures depend on precision cutting tools
and machine tools, which are essential to micro-mechanical cutting operations. Various
mechanical cutting tool are shown in Figure 1.15. Hyuk et al. [78] carried out research to
confirm precise accuracy and economic efficiency by fabricating the aluminium mould using
two different techniques, micro cutting and microelectromechanical systems (MEMS). They
found that micro cutting was fifteen time cheaper than MEMS techniques during
manufacturing of aluminium microchips. Therefore, micro mechanical cutting is simple, fast,
and cheaper for manufacturing the microchip. Jingwei et al. [79] developed a copper
microchannel micro rolling process. They performed annealing operation at different
temperature (400°C, 500°C, 600°C, 700°C, 800°C) on copper foil having thickness of 0.1mm.
The result revealed that optimum annealing temperature (500°C) was made possible by refined
microstructure and texture, which also improves the accuracy of microchannel formation

during micro rolling.
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Figure 1. 15 Various micro cutting tools [80]
Lithography
One of the main methods for designing the microchannels is lithography. It is difficult
to generate a wide variety of topography using other fabrication techniques, but lithography
makes it possible. High resolution and precision are two major benefits of lithography-based

microfabrication, but the complex structure of the fabrication process requires a clean-room
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environment and costly equipment [81]. Photolithography is the most common technique of
lithography, in this aspect Sungyoung and Je-Kyun [82] researched two-step photolithography
that demonstrates the usage of the method for creating multilayer microchannels in
microfluidic applications. They investigated how the thickness of printed microchannel
features varied in the photoresist, using two-step photolithography. The thickness and width of
the specified photoresist pattern in the first step and the spin-coated photoresist film's thickness
in the second step determine the final photoresist thickness. Chihchen et al. [83] demonstrate
the grayscale lithography in photoresist creating a photomask with fluids. The produced
photoresist pattern for a specific microfluidic photomask can be predicted based on the
photomask and dye concentration dimensions.

According to Kandlikar et al. [84], lithography, electroplating, and molding (LIGA)
offers all the benefits of X-ray lithography. By projecting highly directed X-rays through a
unique X-ray mask, LIGA is able to expose a thick photoresist that is almost diffraction-free.
This method can produce structures with aspect ratios more than 100:1 and maintain submicron
requirements. Recently, Haruki et al. [85] used ultraviolet nanoimprint lithography to
manufacture the complex polymer microchannels. The findings demonstrate that the
nanoimprint UV lithography approach quickly creates hybrid microchannels on a single
resistance layer. Furthermore, collected cells within the channel can be imaged using the UV-
curable polymer since the refractive index of it was nearly equal to that of water. Similarly,
Azrena et al. [86] manufactured multiple size microchannels (1,3,5um diameter) based micro
sorting devices by utilizing ultraviolet lithography technique. The finding demonstrated that
direct laser writing is an appropriate technique for fabricating the IP-L porous micro-
channel and Polydimethylsiloxane PDMS micro-channel adhesion of the IP-L allows it to be

suitable as a photoresist.

Chemical etching

Etching is typically used as a type of subtractive technique in various micro-machining
processes. Usually, the materials used to make microchannel devices are typically metallic,
polymer, semiconductors, and ceramic; however, these materials cannot withstand
temperatures higher than 300°C. Therefore, constructing such devices using materials that can
withstand higher temperatures is crucial because many chemical reactions function at
temperatures above 300°C. Rao and Deepak [87]manufactured the microchannel having depths
of nearly 200 pm with stainless steel by applying wet chemical etching. Etchant is made of

various concentrations of HCI, FeCls, and HNOs mixed with water utilized to etch
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microchannels on substrates made of stainless steel. The result revealed that the etch rate and
etch factor increase as the concentration of HCI in the etchant increases, but the roughness
was affected more adversely. Additionally, the channel depth and etch factor were highly
influenced by the operating temperature and etchant composition. Rodrigo et al. [88] performed
a chemical etching process by using a femtosecond laser to create microchannels with a
rectangular shape in order to develop three-dimensional structures. During the engraving
process, the femtosecond laser energy and sample were etched in acid to determine the final
microchannel width. The control procedure involves increasing the laser power and
concentration, developing the recording program, and etching the material to allow for different

structural shapes for diverse purposes in order to maximize line-by-line imprinting.

Embossing or imprinting

In the 1990s, the Institute for Microstructure Technology at Forschungszentrum
Karlsruhe used the embossing technique for the first time to recreate or replicate the
microstructures. Hot embossing is the term for an embossing technique that is especially
helpful in the replication process and typically requires a high degree of temperature that is
comparable to the temperature of polymer molding. Additionally, wires are utilized for
imprinting on plastic surfaces. It has been discovered in recent research that silicon stamps are

superior imprinting tools for manufacturing microchannels.

Ming-Chung et al. [89] investigations were conducted on how the molding condition
affected the precision of microfeature replication. The finding indicated that embossing load,
temperature, and embossing time all have a substantial influence on the accuracy of the
microchannel depth and width. Moreover, positions have an impact on the quality of imprint
replication; higher replication accuracy is produced when one is closer to the center of moulded
components. Similarly, Deshmukh et al. [90] did research on the improvement of accuracy of
hot embossing an embossed micro-channel with a laser-patterned copper mold to replicate their
design. A fibre laser machine was used to manufacture a positive-feature micro-patterned mold
for hot embossing. They also investigated the impact of three different parameters including
embossing temperature, embossing pressure, and embossing time. At the optimal condition,
the depth of the embossed micro-channel increased from 28.6 um to 46.5 um, and the
replication accuracy improved from 59.34% to 96.33% compared to the initial parameter
levels. Moreover, the embossing temperature plays a significant role in replication accuracy,

accounting for 70.52% of the process overall.
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1.6.3 Advancements in micro heat exchangers: food and pharmaceutical industries

Micro heat exchangers play a crucial role in both food and pharmaceutical industries.
Currently researchers are focused on several key areas to improve efficiency, cost-

effectiveness, reliability, and applicability. Some of these key areas are as follows,

* Advanced materials

* New fabrication techniques

* Performance optimization

* Integration with other technologies

* Energy efficiency and sustainability

* CFD (Computational Fluid Dynamics) modeling
*  Smart sensors

+ Artificial Intelligence (AI)

Advanced materials: The researcher focuses on biocompatible, food grade and
nanomaterial materials to enhance heat transfer and minimize thermal resistance for micro heat
exchangers in industries such as pharmaceuticals and food processing. Regarding direct-
contact applications, where material compatibility and hygiene are critical, these materials not
only provide thermal efficiency but also provide safety. Biocompatible and food-grade
materials such as advanced stainless steels, polymers, and ceramics possess remarkable
resistance to corrosion and fouling. These materials contribute to better equipment lifetimes
and lower maintenance costs in addition to maintaining the safety and hygienic standards

required in both industries.

Another effective material is phase change material, which is suitable for applications
with varying heat loads because it can absorb and release significant amounts of thermal energy
during phase transitions, generally between solid and liquid or vice versa. They are widely used
in thermal energy storage applications, especially for systems their utilization for cooling and
heating. They are used in the food processing to control temperature during refrigeration,
transportation, and preservation. This helps to maintain perishable product safety, flavor, and
nutritional content while reducing waste and spoilage. On the other hand, these are effectively
control thermal conditions by absorbing and releasing heat during phase transitions to maintain
certain temperature ranges for drugs and vaccines in the pharmaceutical industry. The
efficiency of a PCM-based thermal energy storage system, which is dependent on the properties

of the PCM, including thermal conductivity, melting point, operating temperature range, energy
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storage capacity, and heat of fusion, has a significant impact on energy savings and a more
comfortable indoor environment [91]. The two main classifications of phase change materials
are solid—solid and solid-liquid PCMs, which are differentiated by their specific phase
transition behaviors. Solid—liquid PCMs move from a solid to a liquid state, whereas solid—
solid PCMs oscillate between distinct solid states [92]. Ho et al. [93] enhanced a 70%
improvement in heat transfer and a 45% in the performance index through introducing nano-
encapsulated phase change materials into a mini-channel heat sink. Zhou et al. [94] used
composite phase change materials (CPCM) to enhance the efficiency mini-channel plate heat
exchanger. Their findings demonstrate the feasibility of using a mini-channel plate heat

exchanger with composite phase change materials for efficient domestic hot water production.

Nanofluids improve heat transfer characteristics and reduce thermal resistance,
therefore they significantly enhance the efficiency of micro heat exchangers. Various
nanomaterials like graphene, nanostructured coatings and carbon-based nanomaterials are
being used in micro heat exchangers. These materials have high thermal conductivity, enabling
more efficient heat transfer across the exchangers as well as improving overall performance
and reducing energy consumption. In heat exchangers, nanofluids can also minimize fouling
and corrosion, prolonging the lifespan and lowering maintenance costs. Introducing nanofluids
into micro heat exchanger designs can improve thermal performance and offer an economical
solution for a range of applications, such as electronic cooling, HVAC systems, and
manufacturing [95]. Painuly et al. [96] conducted an experimental investigation of the heat
transfer and flow characteristics of hybrid nanofluids (SiIC-MWCNT and Al,O3-MWCNT) in
a heat exchanger using helically corrugated tubes. In comparison to smooth tubes, the results
demonstrate that the addition of nanofluids improves the Nusselt number by 61.3%. The eftect
of nanofluids is briefly explained in the above section 1.6.1 (factor affecting the performance

of MHE). Table 1.2 provides the material properties for micro heat exchangers.

39



Table 1. 2 Suitable material properties for MCHE.

Parameters Properties

Thermal High thermal stability, high heat transfer efficiency,
high thermal conductivity
Mechanical High fracture toughness, low thermal expansion
coefficient, and mechanical stability
Economic and environmental High resistance to corrosion, reduced energy
consumption, lower manufacturing costs, and carbon

footprints, lifecycle cost

New fabrication techniques: Complex microchannel structures are constructed with
high accuracy and precision by employing cutting-edge design and production methods
including additive manufacturing, 3D printing, advanced surface treatments and
microfabrication. There are different 3D printing methods such as fused filament fabrication,
binder jetting [97], material jetting [98], multijet fusion [99], stereolithography [100], selective
laser melting [101], and electron beam melting [102]. These techniques allow for the
manufacturing of these heat exchangers with improved heat transfer efficiency, with better
surface area to volume ratios and compact designs that are perfect for integration into existing
processing systems. 3D printing makes it possible to create micro heat exchangers with
complex channel patterns that were previously impossible to do using conventional
manufacturing techniques. Moreover, development of advanced microfabrication methods to
produce highly accurate and effective microchannel structures by different methods such as 3D
printing, laser fabrication and micro-machining [103]. Various heat exchangers manufactured

through 3D printing techniques are shown in Figure 1.16.
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Figure 1. 16 Heat exchangers manufactured through 3D printing
techniques [104]

Performance optimization: To enhance heat transfer, researchers investigated various
flow patterns, surface treatments, and microchannel designs to maximize heat transfer
efficiency. The different sizes, forms, and patterns of the channels that fluids pass through in
micro heat exchangers are referred to as microchannel configurations. The most common
configurations are including zigzag, straight, serpentine, and pin-fin channels. The objective is
to find the ideal balance between fluid resistance and heat transfer efficiency, as each

configuration has a different impact on fluid flow and heat transfer characteristics.

Heat transfer performance can be improved by using surface treatment methods such
as adding micro- or nanostructures to facilitate fluid mixing, roughening the surface to produce
turbulence, or coating the channels with thin coatings of highly thermally conductive materials.
Furthermore, fouling or scaling is becoming a major barrier behind achieving high heat transfer
exchange between two fluids and mostly found on tubes because it combines a number of
contaminants, it is challenging to determine the type of scale production. Therefore, fouling
has a major impact on the performance of heat exchangers and product quality in both food

and pharmaceutical industries. Figure 1.17 illustrates possible deposition and removal
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procedures for a typical system. Deposition rates are dependent on modifications that are
caused by deposits, such as increased flow velocity and surface roughness, but they are not
affected by the amount of deposits. On the other hand, removal rates often rise as deposit
amounts do. Moreover, the fluid passing through most heat exchangers contains some dirt, oil,
grease, and organic or chemical deposits, which lowers the heat transfer coefficient. Therefore,

the deposition issue has to be the focus of future advancements in micro heat exchangers.
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Figure 1. 17 Different deposition and removal processes

during fouling [105]

CFD modeling: CFD has been used to heat exchangers during design and optimization
stages to address problems including fouling, pressure loss, thermal analysis, and fluid flow
maldistribution. In microchannel systems, flow maldistribution is a common issue that can
result in poor performance due to unequal fluid distribution. In order to obtain a more uniform
flow distribution, researchers improve the microchannel geometry by using CFD simulations
to predict and identify areas of maldistribution. These models enable engineers to virtually
explore different configurations, microchannel geometry, flow arrangements, predicting heat
transfer efficiency, pressure drop, and other crucial parameters with precision. In micro heat
exchangers, advanced computational fluid dynamics (CFD) models are utilized to simulate
various designs and operating conditions, serving to optimize performance before physical
prototypes are constructed. Moreover, machine learning algorithms play a vital role in
analyzing operational data generated from micro heat exchangers. It can forecast performance
trends, identify anomalies, and provide design changes by analyzing patterns and correlations

from there data [106].
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Smart Sensors: A smart sensor is an advanced device that measures physical properties
such as motion, flowrate, temperature, pressure, and significantly improves the precision,
efficiency, and reliability in various applications such as HVAC, robotics, heat exchangers,
industrial automation, food safety monitoring and so on [107]. It can be used in micro heat
exchangers to monitor critical parameters including temperature, flow rates and pressure in
real-time to improve thermal efficiency, sustainability, predictive maintenance, and fault
detection and Diagnostics. As an example, if an extremely small temperature differential is
observed, it may indicate that the heat exchanger is not transporting heat as it should be, either

because of scale deposition or a fluid imbalance.

The use of IoT (Internet of Things) along with smart sensor integration for remote
monitoring and predictive maintenance to detect temperature, flow rates, and pressure drops
improves their efficiency and reliability. They enable precise control overheat management
procedures and are a source of real-time data. Real-time data is very useful to keep the heat
exchanger performing at its maximum effectiveness and to avoid overcooling or
overheating. Micro heat exchangers are maintained at the proper temperatures for processing
and storage by smart sensors, which are essential in the food and pharmaceutical industries
where accurate temperature control is essential. They aid in the efficient management of heat
dissipation in electronics cooling, protecting expensive components from thermal harm. With
developments in sensor innovation and the incorporation of Al and IoT, smart sensors are now
being utilized in micro heat exchangers. These developments will allow them to become more
efficient, and diverse in their applications [108]. Chu et al. [109] studied integrated graded
SMA vortex generator smart microchannel heat exchangers, which improve cooling
performance by adapting at random hotspots. According to the findings, channels incorporating
integrated graded SMA vortex generators perform better than conventional coil vortex

generators in terms of heat transfer while requiring less pumping power.

Artificial intelligence (AI): Attificial Intelligence (41) offer significant potential for
the design, optimization, cost reduction, and performance analysis of micro heat exchangers
[110]. Various artificial intelligence techniques including neural networks (ANN), machine
learning, deep learning, data analytics and expert systems provide significant improvements in
diagnostics, predictive maintenance, and performance optimization [111]. These technologies
can be used to improve several types of micro heat exchanger applications, especially where
precise heating and cooling is crucial, such as food processing and pharmaceuticals sectors. In

this scenario, artificial intelligence (AI) has become significant for design optimization,
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performance prediction, real-time monitoring and control, material innovation and selection,

as well as enhanced simulation and modelling [112].

Heat exchanger data, both real-time and historical pattern data, can be analyzed by Al-
driven machine learning algorithms to predict future breakdowns and maintenance needs. Due
to this proactive strategy minimizes unscheduled downtime, lowers maintenance costs, and
increases the equipment's lifespan. It can identify intricate correlations between variables such
as variations in pressure and temperature that may not be evident through manual analysis or
conventional statistical tools. Moreover, to identify degradation or fouling in the beginning,
operators can correct possible problems before they cause noticeable drops in performance

[113].

Artificial intelligence can optimize heat exchanger designs by identifying the most
effective configurations and materials by evaluating vast amounts of data. To investigate a wide
range of potential designs and suggest innovations that improve performance through the use
of techniques such as reinforcement learning and genetic algorithms. Genetic algorithms are
able to determine the best heat exchanger designs that compromise cost and performance by
analyzing and refining design options through multiple iterations [ 114]. Moreover, heat transfer
surfaces and flow patterns are two examples of parameters that reinforcement learning
continuously learns from simulation results and real-world performance data to optimize in

heat exchanger design.

Modern Al algorithms can monitor the heat exchangers performance in real-time,
providing important details regarding possible problems and how well they are performing.
These devices use sensors and data analytics to monitor temperature, pressure, and flow rates,
which allows immediate improvements and corrections [115]. An important development in
engineering has been made with the integration of Al into heat exchanger technology, which
has allowed various industries to increase production, minimize costs, and improve operational
reliability. Heat exchanger design, optimization, and maintenance could be completely changed
by the field's ongoing research and development, which promises to unlock additional potential

[112].
1.6.3.1 Case Study and real-world implementations of Al in the food industry

To analyze a case study that focuses on the food industry, especially the application of
Al to predictive maintenance in a food processing plant. In food processing plants, heat

exchangers play a significant role in controlling temperatures for operations such as
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pasteurization and sterilizing. Predictive maintenance is an active approach used to ensure
product quality and improve operational efficiency. This approach lowers maintenance costs

and decreases downtime by utilizing cutting-edge Al technologies.

Implementation: The organization should analyze the previous operational data, such
as temperature, flow rates, pressure drops, and variables related to product quality, using Al-
driven algorithms. The AI system was able to identify optimal configurations for the heat
transfer surfaces and flow patterns in the heat exchangers by fusing real-time monitoring with

predictive analytics. As a result, the following benefits have been obtained.

e Minimize unplanned downtime
e Extended equipment life

e Enhanced Process Reliability:
e Cost saving

e Energy savings
1.6.4 Importance of corrugated pipes in micro HX: food and pharmaceutical Applications

Corrugated pipes are useful in micro heat exchangers, particularly where compact
design and improved surface area for heat transfer are desirable. Numerous heat transfer
enhancement approaches have been developed to increase the heat transfer devices' efficiency
and decrease the size of the heat exchanger. The two primary methods used to improve heat
transfer are passive and active. It will explain in detail in the later sections. Corrugated pipes
are a passive technique and provide a more efficient alternative to classic micro
heat exchangers, which can have complex microchannel shapes. They are constructed from a
wide range of materials, including high-density polyethylene, polyvinyl chloride, iron, and
stainless steel. There are a variety of benefits of corrugated due to their small size, ease of
manufacture, thin boundary layer, effective heat transfer, and suitability for hygienic
conditions. Moreover, the unique design of corrugated pipes causes low-frequency fluid micro-

vibration, which has a broad range of potential applications and prevents the deposit problem.

There are several benefits of corrugated pipe in micro heat exchanger for both food and
pharmaceutical industries. These benefits are improved heat transfer, compact design,
enhanced efficiency, hygiene design, and prevention of fouling making them a valuable section
in both industries. Medical devices, including laser systems and diagnostic equipment, use a

microchannel to dissipate heat produced by electronic components. Therefore, microchannels

45



are the perfect choice for use in portable medical equipment because of their compact size and
great efficiency. However, there are various challenges when using corrugated pipes in a micro-
scale such as manufacturing precision and accuracy of micro channels, achieving uniform flow
distribution inside the micro pipe, maintenance, and cleaning. Therefore, the production of
corrugated pipes with exact corrugation patterns and microscale dimensions is a technically
complex process that involves advanced manufacturing methods as discussed above in the
manufacturing aspects of the micro channel heat exchanger section. Furthermore, corrugated
pipes have complex geometry and microscopic dimensions usually below Imm makes cleaning

and maintenance difficult, especially in applications where deposition or fouling is a problem.

