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1. INTRODUCTION

Heat exchangers serve several purposes, including energy conversion and industrial, home, and commercial recovery.
Public examples include cooling in chemical processing, condensation in electricity, agricultural goods, pharmaceuticals,
steam generation, sensible heating, cogeneration plants, waste heat recovery, and fluid heating in manufacturing.
Improving heat exchanger performance may lead to cost savings in energy, materials, and processes. Enhancing heat
exchanger thermal performance has led to the invention and usage of several heat transfer augmentation strategies. These
approaches improve convective heat transfer by lowering heat exchanger thermal resistance [1-3]. Using augmentation
methods increases the heat transfer coefficient and pressure drop. Various strategies have been suggested in recent years to
achieve high heat transfer rates while supplementing pumping power. Recently, swirl flow devices have been extensively
employed to enhance convective heat transfer across sectors. Reasons for this application include minimal cost and quick
setup. This research is on introducing methods to enhance heat transfer performance. The literature study covers turbulators,
including coiled tubes, extended surfaces, rough surfaces, and swirl flow devices, including twisted tape, conical rings,
snail entrance turbulators, vortex rings, and coiled wire.

2. HEAT TRANSFER ENHANCEMENT

Enhancing heat transfer performance is known as heat transfer enhancement (augmentation or intensification). Many
experts in thermal engineering are exploring innovative strategies to improve heat transfer between surfaces and fluids.
According to Bergles [4, 5], heat transfer mechanisms may be classified as active or passive. Active methods need
electricity to sustain the enhancement process. Active improvement approaches include stirring or shaking the surface [6].
Hagge and Junkhan[7] described active mechanical means to improve heat transfer. In contrast, passive enhancement
approaches do not need external power to maintain their properties. Passive enhancing techniques include treated surfaces,
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rough surfaces, extended surfaces, displacement enhancement devices, swirl flow devices, coiled tubes, surface tension
devices, and fluid additives.

3. ACTIVE TECHNIQUES

Heat transfer enhancement techniques are often categorised into three main types: active methods, passive methods, and
compound methods. The compound approach is used for intricate designs, resulting in restricted applications.

Active methods need extra power input to enhance the rate of heat transfer. This approach has limited use in several
practical applications due to the need for equipment. Compared to passive approaches, these methods exhibit limited
potential due to the challenges in supplying external power input in several instances.

3.1 Mechanical Aids

Mechanical aids use physical motion or devices to augment heat transfer by disrupting the boundary layer, inducing
turbulence, or enhancing fluid mixing. These adaptable technologies may be used in diverse engineering systems to enhance
thermal efficiency.

Although the technique is inherent in special heat exchangers known as Scraped Surface Heat Exchangers (SSHEs), as
shown in Figure (1), it is rarely investigated in the literature. The SSHEs are devices primarily employed in the food,
chemical, and pharmaceutical industries for heat transfer, crystallisation, chilling, and evaporation [8]. Schematically
illustrated in Figure 1, the construction of an SSHE is straightforward and comprises three primary components: a shell, a
rotating shaft, and scrapping blades known as scrapers [9]. The scrapers have the ability to continually remove the working
fluid from the inner surface of the shell while also blending it with the working fluid that circulates in the annular area that
exists between the shell and the shaft. Not only does this result in a clean heat transfer surface, but it also leads to a
considerable improvement in heat transmission. In most cases, the SSHEs are used for working viscous and tenacious
fluids; nevertheless, the devices that are being evaluated may also be utilised for gases [10]. Hernandez-Parra et al. [11]
conducted a numerical investigation of the heat transfer and fluid movement of sorbets that were contained inside an SSHE
unit. In the suggested model, the key characteristics considered were the thermophysical properties of the working fluid
that were dependent on temperature. A comparison was made between the numerical findings that were obtained and the
experimental data that were accessible in the established body of literature. The experimental study was carried out by
Martinez et al. [12], who also presented a novel approach to the measurement of the wall temperature in an SSHE. The
two-dimensional transient model was developed by the authors in order to facilitate the evaluation of the disparity between
the temperature of the thermocouple and the temperature of the wall on the side that was removed. In order to account for
the large influence that thermocouple data had on the heat transfer coefficient, a corrective model was brought forward.
Chen et al. [13] investigated an SSHE that used silt as the working fluid. The authors presented a three-dimensional
numerical model of the SSHE and provided evidence to support their claim by comparing it to the experimental findings
published in the literature. In addition to this, Bayareh et al. [14] have created and validated a three-dimensional numerical
model of thermal-flow processes. The authors researched how the shape of the blades affected the thermal efficiency and
heat transfer performance of a single-shaft heat exchanger (SSHE). An innovative blade design that eliminates the
possibility of fluid deposition was developed. The primary factors that influence the heat transfer rate in an SSHE were
numerically examined by Dekhordi et al. [15]. These factors include the rotational speed of the blades, the length and
material of the stator, the number of blades and their configuration, the viscosity of the working fluid, the heat flux at the
stator wall, and the inlet flow rate. They concluded that the rotational speed in question was the most influential component.
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Fig. 1. SSHE heat exchanger

3.2 Surface Vibration

They have been mostly used in single-phase flows. A low or high frequency is used to induce surface vibrations, leading
to enhanced convective heat transfer coefficients. It is well-established that certain industrial applications experience
vibrational phenomena, such as pulsating flow and ultrasound-induced vibrations. A review of the literature, including
reputable articles in archival journals, reveals that while vibrations can negatively impact the durability and lifespan of
devices due to the onset of fatigue stress on surfaces, numerous analyses have been conducted to assess the influence of
vibration on enhanced heat transfer. Vibrations possess the ability to significantly augment heat transfer and destabilise
tube flow, thereby facilitating the rapid growth of thermal boundary layers, which results in improved heat transfer.