It needs innovative cleaning techniques or self-cleaning systems to make certain that
these pipes do not become blocked or foul with the passage of time. The small size of
microscale corrugated channels makes it harder to manage flow dynamics, which can lead to
flow instabilities and maldistribution. It is also more difficult to achieve uniformity and
distribution. Corrugations increase surface area and create turbulence, which improves heat
transfer, but they also usually increase pressure drop. It is essential to achieve a balance
between enhancing heat transfer and acceptable pressure drop levels to maximize system
efficiency and operating expense. Furthermore, microscale corrugated pipes can be expensive
to produce because they require advanced manufacturing techniques and high levels of
accuracy and precision. Therefore, in this study we use six different types of corrugated pipes
having variation in pitch size including transversal, helical and cross helix are utilized in
conventional double pipe heat exchanger to enhance their efficiency. We examine the
improvement of heat transfer both locally and globally in all corrugated pipes and compare
results with smooth pipes. We also examine how the heat transfer enhancement aftects pressure

drop in both the turbulent and laminar regimes.

1.7 Heat transfer enhancement

Heat transfer enhancement is a major challenge for engineers and researchers as it
involves improving efficiency while simultaneously reducing cost and optimizing the size of
heat exchangers[116]. Heat exchangers play a major role in the efficient generation of energy
and have a significant impact on the system's size and overall efficiency. Heat exchanger (HE)
designs must equilibrium the effectiveness of the HE with the pressure drops (AP) in order to
obtain the best tradeoff between efficiency and system size. The potential applications of heat

transfer enhancement are numerous such as food processing [117], air conditioning [118],
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electronics cooling [119], automotive cooling systems [120], aerospace industry [121], power
generation [122], biomedical applications [123], chemical processing [124] and
pharmaceutical [125]. Therefore, it is a great research argument in the field of heat transfer to
enhance the efficiency of heat transfer devices as it can lead to significant savings in energy,
materials, and costs. This is particularly crucial for industrial applications where thermal
processing of fluids with medium to high viscosity fluids is needed. This has been demonstrated
in recent decades by a significant number of scientific papers and an increasing number of

registered patents about heat transfer enhancement technology.

1.7.1 Heat Transfer enhancement techniques

In general, there are three types of heat transfer enhancement: passive techniques, active
techniques and compound techniques, are shown in Figure 1.18. Active techniques are those
techniques that require external power for the enhancement of heat transfer performance while
passive techniques do not require external power [126]. Passive techniques are considered
generally energy efficient and cost-effective than active techniques due to their simplicity,
reducing the potential points of failure, fewer moving parts, easier implementation, and less
maintenance requirements. However, the choice between both techniques depends on the
specific application and the desired level of control and customization. In recent years, most
researchers and scientists have concentrated on enhancing heat transfer through passive
techniques rather than other methods. On the other hand, compound techniques involve the

combination of both passive and active techniques[127].
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Figure 1. 18 Various techniques for heat transfer enhancement

1.7.1.1 Active techniques

Active techniques are defined as they require external power or force to enhance or
maintain heat transfer. Examples of such techniques are mechanical power, electrostatic field,
magnetic field, suction, injection, ultrasonic, and surface vibrations [128]. Active techniques
require high energy consumption, which makes them more complex and less popular as
compared to passive techniques. These techniques are used in various engineering applications
such as electronics cooling, heat pipes, active thermal management, electro-thermal techniques,
and forced convection[129]. Mechanical power or aid is one of the interesting methods of
active techniques to enhance heat transfer. In this method, mechanical components are added
to disturb the thermal boundary layer, surface rotation, and scraping of the surfaces, resulting
in improved heat transfer performance. Highly viscous fluids are utilized with scraped surfaces

in the chemical, food, and pharmaceutical sectors. This technique was applied by Hagge and
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Junkhan [130] in an air heat exchanger to enhance the convective heat transfer of low viscous
fluids. Figure 1.19 depicts a sketch of the scraped surface heat exchanger, which is composed
of three components: a rotating shaft, a shell, and scraping blades known as scrapers. In the
scraped surface heat exchanger, the scrapers play a crucial role by continuously mixing the
working fluid which flows in the annular space between the shell and the shaft. Simultaneously,
they remove the fluid from the inner side of the shell resulting in a clean heat transfer surface
and heat transfer enhancement. Rainieri et al. [131] experimentally and synthetically
investigated the performance of a scraped surface heat exchanger pilot plant specifically
designed for highly viscous products (food industry) in a laminar regime, enabling the

estimation of a heat transfer correlation.

Cylinder (stator
Blade (scraper) o ( )

Shaft (rotor) ~

Figure 1. 19 Sketch of scraped surface heat exchanger with

dual scrapers [130]

1.7.1.2 Passive technique

Passive techniques are those techniques that do not require external power or force to
enhance or maintain heat transfer. Examples of such techniques are rough surfaces, treated
surfaces, extended surfaces, coiled tubes, twisted tapes, etc. [132]. Passive techniques are
preferred among active techniques because they have less maintenance cost, ease of
implementation, environmentally friendly, energy efficiency, simplicity, and reliability.
However, these techniques increase heat transfer by changing the flow treatment, which also
raises pressure drop. Moreover, it's important to note that the choice between passive and active
techniques depends on different factors such as desired performance results, available

resources, and requirements of applications [133]. These techniques are used in various
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engineering applications such as heat exchangers, electronics cooling, automotive cooling

systems, building materials, heat recovery systems, etc.

Rough/Corrugated surfaces

In recent decades, rough or corrugated surfaces have been widely recognized as one of
the most effective passive methods to improve heat transfer for many systems. Generally, it
creates disturbances in the fluid flow, which causes turbulence as a result increases fluid
mixing, and improves convective heat transfer between the fluid and the surface. The thermal
performance of the system can be affected by different parameters such as the pitch, shape,
arrangement, length, and height of rough surfaces[134]. Zhong et al. [135]experimentally
investigated the effect of rough surfaces on heat transfer enhancement in a turbulent regime on
round jet impingement. They observed that heat transfer enhancement varies from 2.53% to
6.08% respectively, due to roughness when compared with a smooth surface. Moreover, shear
stress on the wall can be reduced with the increase of roughness height. Moita et al. [136]
conducted a study, utilizing both numerical and experimental methods to investigate the
pressure drops and heat transfer performance of helical corrugated tubes. They found that the
thermal performance of helical corrugated was up to five times higher as compared to smooth
tubes. Moreover, lower-pitch corrugated pipes have better performances in transitional and
turbulent regimes as compared to longer corrugated and smooth tubes. Figure 1.20 depicts a
sketch of the helical corrugated pipe, d, p, h represents diameter, pitch size and corrugation
depth of pipe. Various corrugated techniques will be deeply explained in the following section,

as it is main topic of the thesis.

Figure 1. 20 Helical corrugated pipe [137]

Treated and coated surfaces
To enhance the heat transfer of a material, its surface characteristics can be modified
through various treatments and coatings. These treatments and coatings ultimately lead to

improved heat transfer efficiency of the material [138]. They involve metallic and non-metallic
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coating of the surface. There are several ways in which treated and coated surfaces can improve
heat transfer such as enhanced wettability, selective surface emissivity, improved roughness of
surface, and increased thermal conductivity. Moreover, this technique features fine-scale
alterations to their finish or coating, which are used to enhance heat transfer, particularly in
boiling and condensing applications. The roughness is significantly smaller than that affecting
single-phase heat transfer [139]. Rainieri et al. [140] evaluated how the wall's surface
wettability affects the two-phase heat transfer throughout the dehumidification process. In this
study, the critical angle of water droplets on an aluminum plate with hydrophobic coating was
measured. The hydrophobic coating enhances the droplet mobility and heat transfer rate. The
result revealed that a 25% convective heat transfer coefficient was enhanced with the use of
hydrophobic coating with respect to the uncoated case. Ding et al. [141] studied the effects of
hydrophilic coating on wavy fin and tube heat exchangers in dehumidifying conditions. When
there is plenty of condensation water on the surface, hydrophilic coating can enhance heat
transfer performance by facilitating the formation of a thin layer of water. However, when there
is a limited amount of condensation water available, their effectiveness may be decreased. They
observed that hydrophilic coatings can reduce the pressure drop and 9.9% heat transfer
enhancement with reference to the uncoated surface.

Extended Surfaces

The other common name for extended surfaces is finned surfaces, which significantly
increase heat transfer. Extended surfaces or fins are commonly used when the available surface
area is insufficient to transfer the required amount of heat given the temperature drop and the
convective heat transfer coefficient.

There are different geometrical configurations of extended surfaces shown in Figure
1.21. The extended surfaces or fins are generally made with high thermal conductivity that
allow heat transfer between the outer surface and base of the fin. Coatings on fins can improve
their efficiency by increasing surface area, altering surface properties (such as emissivity), or
improving heat conduction. These coatings are designed to optimize heat transfer performance
for specific applications and operating conditions. Fins help in dissipating heat by increasing
the surface area available for convection, which allows for more efficient heat transfer to the
surrounding fluid or environment. Fins can also reduce the system's temperature gradient,
which could improve thermal performance and result in a more uniform distribution of
temperature. The application of extended surfaces is extensively used in industrial applications

i.e., engine cooling and heat exchangers. When heat exchangers with a high surface area to
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volume ratio are required, fins are an extremely useful solution that has made it possible to
achieve an increasing number of compact models. Moreover, it can be used in electrical
appliances and electronics such as on computer processors and power supplies.

Majel et al. [142] conducted a numerical investigation in a finned double pipe
exchanger on the inner tube outside surface to enhance the heat transfer. It was observed that
heat transfer enhancement was 1.6 to 2 times more effective than a smooth pipe. Moreover, the
heat transfer coefficient of the heat exchanger was 20% enhanced by the addition of
nanoparticles (alumina) having 5% concentration. Kim et al. [143], was experimentally
investigated the free convection from tubes with extended surfaces that are radially curved and
oriented vertically. According to the experimental findings, the heat resistance of tubes with
curved extended surfaces is 20% lower than that of tubes with straight extended surfaces.
Mokheimer explored the effects of dust deposition on frosting properties on fin surfaces and
discovered that as the amount of dust deposition on the fin surface increased, the frost layer's

density and thickness gradually decreased [144].
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Figure 1. 21 Example of extended surfaces [145]
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Twisted Tape

Twisted tape is a device that is inserted into a pipe or vessel's fluid flow path that
disrupts the fluid flow and induces turbulence. This turbulence helps to improve the mixing of
the fluid and enhances the rate of heat transfer between the fluids and surrounding surfaces
[146]. Different types of twisted tape are used to generate turbulence such as helical, screw
helical, V-cut, U-cut, overlapped multiple and trapezoidal-cut twisted tape.

During the design stage the twisted tape's width must be smaller than the inner diameter
of the tube, and its thickness and twist ratio are inter-dependent correlations that need to be
specified [147]. The schematic representation of twisted tape as shown in Figure 1.22. Vaisi et
al. [148] conducted an experimental study to investigate thermal performance of perforated
twisted tapes turbulator in double pipe heat exchanger. In this study, nine holes of various
geometries, including square, rectangular, circular, and triangular with triangle arrangement,
have been made on the flat surfaces of a discontinuous twisted tape turbulator. The result
showed that in comparison to a continuous turbulator, a discontinuous turbulator without a hole

indicates a 9.8% decrease in the pressure drop and an 8.2% increase in heat transfer.

H

—

Figure 1. 22 Schematic representation of twisted tape [147]

The maximum heat transfer enhancement with circular perforated discontinuous
turbulator resulted in 20.8% and 27.7% decrease in pressure drop coefficient, respectively.
Wang et al. [149] experimentally investigated the thermal-hydraulic performance of self-
rotated twisted tape in double pipe heat exchanger. To solve passive motion and acquire the
force distribution in the frequency and time domain, dynamic mesh and the Six Degrees of
Freedom approach were combined in the experiment to conduct thermal performance under
various flow rates. The Nusselt number increases by 22.67% and the friction factor decreases
by 26.25% when comparing the thermal-hydraulic performance of assembled self-rotating

twisted tape to stationary twisted tape.
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Displayed Enhanced Devices

These are the insert methods that are frequently used in restricted force convection.
These techniques involve moving bulk fluid to the center of flow from the duct's or pipe's
heated or cooled surface. By doing so, the heat exchange surface is indirectly improved,
resulting in better energy transfer [150]. Experimental study have been performed by
Promvonge [151] analyzed the impact of a conical ring turbulator on the friction factor and
heat transfer enhancement in the circular tube. Three different configurations of rings such as
diverging, convergent, and convergent-diverging conical rings were studied in this research.
The studies, which were carried out between Reynolds numbers 6000 and 26000, used air as
the working fluid. The result showed that the diverging ring has better heat transfer
performance in terms of Nusselt number 330% than that of the plain tube surface. Moreover,
both the converging and converging-diverging configurations are highly effective in increasing
the Nusselt number, with improvements of approximately 197% and 237%, respectively.
However, using conical rings also results in a significant rise in the friction factor. Figure 1.23

depicted the example of diverging conical ring.
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Figure 1. 23 Example of diverging conical ring [151]

Bozzoli et al. [152] investigated butterfly-shaped inserts to evaluate their thermal
performance both locally and globally by applying an inverse problem approach to infrared
images. An uneven distribution of the wall heat flux along the circumferential coordinate
results from the velocity profile distortion caused by the insert of these butterflies. In the
turbulent flow regime, the inverse analysis technique was used within a range of Reynolds
numbers: 5000 < Re < 12000. The findings showed that the front part of the insert had the
greatest heat transmission, while the center of the insert, where the fluid is nearly trapped in
the narrow space between the pipe wall and insert had the lowest heat transfer. Moreover, the
results revealed that, it can be applied to the development of novel heat exchangers for the

food industry.
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Swirl Flow Devices

Swirl flow devices can be used to induce secondary recirculation in axial flow for both
single and double-phase flows in heat exchangers. Examples of such devices are helical or
cored screw-type tube inserts and twisted tapes. These devices utilize a tangential velocity
component to the fluid, resulting in the fluid swirling, or rotating while passing through the
device. This swirling motion changed the flow dynamics, which resulted in the formation of
secondary recirculation zones in the fluid. These changes can have significant impacts on the

system's overall performance [153][154].

Hussin et al. [155] utilized CuO-based nanofluid to improve the mixing flow inside the
tube by employing swirl flow devices such helical tape with exterior inserts. The studies were
carried out between Reynolds numbers (5 x10° and 2.6 x10%) using CuO as the working fluid.
The Nusselt number increases by 204% without external inserts in the twisted tapes. On the
other hand, the Nusselt number increases by 202% with external inserts in the twisted tapes.
Moreover, the authors reported that twisted tapes and nanofluids in heat exchangers reduce
energy losses and improve heat transfer efficiency as a result of a decrease in thermal boundary
layer. Similarly, Promvonge and smith [156] also examined the heat transfer enhancement by
helical tapes that were placed within the tube to create swirl flow in a double pipe heat
exchanger. Three different configurations including helical tape with and without rod, and
regularly helical tape were studied. The authors reported that the maximum Nusselt number
increases by 160% in helical tape with rod in comparison with plain tube. In the other two
scenarios, the result showed that significant increase in terms of Nusselt number for helical
tapes without rods and regularly spaced helical tapes were 150% and 145%, respectively.
Moreover, visualization techniques showed that tubes with helical tape had strong swirling
flows, in contrast to axial flow and small swirling flows in free-spacing tubes with regularly

spaced helical tape without rods.
Coiled pipes

Coiled tubes are a commonly utilized passive heat transfer improvement technology.
The applications of this technique in various areas including heat exchangers, air conditioning
and refrigeration systems, chemical reactors, pharmaceuticals, food, and the cosmetics
industries. Figure 1.24 depicts the geometry of the coiled pipe. Bozzoli et al. [157] researched
to estimate the local heat transfer coefficient in the coiled pipe by IHCP on the solid wall. These

geometries impact the effectiveness of fluid thermal treatment because they produce an uneven
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distribution of convective heat flux at the wall along the circumferential coordinate. To find an
appropriate regularization parameter, they employed the fixed-point iteration methodology in
conjunction with the Tikhonov regularization method. They found that the Nusselt number was
five times higher than smooth pipe. Rainieri et al. [158] researched to analyzed the performance
of corrugated coiled pipes for highly viscous fluids in laminar regime. The highly viscous types
of fluids are essential for applications requiring the thermal processing of fluids with a high
Prandtl value. At lower Reynolds numbers, corrugated coiled pipes proved inefficient;
however, at higher Reynolds numbers, wall corrugation enhances the heat transfer compared

to smooth pipe.
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Figure 1. 24 Geometry of coiled pipes [159]

Coiled tubes are a commonly utilized passive heat transfer improvement Bozzoli et al.
[160] used a coiled pipe to investigate how wall corrugation affected the local heat transfer
coefficient. According to experimental data, coiled tubes with corrugated walls have a critical
Dean number at which the wall curvature and corrugation together increase additional heat
transfer. The distributions of convective heat transfer coefficients for low Dean numbers for
smooth and corrugated walls are equivalent, on the other hand, the corrugation effect at high
Dean number values significantly enhances the heat transfer. However, the more uneven
dispersion of the convective heat transfer coefficient is a disadvantage of this improvement

over the smooth wall coil.
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Surface tension devices

Surface tension techniques that control liquid distribution and facilitate phase transition
processes microgrooves, capillary-driven flows and improve heat transfer. By utilizing surface
tension forces, these devices enhance the dispersion and evaporation of liquids, resulting in
enhanced thermal efficiency. Kulankara and Herold [161] investigated the effect of surface
tension of aqueous lithium bromide with additive that provide heat transfer enhancement. They
used the drop weight method, and the surface tension of aqueous lithium bromide was
determined both with and without different surfactant additions. One of the main findings of
study is that the vapor concentration of the additive is a crucial factor that influences the surface
tension. The findings seem to indicate that the additive in the vapor has a greater impact on
surface tension than the additive in the liquid. Yong et al. [162] carried out an experimental
study to determine the dynamic behaviour of the surface tension of solutions containing three
different additives with different concentrations. The result showed that the addition of heat
transfer additives reduced the static surface tension of deionized water. Moreover, it was found
that as the concentration increased from zero to a specific amount, the surface tension's

dependability on the surface increased.

1.7.1.3 Compound Techniques

A compound technique is the combination of multiple passives as well as active
techniques for heat transfer enhancements. According to preliminary research, it appears quite
promising to use a compound technique for heat transfer enhancement, which simultaneously
improves system performance more efficiently than either technique working individually
[153]. Chinaruk et al. [163] conducted an experimental study by employing a twisted tape swirl
generator to improve the compound heat transfer with the effects of the pitch and twist ratio in
a dimpled tube. The experiments were performed on three twisted tapes having different twist
ratio and two dimpled tubes with dimpled surface pitch ratios. Moreover, the Reynolds number
was in the range of 12000 to 44000, and the fully developed flow. According to the results, the
dimpled tube had higher heat transfer coefficient and friction factor than the plain tube.
Furthermore, as the pitch ratio and twist ratio decrease, the heat transfer coefficient increases
because the fluid flow becomes more turbulent and has a greater surface area for heat exchange.
The more complex flow path produced by the reduced pitch and twist, resulted in a higher
friction factor. Hussein et al. [164] experimentally investigated how compound techniques
effect on the performance of double pipe heat exchangers. They utilized both active and passive

methods, such as air injection or the generation of bubbles, on the hand packing the shell side
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with small, cylindrical pieces of aluminium. The outcomes show that utilizing both techniques

(active and passive) increased the heat exchanger's performance by about 15%.
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2. Inverse heat transfer problems

Inverse heat transfer problems estimate unknown quantities or boundary conditions that
occur in the mathematical calculation of physical processes in thermal engineering using
evaluations of temperature and heat flux. As an example, inverse heat conduction problems are
typically related to the temperature measurements obtained below the boundary surface that
are usually used to estimate an unknown boundary heat flux. In many engineering applications,
this method is essential for precisely calculating heat transfer rates. As a result, the inverse
problem requires estimating the reason from knowing the effect. In contrast, the conventional
direct heat conduction problem has a defined cause (boundary heat flux) and a known effect
such as body temperature. IHTP has the advantage of enabling closed collaboration between
theoretical and experimental investigators to optimize the amount of evidence acquired on the
real problem being studied. In thermal analysis, this integrated method provides more precise

and accurate findings [165].

It is important to acknowledge that Inverse Heat Transfer Problems (IHTP) have been
classified as mathematically ill-posed because of the possibility of solution instability due to
internal measurement errors, whereas the direct problems are generally well-posed. The
challenges provided by solving Inverse Heat Transfer issues (IHTP) should be recognized
because, at first, inverse issues were considered to be ill-posed and therefore not of physical
concern. Hadarnard first proposed the idea of a well-posed problem, that requires for a solution

to meet the following three requirements [165]:

e Uniqueness.
e Existence.

e Must remain stable, under minor changes to the input data.

Regarding, physical reasoning could ensure that an inverse heat transfer problem has a
unique solution and that it exists. As an example, it is necessary to determine a causative
characteristic, such as the boundary heat flux if the measured temperature values vary in
the transient situation. On the other hand, it is challenging to prove that a solution to an inverse
problem exists and is unique.; this has been proven for a specific case. Moreover, random errors
in the measured input data have a significant impact on the inverse problem [166]. Therefore,

in order to satisfy the stability criterion, specific techniques must be used in its solution.
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It was long believed that if any of the requirements for well-posedness had not been
fulfilled, either the problem could not be solved or the conclusions obtained from a solution
would be useless, indicating that the problem would have no meaningful significance.
However, in the 1950s, certain heuristic approaches to solving inverse issues developed. These
approaches focused more on pure intuition than on formal mathematically. Most of the
approaches that are still widely used today were established later in the 1960s and 1970s based
on their effectiveness in addressing unstable problems with ill-posed solutions. The basis of
such formal methods such as those developed by Alifanov [167], J. V. Beck [168], and A. N.
Tikhonov [169] are based on reformulating the inverse problem into an approximate solution

to a well-posed problem by the use of regularization techniques.

With the development of new complex materials, conventional techniques to evaluate
thermophysical qualities have become inadequate since thermophysical values vary
significantly with temperature and position. Similarly, modern companies are operating at an
increasingly advanced level. IHTP’s primary benefit is that it enables experiments to be carried
out in conditions as close to real life as is possible. Currently, inverse heat transfer problems

have been implemented in a variety of real-world applications, including

e cstimating the conditions of the inlet temperature in a parallel plate duct
that vary over time. [170],

e estimation of boundary heat flux [171]

e surface heat flux estimation in a three-dimensional inverse forced convection
problem [172],

e cstimations of unknown parameters in cylindrical fin in genetic
algorithm[173],

e Estimating the transient boundary flux in a parallel plate duct during
developing flow.[174],

e estimation of local convective heat transfer coefficient [160],

e 2D inverse heat conduction problem: estimation of two-sided boundary
conditions [175],

e estimation of both space and time-changing thermal properties [176],

e solution of IHCP using a hybrid techniques [177],

e surface condition estimation for nonlinear inverse heat conduction problems

[178] and so forth.
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It is very difficult or impossible to estimate such quantities using conventional
approaches. However, these problems can be solved, and the experimental work can be
expedited by applying inverse heat transfer analysis, which also increases the research's value

for information.

Numerous different strategies for solving the IHTP problems have been established.
Several criteria can be used to categorize these techniques: one of them could be the ability to
handle both linear and nonlinear problems. The second method consists of the dimensionality
of the IHTP and the heat transfer equation solution method including, the quadruple approach,
finite differences and elements, finite control volumes, and Duhamel's theorem. The time-based

domain over which the inverse analysis's measurements are used is another potential criterion.

It is possible to consider three different time domains: the present time, the present time
plus a few time steps, and the entire time domain. The present-time domain, which can be
connected to the same temperature sensor, provides a precise agreement between the estimated
and measured temperatures. The second method is sequentially in nature and is based on the
first two-time domains., where the related algorithms become more stable when a few more
temperatures about the next time steps are used in the second-time domain. By allowing for
significantly smaller time steps and reducing sensitivity to measurement error, the second

method offers more precise details on the time fluctuation of the estimated variables.

In all cases, caution must be taken to avoid employing time increments that are too
small, which could lead to instability in the situation. Finally, the ability to estimate time-
dependent unknown functions with acceptable resolution is another powerful feature of the

whole domain estimation technique, which is the ability to take extremely small-time steps.

Different criteria must be used in order to assess the various IHTP approaches. A list of

potential ones was proposed by Beck [168]:

e The method used needs to be stable in terms of measurement errors.

e [t should be acceptable to use one or more sensors to monitor temperature.

e The approach shouldn't require that the input data be smoothed prior.

e In comparison with large time steps, the approach should be stable for small
time steps, allowing for the acquisition of more data and an improved time-

varying resolution.
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Several measurement error assumptions should be confirmed by the statistical
basis of the approach.

There should be minimal computational cost.

The method should enable the extension to several unknown.

The entire process needs to be simple to program.

It shouldn't be necessary to have extensive mathematical knowledge in order to
apply the method.

The use of continuous first derivatives for unknown functions should be
prevented

The method shouldn't be limited to a certain number of observations.

Complex physical conditions such as mixed modes of heat transfer, moving
boundaries, temperature-variable properties, composite materials, multi-
dimensional challenges, and irregular geometries should be taken into
consideration by the method.

It may also be uncertain exactly when at which significant modifications to the
unknown function occur.

The precise timing at which an unknown surface heat flux is applied shouldn't

need to be recognized.

The classification of inverse heat transfer problem based on the characteristics of the

heat transfer process as follows:

IHTP of conduction

IHTP of forced or natural convection

IHTP of surface radiation

IHTP of simultaneous conduction and radiation
IHTP of radiation in participating medium
IHTP of continuous radiation and conduction

IHTP of a phase change (solidification or melting)

Another classification is according to the type of causal characteristic that needs to be

estimated as well. Example, be as follows

IHTP of the conditions
IHTP of the nonphysical characteristics

IHTP of initial condition
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e [HTP of a heated body's geometric properties

e |HTP of source term

The basic ideas of an inverse problem can be explained more clearly by using an IHTP
with a function estimation. For this, the example given by Ozisik and Orlande can be referenced
[165]. Initially, the slab's temperature distribution is F(x) with the boundary at x =L,
maintained at a constant temperature T, , boundary x = L. At the same time, a transient heat
flux f(t) is used to the boundary x = 0for times f > 0. This problem is expressed
mathematically as follows:

6(6T)_ o n0<x<L £>0 @2.1)
o= \k52) = P Cp 5t in X for .
aT
(—k3) = f® at x=0 fort>0 (2.2)
T=T, at x=0 fort>0 (2.3)
T =F(x) fort=0, nd<X<L (2.4)

If we consider the direct problem, which is given the specified thermophysical
properties p, cp, and k, initial condition F(x), and boundary conditions f(t) and T;, the basic
problem is to determine the temperature distribution T (x, t) within the solid's internal portion
with respect to both position and time. On the other hand, the heat source releases with varying
power over time on the plane. f(t) at the surface x = 0 must be assumed to be unknown if we
examine the inverse problem while all other parameters including T;, F(x), p, Cp, k are known.
The next step is to determine the measured temperatures T (X,,eans), ti = Y; and the unknown
boundary condition f(t) are provided at an internal point X,.qns at various times
t;(i =1,2,3,.......,1), throughout a certain time interval 0 < t < t, where t; is the final time.
The fact that this problem is classified as an inverse one since it requires to estimate the

unknown surface condition f(t).

Afterward, this Inverse Problem's mathematical formulation can be obtained by,

6(6T>— ot m0<x<L 0<t<t (2.5)
T koo ) =P oo in X , for < tf .
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(—k a—T) = f(t) =? (unknown) atx =0, for0<t<ts (2.6)

0x
T=T, atx=1L, for0<t<ts (2.7)
T =F(x) fort =0, ind<x<lL (2.8)

Moreover, measurements of temperature at various times t; at an interior position
Xmeans are provided by
d ( 0T oT _

&< &>=pcpa m0<x<L for0<t<t (2.9)

Inverse heat transfer problems can be divided into different categories of heat transfer
involved, such as conduction, convection, surface radiation, simultaneous convection and
radiation, or phase change. The primary objective of the direct problem is to determine the
temperature distribution T(x,t) inside the solid, given that all the initial condition,
thermophysical parameters, and IHTP of boundary condition are identified. On the other hand,
the inverse problem's objective is to estimate one or more of these unknown causative qualities.
This is achieved by utilizing the measured temperature at a specific portion of the medium. In
In the inverse problem, the effect is given, and its causes are estimated; while in the direct
problem, the causes are given, and the effect is estimated. Moreover, IHTPs can be linear or
nonlinear, one, two, or three-dimensional, depending on the complexity of the system under
investigation.

It is possible to address inverse problems using a function estimation or a parameter
estimation approach. The difference between parameter and function estimation is a typical
general classification used for inverse problems. The lowest possible number of factors that
define parameter estimation are often associated with a physical asset, for example, a material's
thermal conductivity at a specific temperature. Whereas function estimation requires
determining a large number of parameters because no information about the functional form is
known; these problems are typically ill-posed and can be either linear or nonlinear. To study
the boundary inverse problem, let's consider that the unknown function f(t) can be expressed

as a polynomial over time, such as,

f(t) = P, + Pyt + Pyt% + -+ + PtV 1 (2.10)
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Alternatively, it can be expressed in the form of a more general linear,

f®) = szCj(t) (2.11)

j
where C;(t) represents the known trial functions and j = P;,j = 1, ..., N, are unknown

constants. As a result, the estimation of the unknown function f (t) the inverse problem

transforms into estimating the finite set of parameters P;, whereas N is considered to be

predetermined.

The minimization of an object function is typically on the basis for solving an inverse
problem. The inverse problem's solution could become extremely dependent on measurement
errors in the input data. Therefore, it is important to briefly describe the eight common
assumptions proposed by Beck [168],[179] for the statistical description of temperature
measurement errors because each one has an impact on the precision of the solution that results
from an inverse analysis. These eight assumptions are as follows,

e The measurement errors are additive,
V=T, +e (2.12)
Where T; = actual temperature, Y; = measured temperature, and €; = random error.
e The temperature errors €; have an average value of zero indicating that
E(g,)=0 (2.13)

The expected value operator is denoted E(.). When an error is random, it is one that
changes with each measurement but whose mean does not always equal zero due to bias. Based

on this assumption, the error occurs to be as neutral or unbiased.

e + The errors' variance is constant, indicating that
o? = E{[Y; — E(Y))]}? = 0% = constant (2.14)

This implies that Y; variance is independent by the measurement.

e There is no correlation between the measurement errors. If the covariance of ¢; and ¢;

is 0, then to find if two different errors, ¢; and ¢;, where i # j, are uncorrelated.
cov(ei , sj) = E{[si — E(si)][sj — E(ej)]} =0 fori+j (2.15)

This scenario occurs when there is no correlation or effect between errors &; and

g to the other.
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The distribution of the measurement errors is normal (Gaussian), Considering the
previous presumptions (2.13), (2.14), and (2.15), the probability distribution function

of g; is obtained as follows:
f(e) = ;exp (_—8‘2) (2.16) is
t oV2r 202 )
known which statistical parameters describing ¢;, such as .
The measured temperatures are the only variables that are subject to random error. All
of the quantities that occur in the formulation of the inverse problem with precision,
including the heated body's dimensions, measurement positions, and times.

The quantities that need to be estimated which could be functions or parameters have
not been previously determined. If such data is obtainable, it can be used to attain more

precise estimates.

Usually, inverse problems are resolved by applying a stabilization approach to the estimation

procedure to minimize an objective function. Assuming the above mentioned eight assumptions

are acceptable, then the objective function represented as S, the ordinary least squares norm is

defined as the one that provides the lowest variance estimations [180][168]

S={-TT{Y-T) (2.17)

where the superscript T denotes the vector's transpose while the vectors Y and T, respectively,

stand for the estimated and measured temperatures. The direct problem involving estimates of

unknown quantities is solved by achieving estimated temperatures. Let's analyze several

possible scenarios:

Time-dependent study in which the inverse heat transfer problem is solved using
various measurements of a single sensor, read at various times ti,wherei =
(1,2,3 ...1). The residuals transpose of the vector (Y — T)T in this specific case are as
follows:

Y-7)?= Y =T, Y, =Ty, ..., Y, —Ty) (2.18)

and this could be used to express the objective function as:

I

S=( =T =T)= ) (- T (2.19)

i=1
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For a steady study, the equivalent expression remains valid when multiple

measurements Y,are acquired by different sensors at different locations at the same time:

S=(Y=T)(Y-T) = Z(Yn _T,)? (2.20)

¢ In the case of inverse analysis using transient measurements from multiple sensors, the

transpose vector of the residuals is then determined as:

Y-TT"={-T,Y,~T5,...Y;, = T}) (2.21)

where (_Y; — Tl) corresponds to a row vector whose length is the number of sensors and

denoted as N, for time t;.
Y —T) =1 —Tia, Y — Tz, ., Yin-Tin) (2.22)
Where time t; is denoted by the first subscript, while the sensor number is denoted by
the second. Thus, the objective function could be written as follows:

N 1

S= =T =T)= ) > Vin = Tu)? (223)
1

n=1i=

e The ordinary least squares method generates the lowest variance estimates if the
measurement standard deviations are significantly different. In this scenario, the

weighted least squares norm, Sy, which can be written as
Sy = -TIW({ -T) (2.24)
Where, W= diagonal weighting matrix

This matrix 1s usually considered as the inverse of the measurement errors' covariance
matrix when the other statistical theories are fulfilled. subsequently, the weighting matrix

W obtained by considering the measurements of the one sensor are given by
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1
— 0 0 0 0
01
1
0 — 0 0 0
02
W = 1 (2.25)
0 0 — 0 0
03
0 0 0 0
0 0 0 0 !
o7
and S,,. can be represented precisely as follows:
I
Y; — T;)?
S, = Z # (2.26)
i

i=1
consequently g; ; is the measurement's standard deviation Y; at time t;.
In the scenario of a steady-state study including several measurements, obtained

simultaneously but from various locations using various sensors:

n=1

In the same way, scenarios involving M sensors may be represented as

S= i i(y’la;;”)z (2.28)

where g, is the measurement’s standard deviation Y;,, of sensor n at time t;.

When the inverse heat transfer problem requires estimating a small number of unknown
parameters such as thermal conductivity from transient temperature readings in a solid then the
ordinary least squares norm is appropriate. This technique provides effective estimation for
such particular parameter identifications with the least amount of determining complexity.
However, the solution may exhibit excursion and oscillation, if the inverse problem requires

the estimation of numerous parameters, like the estimation of the unknown transient heat flow

components f(t;) = f;, attime t; = 1,2,3, ..., I.
Levenberg-Marquardt method

This is an iterative technique for resolving parameter estimation nonlinear least squares

problems. In 1944, this method was first developed by Levenberg through modification of the
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ordinary least square norm. Afterward, in 1963, Marquardt also contributed to its development
by using a different approach. This technique, which was initially developed for use in
nonlinear parameter estimation problems has also proven effective when used to solve linear
problems. Frequently, these linear problems are too ill-conditioned to allow linear algorithms to

be used.

The Levenberg-Marquardt approach can be used to solve inverse heat transfer problems

by appropriately arranging the following basic steps:

Direct Problem

Inverse Problem

Iterative Procedure

Stopping Criteria

i.  Direct and inverse Problem

The processes required for solving an IHCP, which involves an additional physical
scenario, are explained in detail. Let's consider the unitary dimensionless thickness of a plate
with linear transient heat conduction. The plate initially remains at zero temperature, with
insulation maintained at both the x = 0 and x = 1 limits. There exists a plane heat source with

a strengthg, (t) per unit area positioned in the mid-plane x = 0.5 for times ¢ > 0.

The heat conduction problem is formulated in a dimensionless mathematical

representation as follows:

T | 60— 05) = & o cr<n £>0 (2.29)
ox2 9p X—U2) =75 mo<x<1  for '
dT(0,t
( )=0 atx =0, fort>0 (2.30)
Jx
J0T(1,t
( )=0 atx=1, fort>0 (2.31)
0x
T(x,0)=0 fort=0,in0<x<1 (2.32)

and the Dirac delta function is denoted by &(.)

The above-described physical problem is categorized as a Direct Problem because the

time-varying strength g,,(t) of the plane heat source is specified. The second objective of the
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direct problem is to find the plate's transient temperature field T'(x, t). On the other hand, In
the Inverse Problem under consideration, the plane heat source's time-varying strength gy, (t) is
assumed to be unknown. For the estimation of g,,(t), more information obtained from transient
temperature measurements at a position X = Xp,eqns at time t; = 1,2,3, ..., I, is subsequently

used.

To solve the current inverse problem, let's consider the unknown energy generation

function g, (t) to be represented in the following general linear form:

gp(t) = Z P;C;i(t) (2.33)

J

At this point C;(t) represents the known trial functions (polynomials etc.) and P;, are
the unknown parameters. Furthermore, N, the total number of parameters, is given as well.
Afterward, the estimation of the unknown parameters (N) in this inverse heat conduction
problem, P,j =1,..,N, is based on the minimizing of the ordinary least squares norm, which

can be obtained by:
I

S(P) = ) [~ TP (234)
i=1
Where, S = objective function or sum of squares error
PT unknown vector parameters, defined as [P, P;, ... Py].
T;(P) = T(P,t;) = expected temperature at time t;
Temperature measured at time t; , Y;(P) = Y (¢;)
N = the complete set of of unknown parameters

I is the total number of measurements, while I > N.

At the measurement point, x,,.qns the direct problem is solved by utilizing the current

estimate for the unknown parameters P, j = 1,..., N, to get the estimated temperatures
T;(P).

Equation (2.33), can be written as in matrix form as
S(P) =Y —T(P)]"[Y — T(P)] (2.35)

where the superscript T = transpose, while [Y — T(P)]7 can be written as follows,
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Y-T(P)"= [V, -T,Y —T,,...Y, = T}] (2.36)

In order to minimize the least squares norm, we must zero the derivatives of S(P) with
respect to each of the unknown parameters [P;, P,, ..., Py]

aS(P) _as(P) _as(P) _
op, 9P, 0Py

(2.36)

The gradient of S(P) with respect to the vector of parameters P can be equivalent to

zero in matrix notation to represent this essential requirement for the minimization of S(P),

that is,
oT™ (P)
VS(P) =2|— 3P [Y-T(P)]=0 (2.37)
Where,

_ a -

aP,

aT™(P) | 0
P 6{32 [T, T, ... Tq] (2.38)

]
aP),.

The above Equation (2.38) is transposed to define the Sensitivity, or Jacobian matrix,

J(P).

(P) = o P (2.39)
J(P)=|—7%p :
Written as the sensitivity matrix in explicit form:
_aTl aTl (‘)Tl aTl_
0P, 0P, O0P; 0Py
or"(p)]" |92 9Tz 0T, - 0Ty
(P) = [ 5p | =|oPr 9P, P, 0Py (2.40)
or, or, aT, o,
lop, 9P, 0P, P,

Where,
N = is the total number of unknown parameters in this case.

I = is the total number of measurements
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According to its definition, the sensitivity coefficients J;jare the components of the
sensitivity matrix that represents first derivatives of the estimated temperature at time t; with

respect to the unknown parameter P; can be written as,

ii.  lIterative procedure
Using the sensitivity matrix definition that was given,
=2JT(P)[Yy —T(P)] =0 (2.42)

The sensitivity matrix for linear inverse problems is not dependent on the unknown
parameters. In such a scenario, the vector of unknown parameters P can be solved in explicit

form,

P=0"D7Y (2.43)

In the case of a nonlinear inverse problem, the sensitivity matrix has some functional
dependence on the vector of unknown parameters P. Iterative processes are required in order
to solve nonlinear estimating problems, achieved by linearizing the vector of estimated
temperatures, T (P), with a Taylor series expansion around the present answer at iteration P*,

the nonlinear estimation problem can then be solved iteratively. This linearization is provided

by,

T(P) = T(P)* + J¥(P — P¥) (2.44)

where J* is the sensitivity matrix evaluated at iteration k and T(Pk) is the estimated
temperatures. According to Beck and Arnold, iteratively estimating the vector of unknown

parameters can be obtained by rearranging the equation and replacing it in equation (2.42),
k+1 k T | T k
Pt = Pk [(79) 1% (%) [y - T(P)Y] (2.45)

In fact, the Gauss technique refers to the iterative process based on this equation. This
approach resembles a Newton (or Newton-Raphson) approximation. There is a possibility of

oscillations in the solution since the inverse issues are ill-posed. Levenberg and Marquardt
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proposed a dampening term be added to equation (2.45) in order to minimize the instability in

the solution brought on by the inverse problems ill-posedness:
T -1 T
pk+l — pk 4 [(]k) Jk +Mkﬂk] (J*) [v - T(P)¥] (2.46)
Where, Q¥ is a diagonal matrix, and

u* =is a scalar that is positive and called a damping parameter.

The objective of the matrix term, u*QF is to reduce oscillations and instabilities
caused by the problem's ill-conditioned nature by increasing its components relative to those
of JT] as required. The damping parameter is become large at the initial stage of the iterations,
considering the problem is typically ill-conditioned in the area surrounding the first guess used
for the iterative approach, which can be quite different from its actual parameters. The
Levenberg-Marquardt Method then tends to the Gauss Method as the iteration process moves
to address the parameter estimation problem's solution. Afterward, the parameter u* is steadily

reduced.
iii.  Stopping Criteria

Dennis & Schnabel [181] proposed the following criteria to stop the

Levenberg-Marquardt Method's iterative process.

S(PH) < g (2.47)

NT)TY = TP < e (2.48)

||PF*1 — P¥|| < &5 (2.49)
Where, &, €, and &5 are tolerances suggested by the user and || . || is the Euclidean norm

of vectors.

2.1 Filtering Technique

In order to stabilize the solution and ensure its significance, filtering techniques are
frequently needed while addressing ill-posed inverse problems. To address the ill-posed nature
of the IHCP, it is competitive and challenging to modify the raw input temperature data using
suitable filtering algorithms. This method focuses on the system response's instability in
relation to random errors in the input data. The signal's frequency components can be either

entirely or partially suppressed by the filter. This indicates that the filter has the ability to
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minimize or eliminate specific frequencies from the temperature data, which lowers noise and

stabilizes the solution, making it reduce noise to errors and input variations.

The experimental errors in actual measurements are typically represented as Gaussian
noise with spectral components that are evenly spaced throughout the frequency range. On the
other hand, important information is usually limited in nature, with a concentration of
frequency components inside the lower frequency range of the electromagnetic spectrum.
Choosing the right number of frequencies to cut in order to solve the inverse problem's ill-
posedness while conserving a sufficient amount of signal information is a key consideration in
the application of filters. Therefore, cutting frequencies too much can lead to the loss of
important information while reducing frequencies too little can make the solution unstable and
too noise sensitive. When determining the ideal number of frequencies to cut, integrate
advanced methods such as adaptive filtering and regularization with empirical techniques. A
key technique in signal processing and inverse problem solving, the ideal low-pass filter is one
of the most often used filtering strategies. An ideal low-pass filter is designed to fully block
frequencies over a specific threshold while allowing signals with frequencies below it to pass
through. High-frequency noise is removed from a signal using this type of filter while the

crucial low-frequency components remain unaffected.

Another popular filtering technique is the Gaussian filter, whose impulse response is a
Gaussian function, and in this thesis, this technique is used for smoothing and reducing noise
in images. Noise filtering is an essential process in image processing, with its primary
objective to minimize distortion while eliminating noise and its effects from the original image.
The Gaussian filter is an essential tool for noise reduction and smoothing in image processing.
As the Fourier transform of a Gaussian is also a Gaussian function, as it reduces the high-
frequency components of the information. The level of flattening is determined by the standard
deviation o. The filter will mostly evaluate pixels near the central pixel when the standard
deviation o value is smaller, resulting in a narrower Gaussian function and less blurring. On
the other hand, a higher value results in a wider Gaussian function, which requires the filter to
average across a greater range of nearby pixels. The benefits of this filters are given below in

image processing,

e Noise reduction: An image is smoothed considerably when high-frequency

noise is efficiently reduced using the Gaussian filter.
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e Edge preservation: It maintains edges better than some other smoothing
approaches.
e [sotropic Filtering: Directional bias is avoided since the filter is isotropic,

which smoothest in all directions equally.

The Wiener filter is another effective filter that has been proven to eliminate unwanted
noise from experimental temperature. It can minimize noise while maintaining essential
elements of the signal because it can differentiate between the signal and noise components
with effectiveness. Therefore due this, Wiener filter particularly suitable for applications

maintaining the original data while minimizing noise [182].

It is interesting that the filtering method for solving Inverse Heat Conduction Problems
(IHCPs) works best with input signals that are highly resolved temperature maps, either
spatially or temporally. On the other hand, when signals are represented by a small number of
input variables, this method is impracticable. Filter techniques, particularly Gaussian filters,
offer a significant advantage due to their very low computational cost compared to other

methods.
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3. Pipes Geometry

3.1 Corrugated pipe:

Pipes facilitate the transfer of energy and fluid in numerous applications such as
buildings, heating, cooling, power plants, fire departments, and plumbing. Generally, smooth
pipes are used in large-scale facilities with space constraints. However, the smooth pipe is
inappropriate in areas with limited space, such as fire or disaster sites, therefore in these areas,
flexible corrugated pipes are frequently utilized [183]. Wall corrugation is a passive technique
among various passive techniques used to enhance the convective heat transfer coefficient
explained in the Chapter 1. Among these approaches, corrugated pipes are most widely used in

industrial applications and extensively studied in the scientific literature.

Wall corrugation has been extensively investigated because it works as a source of
disruption in the primary flow, leading to an early transition to turbulent regimes. This
transition showed significant improvements in performances from the thermal point of view
for the tube section and, at the same time, it limited the increase of pressure drop in comparison
to different passive techniques, like the use of insert devices. The use of pipes with corrugated
walls significantly enhances the performance from the thermal point of view compared to
smooth pipes. Moreover, wall corrugations have shown to be able to disrupt the thermal
boundary layer, increase the mixing of flow due to the generation of secondary swirl, and
increase the heat exchange area. These pipes are widely used in heat exchangers and various
industrial fields due to numerous benefits. However, their design leads to the formation of
vortexes within the groove, which can cause other issues and originate complex flow

phenomena within the pipe [184].

Various geometries have been investigated, such as transversal grooved pipes [185],
converging and diverging pipes [186], dimpled pipes [187], spirally corrugated pipes [188],
internally corrugated pipes [189], and wavy channels [190]. When discussing the enhancement
capabilities of corrugated tubes, the available scientific literature mainly focuses on the average
heat exchange behavior across the pipe section or the entire heat exchange surface region [191],
[192]. This simplified method, suitable for many practical applications, arises from the
challenges of locally assessing the heat flux on the inner surface of a duct. The dimensions of
the sensors, inaccessibility of the surface due to its geometry, or harsh conditions hinder the

placement of sensors on the inner surface of the pipe.
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There are different methods used to calculate the local heat transfer coefficient as

depicted in the Figure 3.1.
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transfer coefficient [193]

However, in certain practical industrial cases, knowledge of the performances from a
local point of view is crucial. For example, in food pasteurization, irregular temperature
distributions could negatively impact bacteria heat destruction or cause local overheating of
the product. Additionally, experimental information on the local behavior of the heat transfer
coefficient of convection over the area of heat exchange can provide deeper insights into
increasing mechanisms. It also helps in understanding the causal connection between

modifications to the shape of the area of heat exchange and the improvement of convection.

Inner corrugation is one of the most widely used techniques in the food and
pharmaceutical industries. It is important to demonstrate some of the characteristic parameters

in order to better explain this kind of corrugated geometry as shown in Figure 3.2.

e Pitch (p): The distance between two consecutive peaks or troughs of a corrugated
surface is referred to as a corrugation pitch. It is an important parameter for defining
the geometry of corrugated pipe, influencing performance and mechanical
properties of pipe including structural stability and heat transfer. Moreover, this

parameter has significant effects on the degree of turbulence in the flow.
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Figure 3. 2 Characteristic parameters of corrugation

geometry

e The external and interior diameters of pipe are denoted by d, and d;, respectively.

e Depending on whether the corrugation is outer or inner, the depth (e) or height of
the corrugation should be varied.

e The angle of inclination of the corrugation with respect to the pipe longitudinal axis

is represented by a.

Corrugated pipes can be manufactured from a range of materials, such as metals (stainless
steel, aluminium, copper), composite materials (Fiber-Reinforced Polymers), and elastomers
depending on their application. Unlike conventional solid wall pipes, the corrugated outer wall
design increases the strength of the pipe structure rather than the wall thickness. Most
commonly, using metals in corrugated pipes offers a balance of high thermal conductivity,
strength, durability, heat, and corrosion resistance. These pipes have several key properties that
make them attractive for different applications. Due to their high flexibility, they can easily
bend around corners and other obstacles without increasing the risk of damaging what is being
transported safely. Moreover, they have high tensile strength, allowing them to withstand
significant internal pressures and external forces without deforming or failing. This property
makes them effective for applications in industries such as food and pharmaceutical etc.
Furthermore, they are highly resistant to a wide range of chemicals, for transferring liquids that

could corrode or deteriorate other materials.

We use stainless steel pipes AISI 304 in our research because they are made from ultra-
low carbon steel and offer excellent corrosion resistance. These pipes are flexible metals with
a series of corrugations that offer strength and flexibility and are commonly used in various

industrial sectors such as the food and pharmaceutical industries, power plants, oil refineries,
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and chemical plants. Recent market trends in the stainless-steel corrugated pipe industries
demonstrate the development of advanced stainless-steel grades with better quality properties
and innovative pipe designs to enhance performance [194]. Furthermore, the use of
environmentally friendly and sustainable materials is becoming more and more popular within

the industries.

Corrugated pipes offer various benefits; however, it is important to highlight the potential
drawbacks of corrugated pipes, particularly the challenges during manufacturing. These
challenges include material waste, manufacturing complexity, quality control challenges,

installation difficulties, and market acceptance [195],[196].

Specialized tools/equipment: More advanced techniques and specialized tools are often
required to manufacture or produce corrugated pipes than conventional pipes. These tools
or equipment could be advanced extrusion lines or moulds used for shaping the material into
the required corrugation pattern. However, the drawbacks of these specific tools require higher

initial costs and maintenance expenses.

Precision requirements: Precise designs are developed in corrugated pipes during the
fabrication process to ensure both strength and flexibility. It is very important that during the
manufacturing of these pipes, there is precise control over a number of factors, including
temperature, pressure, and speed. Achieving precise specifications can be challenging as minor
modifications can cause problems with the finished product. To keep the structural integrity (to
withstand pressure or external stresses) and flexibility (for bending or movement) in

equilibrium, the pitch size, depth, and width of the corrugations must be precise.

Material considerations: Corrugated pipes need to be fabricated of materials that are
appropriate for both the primary goal and the corrugation process. This could constrain the
selection of materials available, and manufacturers might have to spend money finding
particular kinds of metals or plastics that are suitable for corrugated patterns. The selection of
materials depends on their applications in the food and pharmaceutical industries stainless is
better due to its lightweight, corrosion resistance, and withstand high temperature. Moreover,
plastics like HDPE (High-Density Polyethylene) are commonly used in underground drainage
systems because of their low weight, water resistance, and durability under challenging

conditions [197].

Material waste: When compared to the production of conventional pipes, the corrugated

pipe manufacturing method can result in a higher material waste rate. This is because the
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material must be trimmed or shaped in order to the get desired corrugation design/pattern,
which can raise costs and cause environmental issues. Moreover, the complex design of
corrugated pipes often results in scrap materials, particularly when tools are changed, or
manufacturing settings are modified. Therefore, minimizing material waste is a challenge

because it directly increases the production cost.

Increased production time: Production times of corrugated pipes increase due to the
complicated nature of the manufacturing process. Compared to ordinary/conventional pipes,
there may be a delay in every stage/step including raw material preparation, corrugation
pattern/design, cooling, and quality control needs accuracy and attention to detail. The
structural stability of the pipes depends on checking that the material is completely cooled
before going on to the next stage, although doing so gets longer the production cycle overall.
As a result, customers may have to wait longer for their orders, which can be a drawback for

industries that need products quickly.

Training and expertise: As corrugated pipe production needs specialized tools therefore
it requires highly trained employees who understand the complexities of the equipment and the
production techniques are needed to manufacture it. This might mean that employees need
more training, which would raise the overall complexity and cost of production. Training
programs include the characteristics of the materials being used, the advanced procedures
required to provide consistent results, and the particular machinery. Moreover, hiring
employees with the required expertise, and training programs can be time-consuming as well

as expensive.

Many researchers have investigated various inner corrugation geometries in
previous literature. The most adopted technique among inner corrugation geometries is the
helical design in order to enhance the average Nusselt number and find out novel geometry.
Regarding this, Rainieri et al. [198] conducted an experimental study to investigate the heat
transfer enhancement and pressure drop in the helical corrugated pipe with different pitch sizes
and corrugation depths. The working fluid was ethylene glycol in the range of Reynolds 300 <
Re < 1800. They observed that the transitional regime occurred in helical corrugation between
Reynolds Number 700 and 800. Due to this early transition, they observed a significant
enhancement in heat transfer, with values ranging from 1.1 to 6 times higher than those of a
smooth pipe. However, the increased pressure drops were one of the drawbacks of heat transfer

enhancement. Aliabadi and Feizabadi [199] carried out numerical studies with helical
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corrugated walls to enhance the overall hydrothermal performance. Initially, in order to
evaluate the accuracy and dependability of the present study, the obtained results for the smooth
model were compared with existing empirical correlations from the literature. After that, the
performance of the corrugated structure was tested individually to see how well it performed.
The result revealed that continuously varying the position and size of developed secondary
flows and velocity contours led to more uniform temperatures. This was achieved by
corrugating the side walls of the helical channel, which prevented the development of thermal
boundary layers along the flow direction. Moreover, correlations have been established for
various scenarios that correspond to the observed data with a mean absolute error of 7.43% for

the friction factor and 4.43% for the Nusselt number.

Huang et al. [200] investigated the heat transfer enhancement and thermal performance
of the coiled helical corrugated pipe. The effects of different corrugation pitches and depths on
the friction coefficient and Nusselt number are investigated numerically, taking into
consideration a range of mass flow rates. The Kriging model was used for efficiency
calculation instead of the numerical calculation technique for estimating the Nusselt
number. The results showed that the Kriging models estimated the Nusselt number and
evaluated the reliability of heat transfer exhibited exceptional accuracy and efficiency.
Moreover, it was found that, 99.28% heat transfer reliability, with an error limit of 7.5% of the
mean value. Furthermore, as the corrugation depth increases and the corrugation pitch
decreases, the Nusselt number moves upwards. Similarly, another study conducted by Yiran et
al. [201] performed a numerical simulation to investigate the heat transfer performance of a
helically coiled corrugated tube in a shell-and-tube heat exchanger. They also investigated the
effects of corrugation length and height on the Nusselt number, friction factor, and the
performance evaluation criterion (PEC) number. The findings indicate that the average Nusselt
number was 2.33 times higher in a helical corrugated coiled tube than that of a smooth tube
heat exchanger. It was observed that, the Nusselt number significantly rises with increasing

corrugation height and decreasing corrugation length.

Safak et al. [202] numerically investigated the combination of both helically coiled
tubes and corrugated surfaces for flow and heat transfer enhancement. At various Reynolds
numbers, the parametric investigation analyzes the impact of pitch and depth of corrugation on
the Friction Factor, Nusselt number, and performance evaluation criteria. According to the
results, corrugated helically coiled tubes demonstrate much better thermal and hydraulic

characteristics between 200 < Re < 2300. The intensity of secondary flow increases
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proportionately with a helically coiled corrugated tube. This effect was further enhanced by
decreasing the corrugation pitch and increasing the corrugation depth. Wang et al. [203]
conducted numerically researched in order to find the equilibrium performance in terms of
energy efficiency, pressure drop, and heat transfer for a unique outward helically corrugated
tube. Numerical experiments including three objective functions (Re, f, PEC) and three factors
(Re, pl/D, and HI/D) were designed using the response surface approach. Variance and
sensitivity studies were performed to confirm the accuracy of the model and also explain the
influence of each component on the outcomes. The results indicated that the regression model
generated after the insignificant components were eliminated and showed good agreement with
the numerical data, with an error of £10%. Moreover, it was observed that the Nusselt number
was most significantly affected by the Reynolds number. As its sensitivity coefficient was five
times higher compared to the corrugation pitch-to-diameter ratio and the corrugation height-
to-diameter ratio, indicating that the Reynolds Number (Re) has a significant impact on
evaluating the Nusselt Number (Nu). Furthermore, when designing heat exchangers,
parameters including a higher corrugation height, a lower pitch, and a higher Reynolds number

are important.

Dong et al. [204] carried out an experimental study to investigate the turbulent friction
and heat transfer parameters of different helical corrugated geometries. The experiments were
conducted using water and oil as the working fluids, with Reynolds number ranging from 6000
< Re < 93000 for water and for oil 3200 < Re < 19000. It was observed that, in comparison to
smooth pipe, heat transfer enhancement ranges from 30 to 120%. On the other hand, friction
factor enhancement ranges from 60-120% as compared to smooth pipe. Cui et al. [205]
investigated the performance of w-type spirally corrugated tubes in terms of heat transfer
enhancement. Measurements were performed between the pressure drop and heat transfer
properties of corrugated tubes with different geometric parameters within a Reynolds number
range of 8000 < Re < 15000. The experimental results demonstrated that the heat transfer
coefficient increased by 53-160% while the pressure drop decreased by 20-300%. Moreover,
they developed an experimental correlation for the pressure drop and the heat transfer
coefficient from a significant number of observations for this particular corrugation profile.
According to performance evaluation criteria, the heat transfer rate can be increased up to 30%

or more by modifying the smooth tubes with w-type spirally corrugated tubes.

Rainieri and Pagliarini [206] experimentally investigated the thermal performance of

multiple helical corrugated pipes for various industrial applications specifically focusing on the
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food industry. The working fluid was ethylene glycol with the range of Reynolds number 90 <
Re < 800, and that fluid was an extremely viscous liquid whose viscosity coefficient was
strongly dependent on temperature. The local Reynolds number for the helical corrugation was
directly related to the dimensionless corrugation pitch and was determined using the axial
coordinate from the thermal inlet section. It was found that the Nusselt number in turbulent
flow was essentially unaffected by the corrugation shape. For the helical corrugation wall close
to the thermal entrance, the local Nusselt number rise seems to be mostly caused by the fluid
viscosity variation. Moreover, it was observed that, below 200 Reynolds numbers, helical
corrugation generates significant swirl components; however, this has a small impact on heat
transfer enhancement. The Nusselt number gradually rises for Reynolds numbers higher than

200, primarily as a result of variations in fluid properties.

Jin et al. [207] conducted experimental studies on the friction factor and pressure drop
for turbulent slush nitrogen in the helical corrugated pipe. In order to determine pressure drops
and friction factors, slush nitrogen flows in corrugated pipes under various operating conditions
such as inlet velocity (0-4 m/s) and solid fraction (0-20%). Empirical correlation explains how
the friction characteristics were affected by the flow conditions such as fluid velocity and
physical properties and structural characteristics such as inner diameter and pitch of the
corrugated pipes. It was observed that, when liquid nitrogen was used in a helically corrugated
pipe, the pressure drop was 5 to 12 times higher than smooth pipe having the same diameter
and flow velocity. In helical corrugated pipes, the friction factor of slush nitrogen increases as
the slush Reynolds number increases, whereas in smooth pipes, it decreases. Furthermore, slush
nitrogen's friction factor very slightly increases when the solid percentage increases (such as
20%).

Another commonly adopted technique among inner corrugation geometries is the
transverse design. A transversal corrugated pipe is designed with a series of ridges and grooves
transversely around its circumferential pattern, that are perpendicular to the length of the pipe.
Numerous researchers have investigated this type of corrugation in detail: Hwang et al. [208]
conducted an experimental study to evaluate the performance of various transversal corrugated
pipes in terms of heat transfer and pressure drop measurements of single-phase turbulent
regime. The four titanium tubes had pitch sizes (such as 4, 4.5,5, and 5.5 mm), and water was
used for the experiment as the working fluid. The experiments were conducted with Reynolds
numbers varying between 15,000 and 65,000, respectively. Among the corrugated tubes, the

one with a 5.5 mm pitch size had better performance, and 2.5 times higher than that of a smooth
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tube. Moreover, the result allows for the heat exchanger's practical design to be accomplished
through the use of corrugated titanium tubes. Furthermore, these results facilitate the practical
and efficient design of heat exchangers through the use of corrugated titanium tubes, which

improves the heat exchangers overall durability and performance.

Poredos et al. [209] carried out a study to investigate the thermal performance of
concentric-tube heat exchangers using transversal corrugated tubes. The result revealed
that corrugated tubes with a corrugation ratio of less than 1.648 had an increase in the
convective heat-transfer coefficient when compared to a smooth tube. However, the heat
transfer was more effective for corrugated tubes by 65 to 90%, because of the larger heat-
transfer surface area. Moreover, in comparison to a smooth tube, a corrugated tube improves

heat transfer and pressure drop by 3.95 and 3.5 times, respectively.

Dordevic et al. [210] conducted an experimental study to analyzed the pressure drop
and flow stability in an Archimedean spiral tube with the straight transverse corrugated pipe.
The transverse corrugated straight pipe under evaluation was found to demonstrate four
different flow zones: laminar at Re < 1300, critical between 1300 < Re < 1600,
transitional between 1600 < Re < 4000, and turbulent at 4000 < Re. At higher Reynolds
numbers, the friction factor asymptotically tends to a constant value. The friction factor
increases significantly at the critical zone, then decreases for a range of Reynolds numbers in
the transition zone, and then increases once more to reach the friction factor for turbulent flow
in the fully rough zone. Bashtani and Esfahani [211] numerically studied the performance of
a double-pipe heat exchanger using corrugated and smooth tubes with three different wave
amplitudes. The average Nusselt number and friction coefficient were analyzed to demonstrate
how corrugation improves heat transfer and the flow patterning turbulent regime. At the point
of the bottleneck, the Nusselt Number and friction coefficient achieve their maximum levels,
whereas, during reverse flow, both attain their lowest values. The corrugated heat exchanger
attained ratios of 1.73 for effectiveness and 1.17 for thermal efficiency when compared to the

simple heat exchanger.

Ahmad et al. [187] evaluated the thermo-hydrodynamic efficiency in double-dimpled
corrugated tubes by utilizing nanofluids. Numerical simulations were performed at Reynolds
numbers ranging from 10,000 to 30,000, assuming a constant heat flux of 10,000 % The heat

transfer coefficient for the double-dimpled pipe was found to be 20-25% higher for different

nanoparticle compositions when compared to the smooth one, demonstrating a significant
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increase in thermal performance. The complex design of the corrugations gives a higher Nusselt
number and the increased volume fractions of nanoparticles enhance both heat transfer as well
as pressure drop. Moreover, it was observed that an increase in the channel aspect ratio lowers
an adequate amount of instability for an increase in heat transfer. Another study conducted by
Gong et al. [212] numerically and experimentally investigated to enhance the heat transfer by
the spiral wound corrugated tube heat exchanger. Moreover, they also analyzed the effects of
corrugated height and pitch on overall heat transfer performance with a decrease in the
corrugated pitch and an increase in the corrugated height. The results show that the increase
of Nusselt number and pressure drop was 40% and 55% respectively, while overall heat transfer

performance improves between a range from 7-21%.

One of their most challenging applications arises from their need to observe the
temperature distribution on the devices outside surface to determine what happens inside the
heat transfer devices. In order to do this, contactless experimental approaches are utilized
frequently. Therefore, several data-processing-based methods have been presented in the
literature for this contactless experimental approach to measuring temperature through infrared
thermography. Among them, it is possible to include the iterative method of conjugate gradient,
the method of Laplace transformation, the method of the sequential function specification,
methods of regularization like the Tikhonov one, the method of mollification, the approach of
function reciprocity, the method of the truncated singular value decomposition, and the
technique of filtering [213]. When employed in non-destructive testing (IRNDT), infrared
thermography generates images, or thermograms, that are used to indicate zones of interest,
such as surface nonuniformity and IR camera self-emission. Certain techniques, including
vibro-thermography, step heating, locking thermography, pulsed thermography, and modulated
thermography, improve infrared thermography in non-destructive testing (IRNDT) capabilities
by making small error signals visible. Advancements in more sensitive as well as faster IR
cameras, combined with increasingly powerful computers capable of efficiently processing
complex algorithms and large datasets, this could be pushed even further by developments
[214]. Cattani et al. [215] used a 2D thermal quadrupole model (QM) and the truncated singular
value decomposition method for estimating the local internal convective heat transfer
coefficient of a tube’s flow. This technique has several benefits over the other traditional
domain (or boundary) discretization techniques, including meshless computing, and lowers
computational costs. Xiong et al. [216] adopted the sequential function specification to

concurrently determine the spatially and temporally varying internal fluid temperature and
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convective heat transfer coefficient of two-dimensional pipes. The temperature estimation
results a good agreement found with the numerical experiment results on natural cooling, and
the relative error was less than 4%. However, the convective heat transfer coefficient was
slightly poor because of the variations in the extraction positions. Moreover, the proposed
inverse approach should be used to efficiently determine the fluid temperature and convective

heat transfer coefficient of natural cooling.

Delpueyo et al. [217] used a regularization approach based on an optimized derivative
Gaussian filter starting from noisy temperature fields to obtain a heat source reconstruction.
Since the temperature fields under consideration were unavoidably noisy, filtering and
differentiating are essential and strongly associated challenges. The result helps to observe how
a heat source's position, magnitude, and amplitude impact the filter's unique parameter
(standard deviation g). Moreover, the results that were obtained demonstrate how useful the
derivative Gaussian filter is for identifying heat sources in temperature fields with noise.
Colaco et al. [218] used the so-called “reciprocity function approach” for the non-intrusive
estimation of internal heat transfer coefficients in ducts. The reciprocity function approach
avoids the requirement for any intrusive measurements and is computationally low resource
eliminating the need for iterative processes. The numerical outcomes, demonstrate the stability
method with a range of noisy functions. Excellent results were obtained when the method was
analyzed and compared with a standard technique using data obtained by an infrared camera.
They also suggested that in order to determine the local heat transfer coefficient in those
improved geometries requires a three-dimensional numerical model instead of a two-

dimensional one.

Daniel et al. [219] used Tikhonov regularization to investigate the characteristics of a
regularization technique. This technique is based on the well-known result that Tikhonov
regularization approximates the exact solution that is unknown within the range of the forward
operator's adjoint. Ngendahayo et al. [220] adopted the Tikhonov regularization method for the
estimation of surface temperatures from interior measurements. The novelty of the proposed
method was that it could use several measurements obtained from different locations inside a
material, which allowed for a much more accurate estimation of temperature on the surface.
They observed that the Tikhonov regularization method could be utilized better if the main
objective was to compute the surface heat flux instead of the temperature. Similarly, Bozzoli
et al. [221] applied the Tikhonov regularization method for estimating the local heat transfer

coefficient in coiled pipes. An experimental evaluation of the proposed estimation technique
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was conducted in a fully formed laminar flow regime in coiled tubes, taking into
account Reynolds numbers ranging from 100 to 1100. The findings demonstrate significant
variation in the convective heat transfer coefficient along the pipe cross-section boundary.
Patricia et al. [222] investigated the First-kind Volterra problems, which include inverse heat
conduction and are frequently ill-posed because solutions don't depend continuously on the
data. After that. Theyused a traditional regularization technique such as Tikhonov
regularization. Moreover, they demonstrated by this numerical investigation, that the
Tikhonov regularization method allows the use of significantly smaller approximation step
sizes than those required for a stable solution of the initial equation. Furthermore, it

also explained how to achieve a "predictor-corrector" type of numerical regularization.

Herchang et al. [223] carried out an experimental investigation using an infrared
camera to measure the temperature distribution over a plate finned-tube heat exchangers by
lumped conduction method. The result revealed that the staggered geometries' average heat
transfer coefficient was 32% higher when compared to the in-lined configuration. Charles and
John [224] used an external laser heating and infrared camera-based temperature measurement
setup to provide a few percent accurate internal heat transfer coefficient for the thin-wall plastic
model. It was observed that the heat transfer coefficient in fully developed pipe flow was lower
than in the majority of complex internal passages, where secondary flows and higher turbulence
levels typically resulted in higher values. Bougeard [225] conducted an experimental study to
determine the local heat transfer coefficient in a plate fin-tube with an IR camera by using the
lumped capacitance method. The ability to monitor surface temperatures using infrared
thermography in a transient method, accounting for inaccuracies caused by tangential
conduction and radiation of the investigated fin. They concluded that, when evaluating the
distribution of heat transfer in complex geometries, this approach is especially interesting.
Bazzoli et al. [226] Wiener filtering methods that use the temperature distribution as input data

to estimate the heat flux distribution on a particular surface.

Chantasiriwan et al. [227] compared three different methods for estimating the heat flux
including a piecewise consistent function, linear function, and uniform slope function.
According to the comparison results, the method that divides the heat flux into portions that
vary linearly that was, the one that uses a linear piecewise function performs significantly better
than the other two algorithms. Additionally, this specific technique assumed that in the future,
the heat flux or how much heat flows through a surface was vary linearly with time. Baldauf et

al. [228] investigated local heat transfer coefficients in Discrete-Hole Film Cooling by using
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high-quality resolution IR thermo-camera. They were utilized to calculate the wall
temperature-independent local heat transfer coefficients of the high-density ratio flow, by
considering all effects of variable properties inside the cooling film. Rathor and Aharwal [229]
used liquid crystal thermography to investigate experimentally the heat transfer and flow
geometry in a rectangular duct. By using thermochromic liquid crystals, one can visualize the
surface temperature distributions inside a specified zone on a roughened surface, therefore

acting as a thermal imaging tool.

Among these estimation approaches, the one that best fits many unknown variables and
input signals, like temperature maps with high resolution, i.e., infrared maps, is the filtering
approach. IR thermography can be effectively used with both steady and transient techniques
to determine convective heat flux distributions by selecting the right thermal sensor. The non-
intrusive characteristic of the IR camera proves especially beneficial when compared to
traditional transducers. It has unique properties such as low response time and great sensitivity.
Furthermore, its full two-dimensionality enables more accurate measurements of errors
resulting from tangential conduction within the sensor [230]. Furthermore, by using a noise-
filtered temperature distribution for solving heat conduction equations for the calculation of
the internal convective heat transfer coefficient, it is possible to avoid complex algorithms for

solving the related inverse problem.

The aims of this research is to address this gap by introducing and assessing an
experimental technique for evaluating the local heat transfer coefficient in ducts with different
corrugation profiles. However, the current literature has only evaluated the thermal
enhancement performance of corrugation in straight pipes from an average point of view. These
measurements consider only the heat transfer performance averaged over the entire heat
transfer surface area. In this work, we investigated six different corrugated pipes in terms of
both average and local heat transfer enhancement. The local analysis of the convective heat
transfer coefficient is essential for some specific industrial processes, such as sterilization and
pasteurization treatments of food. The performance of these processes can be significantly
affected by an unequal distribution of temperatures on the inside of the corrugated wall.
Localized heat transfer analysis becomes essential because achieving an optimal level

of pasteurization or sterilization requires maintaining a consistent temperature.

The estimation procedure utilized in this study involves solving the inverse heat

conduction problem (IHCP) inside the domain of the pipe wall, employing the distribution of

88



the temperature on the outer surface as starting data. By considering the distribution of the
convection coefficient on the interface between the internal wall and the fluid as unknown. This
method allows for a more detailed and precise evaluation of heat transfer performance,

especially in complex systems where the convection coefficient varies significantly [179].

Since the wall temperature distribution exhibits significant variations over space, as a
consequence of the complicated outcome of surface corrugation on the flow arrangement. The
proposed method demands a high-resolution temperature measurement technique, which was
attained using a liquid-cooled infrared camera. It is important to note that the applications of
IR devices to IHCPs primarily rely on cameras with cryogenic cooling due to their excellent
performance in terms of their noise-equivalent temperature difference. As a result, they are
very useful for controlling and monitoring temperature in various industrial processes [231].
As recognized, IHCPs present challenges as they are ill-posed and highly sensitive to variations
in input data, including those arising from experimental noise. The IHCP of an ill-conditioned
nature is addressed using a filtering technique with the distribution of temperature obtained
with infrared acquisition, enabling the determination of the distribution of the coefficient of
convection in corrugated pipes. Moreover, the obtained results provide valuable insights for

the design and optimization of heat exchangers utilizing corrugated tubes.

3.2 Tested Pipe profiles

In this study, we conducted experimental investigations on six different stainless-steel
pipes made of AISI 304. Each pipe was characterized by unique geometrical characteristics
and corrugation profiles. These variations allowed us to investigate how different designs
affected the performance of the pipes. All the tested pipes had a uniform wall thickness of 1
mm, an outer envelope radius (7,) of 8 mm, and a length of 3 m. The corrugation profile of the
pipes varied, including the helical, transversal, and cross-helical profiles. For each corrugation
profile, we considered two different corrugation pitch values: 16 mm and 32 mm. Furthermore,
the smooth pipe was tested to determine a baseline reference to compare the performance of
the corrugation patterns. Table 3.1 provides a summary of the geometric characteristics of the

six corrugated pipes under the investigation.

Table 3. 1 Dimensions of the studied corrugated pipes

Pipe Name Corrugation Pitch (p)  Depth (e) D; D,

Profile mm mm mm mm
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T32 Transversal 32 1 14 16

T16 Transversal 16 1 14 16
H32 Helical 32 1 14 16
H16 Helical 16 1 14 16
C32 Cross-helix 32 1 14 16
Cl16 Cross-helix 16 1 14 16

Helical corrugation is the most used in industrial applications due to its ease of
production compared to transversal corrugation. Helical corrugation involves continuous
rotation of the pipe, resulting in an internal helical groove and a corresponding external helical
one obtained by embossing a smooth tube. The Flexibility and structural strength of the pipe are
increased by this helical pattern, which also makes it more resistant to deformation under
pressure. Consequently, cross-helical corrugated pipes can also be produced by rolling the same
tube two times, incorporating two helical corrugations in reverse directions. This produces a
cross-helical pattern where they cross each other, further improving the structural flexibility
and integrity of the pipe. On the other hand, transversal corrugation develops through a more
discontinuous process, which means that rather than continuous, the corrugations are generated
through intermittent or stepwise operations. Figure 3.3 provides a representation of the six

corrugated tubes, highlighting the differences in corrugation profiles and pitches.
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Figure 3. 3 The tested corrugated pipe's geometries: (a) T32,

(b) T16, (c) H32, (d) H16, (¢) C32, and (f) C16
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The entire length of all tested pipes was three sections such as inlet, heating, and outlet
section. A heated 1.84 m portion was developed in order to provide a heating section throughout
the length of the pipes. This was achieved by applying two steel electrodes electrically
connected to a power supply. The power supply used was an HP 6671A, operating within the
ranges of 0—8 V and 0-220 A.

The heat flux was generated by the Joule effect on the wall of the pipe, and it was
assumed to be uniform across the heating section. It was determined by dividing the provided
electrical power (adjusted for heat losses to the ambient environment) by the solid volume of
the pipe. To minimize heat losses to the ambient environment, the pipes were thermally
insulated with a double layer of expanded polyurethane. We gave special attention to the
impacts associated with buoyancy forces, so we carefully chose the applied heat flux to the
working fluid to minimize these forces when compared to the inertia forces at the fluid velocity
values examined here. To assess whether the natural convection effects were significant in
comparison to the forced convection effects, we calculated the Grashof-to-Reynolds number
ratio, denoted as Gr/Re? [232]. Since this ratio is considerably smaller than 1 for all the
experiments conducted, we could conclude that the buoyancy forces can be regarded as
negligible when compared to inertial forces. Consequently, the measurements obtained in a
single section can be considered representative of the thermally developed conditions for

forced convection flows.
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4. Experimental Setup

4.1 Average experimental setup

The initial focus of this investigation was to measure the performance of the corrugated
pipes from an average point of view in terms of heat transfer effects and fluid-dynamic
penalties. The pipes were horizontally placed in a specifically designed setup, as depicted in
Figure 4.1. This figure is also representative of the outlet section since the two sections are
specular. Water was used as the working fluid, which was pumped from a holding tank to a
heat exchanger whereas in the service section was fed with city water. A volumetric pump
transfers the working fluid from the tank to a shell-and-tube heat exchanger. A volumetric pump
is used in this system to transfer the fluid that is stored in the tank, ensuring a precise and steady
flow rate. The pump used in these experiments is a volumetric pump (Product Type: T100LB4,
IEC: 60034) manufactured by Motovario S.p.A as shown in Figure 4.2. This kind of pump
provides excellent flow rate stability, which means it continuously provides a precise and
steady fluid volume with respect to time. This pump maintains a constant output, compared to
other pumps that may experience variations in flow rate as a result of changing conditions or

operating variables.
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Figure 4. 1 Schematic representation of the average experimental setup
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A small vent valve at the top of the tank was designed to remove any air that may have
accidentally entered the fluid circuit. Trapped air can be released by opening this valve when
the system is being filled or being operated. This setup maintained a constant inlet temperature
for the fluid entering the tested pipes. Air bubbles can damage system components and also
effect pump performance and disrupt fluid flow. To measure the temperatures, forty T-type
thermocouples were calibrated and connected to an ice multipoint reference (type KAYE K170-
50C). To minimize heat losses to the ambient environment, the pipes were thermally insulated

with a double layer of expanded polyurethane, of 9 mm and 32 mm respectively.

Figure 4. 2 Volumetric pump and Mechanical reducer

These thermocouples were positioned at different axial and circumferential locations
on the outer side of the pipe in three sections of the pipe such as inlet, outlet, and heated section.
The bulk temperature at any place in the heat transfer section was determined based on the
power supplied to the pipe, which was assumed to be uniformly distributed per unit length over
the heat transfer surface area. This calculation also considered the heat losses through the
insulation. Moreover, placing a thermocouple at the end of the heated area allowed for an

additional confirmation of the outlet temperature.

For each axial distance, two thermocouples were placed diametrically opposite each
other, with one on the top and one on the bottom of the tube’s cross-section. To calculate the
temperature of the internal side of the wall, the problem related to the heat generation in the

pipe wall of the steady-state heat conduction was solved [233]. The temperature of the fluid at
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the inlet and outlet section was measured by thermocouple probes placed on the pipe’s wall
before and after the heated section, respectively. In Figure 4.3, a detail of the inlet section of

the corrugated portion of the studied tubes is reported.

Double layer of expanded polyurethan |

Thermocouples for
the measurements of
the bulk inlet
temperature:

« Top side
¢ Bottom side

Fin for the
~— connection to the

power supply

Pressure sensor

connector

Figure 4. 3 Detail of the corrugated pipe inlet (and outlet) section

The product temperature along the heat transfer area of the pipe was obtained based on
the power generated in the pipe wall, assuming it was uniformly distributed along the total
length of the section. Volumetric flow rates were calculated by weighing the quantity of product
exiting the test section and relating it to the time taken. Using this method, the fluid that
discharged was collected in a calibrated container, and the weight was recorded at regular
time intervals. The mass flow rate was then converted into volumetric flow rate by considering
the fluid’s density, which was either measured experimentally. Three measurements were taken
in order to ensure precision and repeatability, and an average value was chosen for analysis.
Data acquisition was performed using a high-precision multi-meter controlled by a
computer/Laptop. The commercial software LabVIEW was utilized for real-time temperature
sensor data collection, processing, and monitoring of temperature sensors, ensuring precise and
efficient experimental measurements. A graphical programming environment called LabVIEW
enables users to create personalized virtual instruments (VIs) for collecting, analyzing, and
visualizing data. This software is user-friendly interface that allows users to activate or
deactivate the various channels of collecting data, each of which corresponds to a
thermocouple, and to monitor the temperature. For better understanding, we displayed the data
(Temperature) in both a table format and a graphical plot. The interface of LabView is shown

in Figure 4.4.
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Pressure drops across the corrugated pipes were measured using an Emerson (Italy)

Rosemount 3051S pressure transducer based on the differential signal under isothermal

conditions. The Rosemount 30518 is a high-performance pressure transducer with outstanding

accuracy, stability, and advanced measurements that is designed for use in industrial and

laboratory applications. It can be used for a number of tasks, including level measurement,

flow monitoring, and pressure control in complex structures, because it can measure gauge,

absolute, and differential pressure.

Finally, temperature data were acquired for a duration of 5 min at a frequency of 0.33

Hz after reaching a steady state for Reynolds number values ranging from 4 x 103 to 16 X

103,

The heat transfer performances were determined by using the Nusselt number, defined

as:

hz * Di
Nu, =
Z kf
1 Lu
Nu = "= J;) Nu,dz
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where kf represents the thermal conductivity of the fluid at the local fluid temperature,

and h, is the local convective heat transfer coefficient averaged on the circumference. The

latter was calculated using the formula:

q
h, = -1 (4.3)

Emerson where T, and T}, are the wall temperatures averaged on the circumference and

the local bulk fluid temperature, respectively; T, was obtained by averaging the values
obtained by the two thermocouples located along the top and bottom axial extremities of the
cylindrical external surface at each position of measurement. To evaluate the heat exchanged
in the unitary area (q), the surface of the heat exchange of the pipe was considered to
correspond to the one of a cylinder with the same diameter. The fluid properties were estimated
using the previously described method to compute the local fluid bulk temperature based on
the energy balance. The friction factor of Darcy, evaluated as reported in Equation (3), was

adopted for the evaluation of the pressure drops in the pipes studied:

_ApD; 2 (4.4)

T p Lw?
where Ap is the pressure drop over the test section with length L. For the evaluation of
the pressure drops induced by the corrugation and assessing the improvements and potential
drawbacks, two dimensionless quantities commonly used in the evaluation of enhanced
geometries were considered [234], the friction factor enhancement and heat transfer

enhancement, calculated with the following definitions:

fe (4.5)
Sf = —
fo
_ Nu, (4.6)
= Nu,

where e and o refer the enhanced and reference pipes, respectively. As the reference
geometry, a straight and smooth pipe was used, as commonly assumed in literature [5], and the
correlation of Dittus-Boelter for smooth wall pipes in turbulent regimes was considered valid

[230]. Moreover, the efficiency of the enhancement was evaluated following one of the most
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adopted definitions infrared image filtering applied to the restoration of the convective heat

transfer coefficient distribution in coiled tubes [221], [5]:

n (.7)

n=-—3
3

&€
f
Where, &7 = Friction factor enhancement, &, = Heat transfer enhancement as defined

above Eq. (4.5) and (4.6). Finaly, we have calculated the Nusselt number value by changing

the Reynolds number, which has the following definition:

p.v.D; (4.8)
U

Re =

Where, D; =Internal diameter of pipe, v = mean fluid velocity inside the pipe,

p =density of the working fluid and u = dynamic viscosity of the working fluid.

4.2 Local Experimental Setup

This section of the thesis provides a local analysis based on the solution of the inverse
problem and filtering technique described in Chapter 2 for the stability of the solution. For the
local heat transfer estimation, the thermal insulation layer was completely removed
approximately 14 cm from the heating section. The insulation layer was removed along a
section of the external pipe wall to make the outer surface of the pipe accessible for
measurement by the infrared camera. This removal of insulation allowed for accurate thermal

measurements of the pipe's external surface. It is important to note that accurate analysis

Infrared

camera

Test

section

i, WY Support

Figure 4. 5 Sketch of the infrared thermographic system to estimate
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requires capturing the entire rotational period of the corrugation. After that, the portion where
insulation was removed was painted with a thin film of opaque acrylic colour with a known

and uniform emissivity (i.e., 0.95).

The camera used for capturing the images was a FLIR SC7000 with a 640 x 512-pixel
sensor, a sensitivity of 20 mK at 303 K, and an accuracy of £1 K. These characteristics of the
IR camera ensured precise measurements and accurate thermal imaging. By moving the IR
camera around the axis of the section painted, multiple images were collected to obtain a
temperature map of the entire external wall of the pipe as shown in Figure 4.5. After the thermal
steady state condition was achieved, images were captured for each pipe at different Reynolds
Number such as 4 x 103,10%,16 x 103. Each image was captured at a frame rate of 25 Hz

and an exposure length of 3 seconds in order to minimize acquisition noise.

This configuration ensured that each image was an average of 75 individual frames,
thereby improving the visibility as well as precision of the final captured images. A support,
created to keep the optical axis of the camera in a perpendicular position with respect to the
tube axis in all the shots as shown in Figure 4.8 such as (A, B, C, D, E, F), was used for reducing
the perspective artifacts during the acquisition. In this experimental setup, the angle of view
was lower than +30°, considering the pipe surface was like a diffuse grey emitter [217],[235].
The image processing procedure utilized in a previous study was employed to rectify the optical

deformations caused by the surface curvature of the observed target surface.

Figure 4. 6 A representative infrared image of one of the six pictures
(labelled A-F) captured around the external surface of the test

section
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The captured images as shown in Figure 4.6 were processed to generate a continuous
temperature distribution on the external pipe wall by using appropriate references. These
references were fixed on the tube wall, for the correct positioning of every shot. These visual
references were placed at the ends of the surface captured by the camera and served to identify
the specific areas of interest in each obtained image. Each image provided 1/6 of the total

surface under investigation as illustrated in figure 4.7.

Figure 4. 7 Scheme of the unwrapped six images, with references for

reconstructing the external surface of the corrugated pipe

The first step to start the process, six raw infrared images (can be seen figure 4.8)

were taken from different perspectives around the external surface of corrugated pipe.
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Figure 4. 8 Six raw IR images around the pipe before unwrapping and merging

The coordinates (x,y) of a point of an image in a planar reference system can be
transferred into cylindrical coordinates, provided the camera is sufficiently far away from the

pipe. This is achieved by using following specific equations,

(4.9)
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z=0N.y+ z, (4.10)
a = arctan (%) + a

where W, x, z, and @ are parameters determined by the relative position and lenses of
the camera. It is easy to find these parameters by calibrating the acquisition system with a
known sample pattern that is fixed onto the tube wall [236],[237]. In order to ensure that the
IR camera captures the images by the proper coordinates for transformation, this procedure
enables precise measurement and adjustment. It has been feasible to unravel the six infrared

raw images captured by the infrared camera by using this system of equations 4.9 and 4.10.

After successfully completing this procedure, all the wrapped images had their top and
bottom portions clipped, as seen in Figure 4.9. In order to ensure that the images were more
accurate and consistent for subsequent analysis, this step was required to remove any

distortions and deformations present at the edges.
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Figure 4.9 : Each IR raw image (A, B, C, D, E, and F) as a representation

of two-step (1) images that were wrapped and show how to cut borders to
obtain them (2) central sections for executing the subsequent merging

process
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Finally, the acquired images are combined to reconstruct the flat (planar) representation
of the pipes outside surface as seen in Figure 4.10. To ensure the correct positioning of the
images throughout the merging process, reference points are positioned at both corners. By
doing this, the resulting combined image precisely represents the relevant regions of interest

on the pipe's surface, enabling a thorough examination of the surface.

Figure 4. 10 Example of a reconstructed external surface after the

merging operation

4.3 Estimation procedure

To determine the local convective heat transfer coefficient based on the obtained
temperature distribution image from the IR camera, the Inverse Heat Conduction Problem
(IHCP) within the tube wall domain was solved. The physical problem involves heat

conduction in the wall of a cylindrical pipe (as depicted in Figure 4.11), and the steady-state

kV2T + g, = 0 (4.11)
g

energy balance equation in this domain is given by:

where g, represents the heat generated per unit volume within the tube wall, and £ is
the thermal conductivity of the wall material. Two boundary conditions are included to the

energy balance equation:

k aT _ (T B Tenv)

—f— = = 4.12
ar Renv ) r rext ( )
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T
—ko—= hint(T = Tp), T =Tin (4.13)

Figure 4. 11 Geometrical domain with coordinate system

where Te,y is the surrounding environment temperature, R, is the overall heat transfer

resistance between the environment and the tube wall, and 7} is the local bulk fluid temperature.

Under the assumption of thin-wall approximation, the temperature on the external

surface is considered to be equal to that on the internal surface:

T(a,r,z) =T, in, z2) =T (&, Toxt, 2) (4.14)

The thin-wall approximation is valid when the Biot number, defined as the product of
the convective heat transfer coefficient, tube thickness, and inverse of the tube wall thermal

conductivity, is less than 0.1. This condition was verified for the cases studied.

Referring to the infinitesimal cylindrical sector as shown in Figure 4.12, the steady-

state local energy balance equation can be expressed as:
Qa+da T Qo + Qrint + Qrext + Qzaz + 0z + Qg =0 (4.15)

The heat flux with the angular coordinates () are defined as:

_ [Tt k0T _ kdT Toxt
Q, = ———drdz=———1n dz (4.16)
-

int roa da Tint

105



aT (rext

Qa+daa = —k—=In

0%T (rext
Jda

)dz+k—21n

>dadz (4.17)
oa

Tine Tint

where the internal and external radii of the pipe are denoted by 7;,; and 7,,;. The heat

flux along radial coordinate 7, are described by the following equations.
er-m = — hine(T — Tine)Tine da dz (4.18)

(T - Tenv) (4-19)

Qrext = - Rext da dZ

Renv

For the axial coordinates, the heat flux can be expressed as follow:

Text  kdT mr? oT (12, — 1t
Q. Lint raz 2m o4 62( 2 * (4.20)
OT (12 — T 0T (1éee — T
Qztdaz = — E(T da +k 372 > dadz 4.21)
Finally, the heat source can be defined as:
mrp, — nre
Qg = 4g (%) dadz = q?q (1l — Tine) dadz (4.22)

Finally, by expressing all the terms in Eq. (4.15) and simplifying [116], we arrive at the

expression for determining the local convective coefficient at the internal wall-fluid interface:

T, °T  k 9°T . q
fein ((24) 3+ 5 (e = 1) Gz = B (T = Tom) + 5 (e = )

Tint * (T - Tb)

(4.23)

hine =

However, due to the presence of noise in the raw images of the surface temperature
distribution, Eq. (4.23) may yield unreliable results [216]. Its second derivative operator makes
it highly sensitive to small perturbations caused by noise in the input data, leading to inaccurate
outcomes [238]. To solve this problem, a Gaussian filtering approach is applied to the raw

temperature data. This filter helps in data smoothing by eliminating high-frequency
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components that could lead to noise or fluctuations. The Gaussian filter, which ensures that the
temperature data is more stable and easier to study without losing significant trends or patterns,
essentially serves as a regularization function. The measurements of temperature can be
reported in an accurate and more precise way according to this filtering method, which

effectively eliminates the unwanted noise.

The efficacy of Gaussian filtering in this type of approach has been demonstrated by
several researchers [179],[216]. The filter function in the 2-D frequency domain can be
expressed as:

_(w?+v?) (4.24)
Huv)=e 2u

where u. is the cutoff frequency, assumed equal along the u and v coordinates.

Qr,ext

Qz+dz

Qq

Qr,int

Figure 4. 12 Sketch of a portion of the test section

In real situations, it is difficult to determine the correct cutoff frequency for filtering
because the perfect value isn't known in advance. The cutoff frequency is very critical since it
determines whether portions of the data are considered noisy and need to be filtered. A selection
criterion is required in order to efficiently carry out the regularization step, which smoothed
and eliminates the noise from the data. Therefore, this criterion helps in selecting the best cutoft

frequency by comparing the retention of significant data characteristics with the elimination of

noise.
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In this study, the discrepancy criterion proposed by Morozov [239] was adopted.
According to this criterion, the solution of the inverse problem is considered accurate enough
when the difference between the measured temperatures 7 and the filtered temperatures 77 is
similar to the standard deviation of the measured temperatures T. Hence, the appropriate cutoff

frequency can be determined once the following condition is satisfied:

2
I -7l _ (25)
N-M T

Where, o represents the standard deviation of measured temperature, where N and M
is the matrix's dimension derived from the measured temperatures. The data was obtained by
measuring the surface temperature of the coil when it was kept in an isothermal condition. In
this condition there are no temperature variations or fluctuations, and the measurements are
more precise and reliable when this constant temperature is maintained. This stability makes
sure that there are no outside influences generating distortions or inaccuracies and that the data

accurately represents the surface temperature of the coil.

The specification of the uncertainties in the several major experimental measurements
provides its starting point. The uncertainties of the initial measurements are the starting point,
and the uncertainties can cause large differences in the final findings when they propagate
through other calculations or algorithms. These uncertainties, which are a part of the entire
measurement process, are caused by things including measuring error, atmosphere conditions,
and instrument precision. It is essential to comprehend and measure these uncertainties because
they influence modification for obtaining accurate results, as well as how confident one can be
in the results itself. Therefore, by employing the error propagation method as outlined in [240],
the level of uncertainty is associated with the primary parameter employed in this investigation.
The upper bounds of uncertainty for the friction factor, convective heat transfer coefficient,
Nusselt number, and Reynolds number were determined to be approximately +6%, 8%, £9%,

and £3%, respectively.

The uncertainties in the primary measurements were first evaluated, focusing on the
thermocouples' signal. The signal was captured using a high-precision multi-meter with a 10
nV resolution in the 0—100 mV range. Under the experimental conditions, the thermocouple

signal was approximately 0.6 mV, resulting in an absolute accuracy of 0.05 uV. With a 40
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uV/°C sensitivity for the copper-constantan thermocouple, this corresponds to a temperature
accuracy of 0.008°C. To calculate the volumetric flow rate, a high-precision digital scale with
a resolution of 0.1 g was used to measure the mass of the container, and the time needed to fill
it at outlet of test section. A digital stopwatch with a 0.01 seconds resolution was used to record
the time. The experimenter's estimated response time of 0.1 seconds accounts for the majority
of the measurement's error. Because of this, the total uncertainty in the measurement of the

volumetric flow rate is less than 1%.

The Rosemount 3051S Pressure Transducer was used to measure the pressure drop
throughout the corrugated pipes under isothermal conditions. Because of its excellent accuracy
and stability, this transducer is perfect for applications which require for precise pressure
measurements. In order to ensure precise and dependable pressure drop measurements
throughout the system, the manufacturer set the measurement uncertainty for the Rosemount
30518 at 3%. The heat flux generated in the wall per unit volume is influenced by the electric
power supplied and the heat exchanged with the environment. The uncertainty in heat flux
arises from several factors, including heat dissipation through cables and fin electrodes, power
supply stability, accurate volume estimation, and axial temperature gradients in the entry
region. To account for these uncertainties, a conservative error of approximately 4% was
considered. Since all of the pipes had the same diameter and the tubes were mechanically
fabricated, therefore, uncertainty in the pipe diameter was also calculated. The tube diameter
was determined to have an inaccuracy of about 2%. The measured quantities inherent

uncertainties are documented in Table 4.1.
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Table 4. 1 Uncertainty of the main physical quantities involved in the estimation

procedure
Sr.# Parameters Unit Uncertainty Percentage
1 Temperature K +0.1
2 Change in temperature K +0.2
3 Pressure drops Pa +3
4 Dynamic viscosity Pa-s +1
5 Density Kg +1
m3
6 Internal heat generation K +3
m3
7 Volume m3 +1
S
8 Internal diameter m +2
9 Reynolds Number - +3
10 Nusselt Number - +9
11 Heat transfer coefficient w X +8
m2’
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5. Heat Transfer Enhancement in Turbulent Regimes: Local and

Average Analysis

5.1. Average Results

The initial phase of the investigation aimed to assess the average heat transfer
capabilities of the tested corrugated pipes and examine the associated pressure drops. The
thermal performance of the pipes was evaluated by plotting the Nusselt number against the
Reynolds number for each design, as depicted in Figure 5.1. The experiments were conducted
in the turbulent regime, with Reynolds numbers ranging from 4 X 103 to 1.6 X 10%, using
water as the working fluid. The plot also included the Nusselt number distribution for a smooth
tube, obtained through experimental means, as well as the Dittus—Boelter correlation for
smooth pipe operating in turbulent conditions [179]. Significant improvements in thermal
behavior are indicated by a significant increase in the Nusselt number, an essential indicator of

heat transfer efficiency.

The good agreement observed between the measured values for the smooth tube and
the Dittus—Boelter correlation confirms the reliability of the experimental setup. The
experimental values of the Nusselt number obtained for the smooth pipe can be considered in
good accordance with the ones calculated with the Dittus—Boelter correlation since the
difference is within £15% which is reported in figure 5.1. From Figure 5.1, it can be observed
that the transverse corrugations T16 and T32, with the cross-helix corrugation C16 with the
smaller pitch, exhibited the best thermal performance, achieving Nusselt numbers
approximately three times higher than that of the smooth tube and 1.5 times higher than that of
the H32 corrugation. Moreover, it can be noted that the pitch size seems to have a significant
influence on thermal performance. This effect is especially seen in the case of helical
geometries, where the smaller pitches (H16 and C16) enhance thermal effect to a greater extent
compared to the larger pitches (H32 and C32), especially at higher Reynolds number values.
Furthermore, the worst performance can be seen in the helical corrugation H32 having higher

pitch size than other corrugated pipes. Overall, all the studied corrugation profiles
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demonstrated superior heat transfer rates compared to the smooth pipe, highlighting their

effectiveness in enhancing thermal performance.
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Figure 5. 1 Nusselt number vs. Reynolds number

These findings align with the observations made by Rainieri and Pagliarini [206] in
laminar conditions where transverse corrugation achieved the best thermal results,
demonstrating excellent thermal enhancement capabilities in straight pipes. Regarding the
helical corrugation, it was observed that the lower the pitch, the higher the thermal
enhancement. Moreover, the results are consistent with those obtained by Vicente et al. [241]
for helical corrugation, by Mohammed et al. [242] for transversal corrugation, and by Bozzoli

et al. [117] for cross-helical corrugation, as reported in Figure 5.2.
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Figure 5. 2 Comparison of the experimental results with those previously
obtained in the literature for (a) helical, (b) transversal, and (c) cross-

helical corrugations

In this research, we used water as a working fluid in the range of Reynolds number
4 x 103 to 16 x 103. For each corrugated pipe at a different Reynolds number (4 X 103,
10 x 10%,and 16 x 103), wall temperature distributions along the axial direction are shown
in Figures 5.3, 5.4 and 5.5 as a function of dimensionless abscissa. This dimensionless abscissa
was determined with the help of Equation 5.1. Each graph reports the temperature at the upper
and lower sides of the corrugated pipe, along with the average wall temperature, which is

determined by taking the mean of these two values (upper and lower temperature of the wall).
Most commonly, the natural convection is negligible when Ri < 0.1, where Ri = % . It can

be observed from the tables presented in sections 5.1, 5.2, 5.3, 5.4, 5.5, and 5.6 that the

Richardson number (Ri) for all corrugated cases is always less than 0.1.
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Figure 5. 3 Wall temperature distribution for all corrugated pipes at Re = 4 x 103: (a)
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Figure 5. 4 Wall temperature distribution for all corrugated pipes at Re = 10 x 103:
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Figure 5. 5 Wall temperature distribution for all corrugated pipes at Re = 16 x 103:
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Figure 5. 6 At Re = 4 x 103 Reynolds Number: Local Averaged

Nusselt Number vs. dimensionless abscissa for all corrugated pipes

The behavior of the axial Nusselt number (Nu,) as a function of the dimensionless
abscissa is investigated in order to thoroughly how corrugation geometry affects thermal
exchange and shown in Figures 5.6, 5.7, and 5.8 at various Renyolds number (4 X 103,
10 x 103, and 16 X 103). The dimensionless abscissa was determined with the help of
Equation 5.1.

z
Z = Re.PrD (5.1)

It can be observed that all Figures (5.6, 5.7, and 5.8) remain consistent along the
dimensionless abscissa for all corrugated pipes under thermally and hydrodynamically fully
developed conditions. Furthermore, the findings regarding the overall behavior are validated
as seen in Figure 5.1. The helical corrugation design resulted in 1.5 times higher thermal
performance, while the transverse corrugation shows significant heat transfer enhancement,
with Nu, values almost three times higher than those for smooth pipes, due to the increased
flow disruption and mixing, which lead to more efficient heat transfer. The pitch size has no
impact on thermal efficiency for transverse corrugations (T32 and T16). Furthermore, the

smaller pitch pipe has higher thermal performance as compared to larger pitch pipes.
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Furthermore, Figure 5.9 illustrates the evaluation of the pressure drop in terms of the
Darcy friction factor (f) as a function of the Reynolds number for all the pipes. It can be
observed that for Re < 8 x 103, the helically corrugated pipes exhibited a lower pressure
drop compared to the transverse ones. However, for Re > 8 x 103, the profiles behaved
similarly. The cross-helix corrugation C32 showed similar behavior to the helical ones, while
the C16 profile demonstrated the worst performance. As expected, all the corrugated pipes had

higher values of frication factor () compared to the smooth pipe.
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10t r -
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[ C32
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1 n L " 1 L n 1 L L 1 PR 1 1
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Figure 5. 9 Friction factor vs. Reynolds number

Figures 5.10 and 5.11 describe the heat transfer and friction factor enhancement effect
caused by all tubes. It is possible to observe that from Figure 5.10, it can be observed that the
transverse corrugations T16 and T32, with the cross-helix corrugation C16 exhibited the
maximum heat transfer enhancement. In terms of facilitating effective heat transfer, these
corrugations performed significantly better than others. As shown in Figure 5.11, in the case of
cross-helix corrugation C16 has the maximum friction factor enhancement and C32 has the
lowest. Moreover, the enhancement of the friction factor in both transverse and helical pipes
remains generally consistent up to 10 X 103. However, after 10 X 103, a noticeable peak in

friction factor enhancement is observed across all these corrugated pipes.
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Figure S. 11 Friction factor enhancement

To assess the effect of the different profiles, the efficiency of the geometry (1) is
presented in Figure 5.12. It can be observed that, in terms of efficiency (1), for Re < 10%, the
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transverse geometry consistently outperformed the helical profiles, including both the single
and cross-helix corrugations. Hence, it can be concluded that although transverse corrugation
leads to higher friction factors, its ability to enhance thermal performance makes it more
efficient. On the other hand, the H32 geometry exhibited the lowest efficiency across the entire
range of tested Reynolds numbers. For Re > 10%, the efficiency (1) of all the pipes did not
show significant differences, except for the H32 geometry, which remains the least efficient
geometry. Finally, the experimental conditions of all the tests performed for each pipe are

reported in tables 5.1,5.2,5.3,5.4,5.5 and 5.6.
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Figure 5. 12 Efficiency n vs. Reynolds number
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Table 5. 1 Experimental conditions for Pipe C16

Pipe Test no. Re Nu Pr Th [K] Gr/Re?
0 4139 110 5.32 304.15 | 3.5 x 1073
1 4979 111.63 5.35 303.8 | 2.1 x1073
2 6051 128.49 5.4 303.42 | 1.2 x1073
3 7037 143.08 5.46 302.94 | 7.5 x107*
4 7899 148.87 5.49 302.77 | 5.63 x 10~*
5 8991 164.2 5.51 302.48 | 3.99 x 10~*

C16 6 10054 177.49 554 | 30231 | 2.95 x 10~*
7 11080 189.09 5.55 302.18 | 2.27 x 107*
8 12054 199.73 5.56 302.08 | 1.83 x 10~*
9 12947 207.95 5.59 301.85 | 1.54 x 107*
10 13925 219.95 5.63 301.55 | 1.01 x 10~*
11 14978 227.56 5.65 301.36 | 8.5 x107°
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Table 5. 2 Experimental conditions for Pipe C32

Pipe Testno. | Re Nu Pr Th [K] Gr/Re?
0 3937 | 8585 | 558 301.96 3.9 x 1073
1 5030 | 10053 | 5.6l 3134.15 2.0 x 1073
2 6114 | 110.92 | 5.65 301.44 12 x 1073
3 6965 | 121.03 | 567 301.27 85 x 10~*
4 8041 | 132.54 | 5.69 301.1 5.86 x 10~*
5 9028 | 1422 | 571 300.9 432 x 107

C32 6 9987 | 15178 | 5.73 300.79 331 x 10*
7 110965 | 160.41 | 5.79 300.3 258 x 10~*
8 | 11914 | 169.59 | 58I 300.14 2.07 x 10~
9 | 12865 | 179.13 | 585 299.92 1.69 x 1074
10 | 13947 | 18554 | 588 299.7 137 x 10~*
11| 14926 | 19557 | 5091 299.49 113 x 1074
12| 16007 | 20028 | 5091 299.46 9.64 x 1075
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Table 5. 3 Experimental conditions for Pipe H32

Pipe Test no. Re Nu Pr Th [K] Gr/Re?
0 4111 74.34 7 293.76 2.0 x 1073
1 4688 82.4 7.01 293.17 1.4 x 1073
2 5400 91.29 7.02 292.59 9.63 x 107*
3 5859 100.76 7.13 292.47 7.49 x 107*
4 6564 108.13 7.13 292.43 5.63 x 107*
5 7174 113.95 7.14 292.36 449 x 1074
6 7970 123.51 7.14 292.35 3.43 x 1074
7 8570 130.23 7.16 292.25 2.81x107*
8 9272 135.2 7.17 292.22 2.31 x 1074

H32 9 9966 142.44 7.18 292.17 1.91 x 107*
10 10652 148.2 7.19 292.08 1.60 x 10~*
11 11330 157.29 7.21 291.98 1.36 x 107*
12 12017 163.48 7.22 291.91 1.16 x 10~*
13 12699 172.92 7.23 291.84 1.002 x 10~*
14 13398 184.81 7.23 291.84 8.60 x 1075
15 14256 189.03 7.24 291.78 7.37 x 1075
16 14850 188.65 7.25 291.72 6.72 x 1075
17 15640 194.23 7.25 291.73 5.88 x 1075
18 16283 195.48 7.24 291.82 5.36 X 1075
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Table 5. 4 Experimental conditions for Pipe H16

Pipe Test no. Re Nu Pr Th [K] Gr/Re?
0 3387 69.93 6.9 293.85 2.0 x 1073
1 4096 84.76 6.94 293.6 1.9 x 1073
2 4898 101.15 6.96 293.43 1.2 x 1073
3 5513 112.1 6.99 293.27 8.29 x 1074
4 6034 119.12 7.01 293.12 6.01 x 1074
5 6848 135.1 7.01 293.14 459 x 107*
6 7422 148.3 7.14 292.37 3.50 x 1074
7 8036 153.49 7.17 292.23 2.85 x 1074
8 8612 160.52 7.21 292 2.33 x 1074
HI6 9 9282 168.57 7.23 291.84 1.92 x 10~*
10 10047 | 177.24 7.25 291.73 1.56 x 1074
11 10650 | 185.44 7.26 291.69 1.33 x 10™*
12 11254 | 193.53 7.26 291.7 9.83 x 1075
13 11931 | 204.09 7.28 291.58 8.85 x 107>
14 12610 = 210.26 7.28 291.55 7.49 x 1075
15 13299 | 213.75 7.29 291.49 6.54 x 107>
16 13977 | 224.48 7.3 291.83 5.73 x 1075
17 14637 | 235.39 7.32 291.35 5.24 x 1075
18 15839 | 242.16 7.32 291.32 471 x107°
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Table 5. 5 Experimental conditions for Pipe T16

Pipe Test no. Re Nu Pr Th [K] Gr/Re?
0 3834 93.66 7.1 292.52 2.0 x1073
1 4461 106.59 7.09 292.55 1.3 x1073
2 4897 113.82 7.11 292.45 1.0 x 1073
3 6121 137.84 7.13 292.28 5.56 x 1074
4 6633 144.23 7.16 292.14 447 x 107*
5 7227 153.89 7.18 292.03 3.54 x 107
6 7740 162.47 7.2 291.89 2.94 x 107
7 8235 165.13 7.22 291.75 2.49 x 1074
8 9015 177.6 7.24 291.67 1.97 x10™*

T16 9 9454 182.78 7.24 291.67 1.74 x 10~*
10 10049 190.05 7.25 291.59 1.48 x 107*
11 10538 193.77 7.27 291.47 1.30 x 10~*
12 11158 200.85 7.27 291.48 1.12 x 10~*
13 11758 | 209.13 7.28 291.44 9.81 x 107°
14 12829 229.02 7.04 292.79 8.02 x 107°
15 13318 230.82 7.02 292.93 7.36 x 1075
16 14062 235.68 7.006 293 6.49 x 107°
17 14455 238.62 6.98 293.1 6.11 x 107°
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Table 5. 6 Experimental conditions for Pipe T32

Pipe Test no. Re Nu Pr Th [K] Gr/Re?
0 3807 89.47 7.35 291.29 1.9 x 1073
1 4253 96.21 7.31 291.43 1.4 x 1073
2 5036 | 110.79 7.31 291.45 9.27 x107%
3 6246 | 133.61 7.31 291.4 5.22 x 107*
4 7231 | 154.48 7.38 291.05 3.46 x 1074
5 8108 | 162.94 7.36 291.14 2.74 x107*
6 9132 | 182.62 7.37 291.08 1.89 x 10~*
7 9723 | 192.32 7.38 291.02 1.54 x 10™*
8 10341 | 203.04 7.36 291.09 1.35 x 10~*

132 9 10934 | 207.85 7.37 291.05 1.15 x 10~*
10 11523 223 7.38 290.99 1.01 x 10~*
11 12857 233 7.41 290.84 7.57 x 1075
12 13368 238 7.41 290.83 6.85 x 1075
13 14135 | 243.54 7.41 290.81 6.01 x 10°
14 14859 | 248.16 7.39 290.93 5.31 x 107°
15 15484 | 269.72 |  7.47 290.45 4,62 x 1075
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5.2 Local results

To aid in the understanding of the results obtained from the infrared (IR) analysis,
Figure 5.13 provides a schematic representation of the analyzed section of the pipes captured
by the IR camera, indicating the position of the corrugations for each tested pipe and the
direction of the flow. The portion analyzed to determine the coefficient corresponds to a
complete pitch of the corrugation, ensuring a comparable analysis domain for the different

corrugation profiles studied.

By analyzing the non-filtered temperature distribution shown in Figure 5.14 and the
filtered temperature distribution depicted in Figure 5.17 on the external surface of the tested
pipes, an example for the case of Re = 4 X 103. A detailed analysis of both Figures 5.14
and 5.17 demonstrates how the temperature distribution on the wall of the investigated pipes is
locally impacted by corrugations. It is evident that the corrugations had a significant influence
on the temperature distribution along the pipe wall. For instance, taking the H32 case as an
example, it can be observed that immediately after the corrugation, in the direction of flow (as
shown in Figure 5.13), the wall temperature reached a peak. This indicates a reduction in the
rate of thermal exchange between the fluid and the wall due to the disruption of the boundary
layer caused by the roughness of the corrugation. As the fluid continued along the pipe, the
wall temperature suddenly decreased, indicating an increase in the rate of thermal exchange.
This phenomenon can be attributed to the reattachment of the fluid to the inner wall of the pipe,
leading to increased turbulence. Subsequently, the wall temperature gradually increased until

the next corrugation, where the process was repeated.

This gradual temperature rise could be attributed to the re-establishment of the fluid’s
original turbulent state, with the smooth pipe section acting as a stabilizer for the flow. The
wall temperature gradually increases until it reaches the next corrugation, at this point, the
cycle begins again after reaching its lowest point. Each corrugation repeats this phenomenon of
a decrease in temperature afterward a gradual increase in temperature. After achieving the
minimum, the fluid's temperature may gradually rise again because it may be restored to its
initial turbulent state. This temperature rise may be facilitated by the smooth portion of the pipe
stabilizing the fluid's flow. A similar trend of temperature drop followed by a gradual rise can

be observed in scenario T32.
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However, when examining the temperature distribution for smaller pitches (H16 and
T16), the stabilizing effect between the corrugations seemed to diminish. This could be due to
the insufficient distance between the corrugations preventing the stabilization effect and
resulting in lower and more homogeneous temperatures as the distance exists between the end
of one corrugation crest and the beginning of the one that comes next is less than 16mm. These
lower and more homogeneous temperatures indicate an increased heat exchange ability in the
pipe wall, confirming their superior thermal performance compared to pipes with larger pitch.
This observation aligns perfectly with the average analysis results, further confirming the

advantage over pipes with a larger pitch.

The pipes with cross-helix corrugations (C32 and C16) exhibited more complex
temperature distributions due to the combined effect of the two helical corrugations that evolve
in opposite directions, promoting a chaotic flow pattern. In comparison to the other corrugated
pipes, the chaotic flow improves overall heat transfer but also increases the unpredictability of
temperature patterns. Moreover, chaotic flow improves heat transfer but also leads to more
complex temperature patterns. Similarly, the non-filtered temperature distribution and filtered
temperature distribution on the external surface of the tested pipes, for the other cases such as
Re = 10 x 10® and Re = 16 x 103 are shown in Figure 5.15, 5.16, 5.18, and 5.19. The
temperature variations for these particular Reynolds numbers are presented in detail in these

figures.
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The restored internal convective heat transfer coefficient (h) at Re = 4 x 103 for all
the pipes can be seen in Figure 5.20. The behavior of (h) confirms the observations made for
the temperature distributions of pipes with transverse and helical corrugations. Immediately
after the corrugation, following the flow stream, the value of (h)reached a minimum and then
a maximum. Corrugations with a pitch of 32 mm, (h) tended to decrease until the next
corrugation after reaching a maximum, consistent with the temperature behavior previously

observed for these cases. This phenomenon was particularly pronounced in the T32 case.

However, it is important to note that even immediately after the corrugation, the
convective heat transfer coefficient was still greater than what can be achieved in a smooth
tube. Therefore, it is more appropriate to describe this region as having a lower effect of
corrugation on the (h)values compared to subsequent areas. In the pipes with corrugation
pitches of 16 mm (H16 and T16), this intermediate decrease in (h) between corrugations was
not observed (consistent with the temperature distributions), allowing for higher values of (h)
throughout the surface between corrugations and a more homogeneous distribution of
convective heat transfer. Regarding homogeneity, the best solution appears to be the pipes with
helical and transverse corrugation. In the cross-helically corrugated pipes the chaotic flow
distribution caused by the presence of a double helix rib promoted mass transfer in the
transversal direction relative to the fluid flow, producing an increase in turbulence that

generated higher peaks of (h) values.
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Figure 5. 20 Convective heat transfer distribution (h) at Re = 4 x 103: (a) T32, (b)
T16, (c) H32, (d) H16, (e) C32, and (f) C16
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This trend held true for the cases at Re = 10* (Figure 5.21) and Re = 16 X 103
(Figure 5.22) as well. In conclusion, transverse corrugation seems to outperform helical and
cross-helical corrugations in terms of enhancing thermal performance. When comparing the
internal convective heat transfer coefficient (h) obtained at the same Re and corrugation pitch,
the transverse geometry showed higher values. For a pitch of 32 mm, (h) values of transverse
corrugations showed an average increase of 20% with respect to the helical ones and 10% with
respect to the cross helical ones, while for a pitch of 16 mm, there was an average increase of

about 22% with respect to the helical ones and 9% with respect to the cross helical ones.

On the other side, the distribution of the local heat transfer coefficient seems to be more
uniform in the case of helical corrugation. To provide quantitative data regarding the
homogeneity of the (h) distribution, the standard deviation of all the distributions reported in
Figures 5.20, 5.21, and 5.22 was computed. For a pitch of 32 mm, the standard deviation of the
(h) distribution of helical corrugations had an average of 60% and 65% lower than the
transversally and cross-helically corrugated pipes, respectively, while for a pitch of 16 mm, it

was about 10% lower than transversal one and 30% lower than the cross helical one.
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Figure 5. 21 Convective heat transfer distribution (h) at Re = 10 x 103: (a) T32, (b)
T16, (c) H32, (d) H16, (¢) C32, and (f) C16
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Finally. the local Nu in position a = m for each pipe tested in the examples with
various Re = 4 x 103, 10% and 16 X 103, respectively, is reported as a function of z in
Figures 5.23, 5.24, and 5.25. Comparing these images with the positions of the corrugations
shown in Figure 5.13, it can be observed that, for all cases, the local Nusselt number suddenly
decreased after the corrugation crest (reported in red in Figures 5.23, 5.24, and 5.25) reached
its maximum value in the areas between the corrugations, where the tube wall is still smooth.
It is noticed that a smaller corrugation pitch leads to a more consistent trend of the local Nusselt
number in the regions between corrugations at the same corrugation type and Reynolds number.
More specifically, with smaller pitches, the local Nusselt number remains closer to its
maximum value, indicating a more consistent heat transfer ability. On the other hand, the local
Nusselt number gradually decreases between corrugations for greater corrugation pitches,
which results in significant differences in thermal performance. This decline creates regions of
inhomogeneity, where the heat transfer efficiency is less consistent. This trend confirms the
preceding observations and is consistent with the patterns for the heat transfer coefficient (h)

that have been reported previously.

Moreover, the comparable homogeneity between helical and transverse corrugation was
also confirmed in this case, showing an equivalent ratio between the maximum and minimum
values of Nu. Finally, transverse geometry appears to perform better from a thermal point of
view than helical geometry for the same pitches and Re number, producing a greater local
Nusselt number. This indicates that the transverse configuration is more effective at enhancing

heat transfer under the given conditions.
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Therefore, in those situations where achieving the highest possible convective heat
transfer is the primary requirement, transversally corrugated or cross-helically corrugated ducts
with a small pitch will be preferred. On the other hand, helically corrugated pipes are the ideal
choice for applications where heating uniformity is crucial. This is particularly relevant in
certain food and industry, industry applications such as food pasteurization, where an
excessively uneven temperature distribution could hinder effective bacteria heat killing or

cause localized overheating of the product.

Therefore, precise temperature control is necessary during pasteurization in order to
eliminate harmful bacteria without spoiling the product. An uneven temperature distribution
can result in certain areas where the temperature is insufficient to achieve the desired for
eliminating bacteria, which might be a risk to public health. On the other hand, localized
temperature rise can cause food to diminish its nutritional content, flavor, and texture.
Similarly, this is particularly significant for applications that need quick and efficient heat
transfer, including the processing and manufacturing of products, where accurate temperature
control is required. To ensure both the safety and effectiveness of the final product, uniform
heating must be achieved during the pharmaceutical sterilization and formulation processes.
Maintaining a constant temperature distribution throughout the process avoids possible
problems like deterioration or uneven handling, which might compromise the quality of the

product.

Furthermore, both local and average measurements showed that corrugation, regardless
of the specific geometry tested, can effectively enhance the heat transfer capacity of the heat
exchanger even under turbulent conditions. These findings indicate that whether you measure
heat transfer at specific points (local measurements) or over the entire surface (average
measurements), the heat-transfer efficiency of the system is continuously enhanced by the
corrugations. As a result, corrugated pipes can also be considered suitable when the food fluid
is flowing turbulently and there is a need to increase the heat transfer capability of the process.
Efficient heat transfer could be more difficult to perform in turbulent flow because of the
chaotic flow of the fluid. However, corrugated pipe design benefits in efficiently controlling

such turbulence flow.

Moreover, the ease of implementation and cost-effectiveness of corrugated pipes add
to their appeal for both food and pharmaceutical manufacturers. These pipes offer an

economical solution for improving performance because they are easily integrated into existing
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systems with minimal need for modifications. Corrugated pipes are beneficial to machinery
manufacturers as well because they enhance thermal and energy efficiency, which is aligned
with the objectives of minimizing operating costs and improving system performance. These
pipes also help reduce carbon footprints and promote greater environmental responsibility by

using less energy.
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6. Heat Transfer Enhancement in Laminar Regimes: Average

Analysis

After analyzing the heat transfer enhancement in the turbulent regime, the next step is
to apply the same procedure to the laminar regime, focusing on both average and local analysis.
The asymptotic Nusselt number distributions for the range of Reynolds numbers from 100 to
1000 are shown in Figure 6.1. The results are compared to the smooth wall tube for fully
developed laminar flow in a smooth pipe with a uniform wall heat flux condition. The results
presented in Figure 6.1 clearly illustrate how corrugation improves heat transfer performance
by significant enhancement. Moreover, it is necessary to highlight how different types or
designs of corrugations significantly improve the heat transfer enhancement of the various
pipes under investigation. Furthermore, the corrugation pitch seems to have a significant

impact on the thermal performance of the tested pipes.

The Nusselt number (Nu) is plotted against the Reynolds number (Re) of various types
of corrugated pipe such as cross-helix, transverse, and helical corrugations, respectively, with
16 representing a smaller pitch and 32 representing a larger pitch size. Below 600 Reynolds
number (Re < 600) it can be observed that, the smaller pitch sizes of transversal T16 with
cross helix C32 and helical C32 exhibited the best thermal performance, achieving Nusselt
numbers approximately three times higher than that of the smooth tube. In the case of transverse
corrugation, pitch size has significant effects on performance, as evidenced by the smaller pitch
(T16) performing better than the bigger pitch (T32). Moreover, it can be observed that the C32
pipes occur an earlier transition (Re < 300) compared to other corrugated pipes. However, in
both cases of helical corrugation where the larger pitches (H32 and C32) enhance higher
performance as compared to the smaller pitches (H16 and C16). Overall, all the studied types
of corrugated pipes illustrated that significantly higher heat transfer enhancement than the

smooth pipe.

After 600 Reynolds number (600 < Re < 1000) it can be seen that the Nusselt
number rises sharply for all corrugated pipes. It can be observed that the C16 and C32 pipes
continue to outperform the transverse and helical corrugated pipes. In the case of transversal
corrugation, the performance of the smaller pitch T16 pipe consistently outperforms the larger

pitch T32. Additionally, the helical and cross helix pipes perform well; bigger pitches such as

149



C32 and H32 continue to outperform their smaller pitch. Finally, as expected, all the corrugated

pipes had higher performance in terms of Nusselt number as compared to the smooth pipe.

C16
10| C32
-v—T16
—e—T32
——H16
—6—H32
= = smooth Tube

Nu/(Pr)%-4

Re

Figure 6. 1 Nusselt number vs. Reynolds number

In this section, we investigated wall temperature distributions along the axial direction
of corrugated pipes using ethylene glycol as the working fluid at various Reynolds numbers
(200 and 400) as shown in Figures 6.2 and 6.3. Each graph reports temperature profiles at the
upper and lower sides of the pipe and the average wall temperature. Notably, the Richardson
number (Ri) for all cases remained below 0.1, indicating negligible natural convection as
shown in Tables 6.1, 6.2, 6.3, 6.4, 6.5, and 6.6. The axial Nusselt number (Nu,) as a function
of dimensionless abscissa for all corrugated pipes at various Renyolds numbers (Re =200 and

Re =400) are shown in Figures 6.4, and 6.5.
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Figure 6. 2 Wall temperature distribution for all corrugated pipes at Re = 200:
(a) H32, (b) H16, (c¢) T32, (d) T16, (e) C32, and (f) C16.

151



20 pal
195 205
19 20 F
185 195
o o
. 18r 2. 19r
= -
175 185
17 — 185
Average = = -Average
165 —e—Upper side|| 175 —e—Upper side|,
—— Lower side —+— Lower side
16 - 17
[i] 0.5 1.5 2 25 3 35 4 4.5 1] 0.5 1 1.5 2 25 3 35 4 4.5
7" <107 z <107
(@) (b)
bl 20
205 19.5
20 19
~— 19.5 ~— 185
o o
= et LA
185 ) 175
- - -Average = = ‘Average
181 —e— Upper side |4 7 —e—Upper side| -
—s— | ower side —+—Lower side
175 - 16.5
[i] 0.5 1.5 2 25 3 35 4 4.5 (1] 1 2 3 4 5 [
7" <107 z <107
©
195
19
185
o
. a8t
[
175
= = -Average = — -Average
Tr . 1 .
1 —e— Upper side —e— Upper side| |
—o—Lower side —»—Lower side
16.5 -
[i] 0.5 1.5 2 25 3 35 4 4.5

7 <107

(©

7 <107

®

Figure 6. 3 Wall temperature distribution for all corrugated pipes at Re = 200: (a) H32,
(b) H16, (c) T32, (d) T16, (e) C32, and (f) C16.

152



16 . .

o Cl16
I C32
14 v TI6
o o T3
12t v HI6
0 O H32
9 v v ° = = +smooth Tube
g 10 o o
vvo OO o o
V' %04 © o o
VVEY &
61
4_____.____._____.____._____

0 0.002 0.004 0.006
%

Z
Figure 6. 4 At 200 Reynolds Number: Local Averaged Nusselt Number

0.008 0.01

vs. dimensionless abscissa for all corrugated pipes

25 . . . .
Cleé
C32
T16 .
T32

Hl16

H32
*smooth Tube

201

o
|O<04

151
N v v o -

oy oV Ovoogoovvoovma %go

Nu
2
<
%
(o)

10 1

0 ' ' ' '

7 %107
Figure 6. 5 At 400 Reynolds Number: Local Averaged Nusselt Number

vs. dimensionless abscissa for all corrugated pipes

153



The Darcy friction factor (f) is used to analyze the pressure drop for each corrugated
pipe as a function of Reynolds number in the range of 100 to 1000, as shown in Figure 6.6. In
the same Figure, the friction factor in a smooth pipe is presented for the fully developed laminar
flow. These results align with earlier findings obtained from the asymptotic Nusselt number
distributions, which indicated that wall corrugation initiates an improved transitional flow
regime, leading to increased heat transfer and pressure drop compared to smooth wall
conditions. In the case of transversal corrugated pipes T16 exhibits a higher pressure drop than
T32, despite its better overall performance. Moreover, in the case of the cross helix, as noted
in the heat enhancement, the larger pitch C32 shows a greater pressure drop than the smaller
pitch C16. Overall, all the corrugated pipes have significantly higher Darcy friction factor (f)

than smooth surface.

10°

C16
C32
—~—T16
—e—T32 ~o

—v—H16 ~.
—e—H32 N

- = -Smooth Tube RN

10-1 -

i et
200 300 400 500 600 700 800 900

Re

Figure 6. 6 Friction factor vs. Reynolds number

The friction factor and heat transfer enhancement were analyzed to more accurately
measure the enhancement of the investigated various types of corrugated pipes compared to a
smooth pipe as a reference geometry. A heat transfer enhancement of up to 14 was seen as
cross-helix pipes, with a maximum friction factor increase of 4. Figures 6.7 and 6.8 describe
the behaviour of both heat transfer and friction factor enhancement effect caused by all

corrugated pipes between 100 to 1000 Reynolds Numbers. It can be observed that from Figure
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6.7 both bigger pitches C32 and H32, along with smaller pitches C16 and T16 show better heat
transfer enhancement at higher Reynolds Number. Figure 6.8 reported that at a lower Reynold
number, smaller pitches T16 and H16 have a higher friction factor as compared to bigger
pitches T32 and H32. However, at higher Reynolds numbers both cross helix C16 and C32

along T16 showed higher friction factor enhancement.

14 T T T T T T T T
C16
12 C32
——T16
10 |—e—T32 :
—v—H16 /%
8 |—e—H32 Ve/4
N :
W
6_ 4
4+ i
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Figure 6. 7 Heat transfer enhancement
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Figure 6. 8 Friction factor enhancement

Finally, the enhancement efficiency of all six corrugated tested pipes with respect to the
Reynolds number are demonstrated in Figure 6.9. It is evident that C32, C16, T16, and H32 are
the best pipes among all corrugated tested pipes. On the other hand, T32 and H16 exhibited the
worst performance. Finally, the experimental conditions of all the tests performed for each pipe

are reported in tables 6.1,6.2,6.3,6.4,6.5, and 6.6
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Figure 6. 9 Efficiency n vs. Reynolds number
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Table 6. 1 Experimental conditions for Pipe H32

Tube | Testno. Re Nu Pr Tb [K] RG_ZZ
1 167.2116 | 9.0755 | 79.1467 | 288.0463 23 x1073
2 224.9649 | 9.4826 | 79.3466 | 287.7787 1.19 x 1073
3 295.711 | 10.3738 | 79.085 287.7798 7.0 x 107*
4 353.7985 | 11.1273 | 78.7344 | 287.8703 5.148 x 107*
5 412.8877 | 11.8557 | 78.5919 | 287.8968 4.0 x 107*
6 476.2978 | 13.1453 | 77.6843 | 288.1941 3.0x 107

e 7 543.7568 | 15.0639 | 76.6502 | 288.4977 2.1x107*
8 616.525 | 17.8663 | 76.6043 | 288.4702 1.3x107*
9 694.5239 | 25.0881 | 75.8606 | 288.7192 9.35x 107°
10 779.5393 | 35.9316 | 74.6077 | 289.1737 7.18x 1075
11 850.8561 | 45.3967 | 74.1986 | 289.2836 5.308 x 107>
12 948.9318 | 56.4686 | 73.1036 | 289.6775 3.42%x107°
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Table 6. 2 Experimental conditions for Pipe H16

Tube Test no. Re Nu Pr Tb [K] %
1 164.366 7.9947 | 78.8563 288.121 2.5 x1073
2 234.963 9.1796 | 78.9112 287.928 1.18 x 1073
3 303.437 9.8408 | 78.3039 288.073 7.8 x 107*
4 374.591 10.4617 | 77.9211 288.136 5.2 x107*
5 444.055 10.9494 | 77.8025 288.125 3.7 x107*
6 513.02 11.5669 | 77.5308 288.205 29 x107*

H16
7 582.44 13.0442 | 77.069 288.319 2.08 x 1074
8 650.012 15.3511 | 76.5104 288.5 1.58 x 107*
9 717.673 19.1793 | 75.5997 288.815 1.02 x 10™*
10 790.587 | 24.8324 | 74.8543 289.066 8.66 x 107°
11 839.041 31.8148 | 74.2282 289.291 6.69 x 107>
12 974.168 | 52.1331 | 72.7419 289.833 3.73 x 1075
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Table 6. 3 Experimental conditions for Pipe T32

Tube | Testno. Re Nu Pr Tb [K] RG_ZZ
1 167.5 7.8852 | 77.6294 288.523 2.54 x 1073
2 235.144 | 8.5826 | 77.5149 | 288.438 1.13 x 1073
3 301.95 9.8248 | 77.3476 288.363 7.79 x 10~*
4 375.192 | 10.0267 | 77.2696 288.358 5.5x107*
5 443.906 | 11.2467 | 76.869 288.463 4.11%x107*
6 510.929 | 12.3266 | 76.1462 288.673 293 x107*

T32
7 593.164 | 15.4321 | 753342 | 288.945 2.02x107*
8 659.264 | 16.7735 | 74.8173 289.125 1.63 x107*
9 725.068 | 19.6519 | 74.2056 289.332 1.2x107*
10 802.665 | 27.2403 | 73.6579 | 289.511 8.19 x 107>
11 878.347 41.209 | 72.844 289.796 5.56 x 107°
12 980.92 56.5512 | 71.978 290.089 3.50x 1075
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Table 6. 4 Experimental conditions for Pipe T16

Tube | Testno. Re Nu Pr Tb [K] RG_ZZ
1 162.192 | 7.8934 | 79.1524 288.04 2.27 x 1073
2 226.111 8.8827 | 79.3066 287.83 1.41x 1073
3 297.384 9.846 | 79.0747 287.764 7.42 x107*
4 364.484 | 10.9874 | 78.5237 | 287.919 5.09 x 107*
5 434316 | 12.5165 | 78.2052 287.999 3.54 x 107*
6 494.874 | 14.1169 | 77.5463 | 288.194 2.60 X 107*

T32
7 579.305 | 17.7056 | 76.419 288.573 1.7x107*
8 651.456 | 20.9106 | 75.3781 288.933 1.4 x107*
9 723.887 | 24.7427 | 74.3377 289.28 1.07 x 10~*
10 801.824 | 32.8443 | 73.7062 | 289.509 7.68 x 107°
11 892.32 | 51.4944 | 72.6699 | 289.857 439 x107°
12 974.966 | 78.5912 | 71.8226 290.142 2.69 X 1075
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Table 6. 5 Experimental conditions for Pipe C32

Tube | Testno. Re Nu Pr Tb [K] If_erz
1 169.043 8.9233 | 76.126 273.15 23x1073
2 236.9 10.0491 | 76.1964 | 288.905 1.19 x 1073
3 310.749 11.7152 | 76.3891 288.689 5.84 x 10~*
4 374913 15.2472 | 75.9194 288.819 3.64 x 107*
5 452.479 | 20.8154 | 75.3043 | 288.998 2.14 x107*
6 513.914 25.852 | 75.071 289.029 1.39 x 107*

C32
7 594.508 | 33.8253 | 74.5486 | 289.213 8.86 x 107°
8 659.887 | 41.7595 | 74.1927 | 289.328 5.92x 1073
9 740.427 | 52.1768 | 73.434 289.6 448 x 107°
10 816.388 | 60.0105 | 72.6575 | 289.862 3.5% 107°
11 897.417 | 69.1976 | 72.0537 | 290.065 2.84 x 107°
12 969.432 | 76.7153 | 71.4566 290.265 238 %x 107°
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Table 6. 6 Experimental conditions for Pipe C16

Gr
Tube Test no. Re Nu Pr Tb [K] W
1 168.009 7.5397 | 75.037 289.403 2.63x 1073
2 238.735 8.3869 | 75.3742 289.161 1.13 x 1073
3 309.233 8.9175 | 75.4072 289.012 7.77 x 107*
4 382.925 9.5608 | 75.3396 288.986 5.52 x 107*
5 455162 | 11.1379 | 74.75 289.18 3.87 x 107*
6 520.597 14.9818 | 74.5243 289.209 229 x 1074
C16
7 598.554 | 20.3291 | 73.8328 289.436 1.15x 107*
8 685.813 29.3347 | 72.6853 289.854 1.02 x 107*
9 761.704 | 39.7907 | 71.9831 290.09 6.05 x 107°
10 828.534 52.997 | 71.4003 290.29 426 x 107°
11 907.834 | 62.9458 | 70.7502 290.511 3.29 x 107°
12 994.193 71.4289 | 69.9527 290.777 2.63 x 107°
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7. Conclusion

In this study, an experimental investigation was conducted to analyze the thermal
performance of pipes with transversal, helical, and cross-helical corrugation profiles,
considering both average and local perspectives. Specifically, six pipes were tested, and each
pipe had different pitch sizes such as 16 mm and 32 mm. In the first phase of the experiment,
the average Nusselt number was used to measure the heat transfer performance along the heated
length of the corrugated pipes. The resulting pressure drop penalties in all corrugated pipes
were compared with the heat transfer enhancement effects. Water was utilized as the working
fluid in the range of Reynolds number 4 X 103 to Re = 16 x 103, while ethylene glycol was
used in the range of 100 to 1000.

According to the average analysis results, the Nusselt number for the corrugated pipe
was approximately three times higher than the smooth pipes in the Reynolds number range of
4 X 103 to 16 x 103. Transversal corrugations T16, T32, and C16 performed better than the
H32, with (Nu) values that were almost 1.5 times higher. Variations in corrugation pitch
resulted in significant variations observed in the performance of both helical and cross-helix
corrugated pipes; smaller pitches perform better than larger pitches. On the other hand, there
were no significant differences observed in the performance of both smaller and bigger pitches

of transverse corrugated pipes.

At Reynolds numbers ranging from 100 to 1000, the size of the transverse corrugation
pitch had a significant impact on their performance. Specifically, the smaller pitch (T16)
performed better than the larger pitch (T32). However, in both cases of helical corrugation, the
larger pitches (H32 and C32) enhance higher performance as compared to the smaller pitches
(H16 and C16). Overall, each corrugated pipe tested showed significantly higher heat transfer

compared to the smooth pipe.

The convective heat transfer coefficient on the inner wall of the pipe increases
significantly by the corrugations in the range of 4 X 103 < Re < 16 X 103. According to an
extensive investigation of the local effects of corrugation made possible by infrared camera
(IRC) analysis. This heat transfer enhancement was not continuous or uniform throughout the
fluid flow along the pipe, as immediately after the corrugation it deceases and after the
corrugation increases sharply. It was observed that the convective heat transfer coefficient (h)

for corrugation with smaller pitches (C16, T16, and H16) gradually increases until the
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subsequent corrugation reaches its maximum value until the next the corrugation. However,
this trend had disappeared in the geometries with bigger pitches (C32, T32, and H32) because
the fluid needs to move longer distance to reattach to the internal wall than the spacing between
corrugations, as a result the distribution of (h) was more homogeneous. It was also feasible to
see the local trend of Nusselt number (Nu) values as a function of z, when the radial coordinate

a was fixed.

The analysis of overall performance revealed that transversal and cross-helical
corrugations offer the highest enhancement in heat transfer. However, cross-helical profiles
demonstrate increased pressure drops and lower overall efficiency. On the other hand,
transversal and cross-helical corrugation leads to a more irregular distribution of the convective
heat transfer coefficient compared to helical corrugation profiles. Transversally corrugated or
cross-helically corrugated ducts with small pitch are the preferred choices when the sole
objective is to achieve the highest possible convective heat transfer. Helically corrugated pipes,

on the other hand, are suitable for applications where heating uniformity is crucial.

The experimental results obtained from the present investigation are valuable for
designing innovative heat exchangers incorporating these types of tubes, especially when the
local thermal behavior of the fluid process cannot be ignored, for instance, in the sterilization
or pasteurization processes of food products or pharmaceutical applications. In these cases, the
knowledge of the local effect of corrugation on heat transfer could represent an important tool
for reducing the risk of the under treatment or overtreatment of the product, enhancing its final
quality and safety. Moreover, considering the constant rise of energy costs and environmental
pollution, the deepened knowledge of the promoting mechanism of the convective heat transfer
enhancement allowed by local analysis can be a very useful tool also for improving the energy

efficiency of many industrial processes.

Additionally, the results obtained can be utilized to validate numerical models. The
accuracy as well as reliability of these models can be evaluated and enhanced by comparing
the numerical predictions with the experimental data, which will result in more advanced
predictive tools for thermal system design. Another significant outcome of this study is the
implementation and testing of a robust experimental approach that can be successfully applied

to optimize wall corrugation in critical thermal processes.
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Given the interesting results obtained in this work with local IR analysis, the future step
to extend this work will be the definition of optimal corrugation geometries to obtain the
combined maximization of heat transfer enhancement and homogeneity of the heat flux
distribution. Furthermore, to determine the best corrugation designs, advanced simulation
tools, and experimental validation would be needed. The aim will be to achieve a balance
between maximizing heat transfer and avoiding uneven heat flux which can result in high
temperatures or decreased system performance. In applications where optimal performance is

required, this kind of optimization could potentially be very helpful.
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