A great number of studies have shown that the vibrations that are created in the flow system increase the rate of heat transfer
by causing chaotic motion, which ultimately leads to fluid mixing. In the following, you will find a summary of appropriate
works. The purpose of the experiments that Bash and colleagues [16] carried out was to explore the impact that forced
vibration has on the movement of heat in the transverse direction of a circular tube. Both the frequency and the amplitude
were found to fall within the range of 13 to 30 Hz and 0.001 to 0.002 mm, respectively, while the flow regime remained
laminar. The conclusion that was reached was that the rate of heat transfer dramatically increased with higher frequency as
opposed to with larger amplitude. In their study on heat transmission, Mishra et al. [17] looked at a number of different
vibration applications. An investigation of the impact that vibration has on heat transfer was carried out, taking into account
both Newtonian and non-Newtonian fluid situations. An investigation was conducted on the impact that vibration and
nanofluid have when combined. The Reynolds number of the fluid flow, the amplitude and frequency of the vibration that
was applied, and the rheological characteristics of the fluid were the important factors that determined the amount of heat
that was transferred. It has been shown via research that the use of nanofluids in vibrating settings resulted in a thirtyfold
increase in heat transfer when compared to the Newtonian fluid application, which did not include vibration. On a tube-
type horizontal heat exchanger, Klaczak [18] used longitudinal vibration with frequencies ranging from 20 to 120 hertz.
An empirical correlation for the Nusselt number has been created by him, and it is based on the Graetz number, frequency,
and amplitude. The average degree of accuracy of this correlation is 4.6%. It is notably noticeable at low Reynolds numbers
as the Nusselt number rises as the frequency that is applied increases. A thermally conditioned grooved cylindrical copper
pipe that was filled with water was subjected to longitudinal vibrations with frequencies ranging from 3 to 9 Hz and
amplitudes ranging from 2.8 to 25 mm. Chen et al. [19] exploited these vibrations. The effectiveness of heat transmission
was studied at a variety of temperatures, including those of acceleration and condensation. When everything was said and
done, the conclusion that was reached was that the rate of heat transfer increased with vibration. However, the rate of
improvement in heat transfer was slowed down because of the excessive usage of vibrational energy for the process. The
researchers Lee et al. [20] investigated the impact that vibration has on crucial heat flow and the enhancement of heat
transfer for a fluid that was contained inside a vertical tube and was exposed to a variety of frequencies and amplitudes.
Under the parameters that were investigated, there was a 12.6% increase in the flow of heat, which led to the conclusion
that the critical heat flux is more sensitive to amplitude than it is to frequency. Kim et al. [21], who conducted research that
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was quite similar to this one, investigated the impact that tube vibration had on critical heat fluxes in order to discriminate
between crucial heat flow and vibration-induced flux. A study conducted by Deleoei and colleagues [22] investigated the
effect that ultrasonic vibration has on the lowering of pressure and the increase of heat transfer in turbulent intake flows.
The ultrasonic transducer was attached to the stainless steel tube that was designated as the test part, and the tube was then
submerged in a two-phase fluid that maintained a consistent temperature level. In their study, Deleoei and colleagues [23]
investigated the impact that ultrasonic vibration and nanoparticles have on the reduction of pressure drop and the promotion
of heat transfer in turbulent intake flow. When the Reynolds number was decreased, the effect of ultrasonic vibrations was
stronger than it was otherwise.

3.3 Electrostatic Fields

An electrostatic field, similar to electric or magnetic fields, or a combination thereof from direct current (DC) or alternating
current (AC) sources, is used in heat exchanger systems to induce enhanced bulk mixing, forced convection, or
electromagnetic pumping, hence improving heat transfer efficiency. This approach is relevant in heat transfer processes
employing dielectric fluids. Improving single-phase heat transfer processes, particularly in gas systems, has been a
significant focus for scientists and engineers. There are a lot of articles on the EHD enhancement of heat transfer. Fernandez
etal. [24] reported experimental findings of an electro-hydrodynamically-enhanced oil heater with an annular cross-section.
The findings indicated that the application of a high direct current voltage of 30 kV across the annular gap significantly
produced radial fluid motion. This led to a heat transfer rate enhancement over twenty times that of fully formed laminar
flow, but the pressure drop rose just thrice. Within a heat pipe heat exchanger, Kui [25] conducted research to determine
how the presence of an electric field affected the thermal transfer of air from one air to another. As a function of the
Reynolds number, the voltage that was delivered, and the pattern of the voltage (static and impulsive), a correlation was
shown in terms of the heat transfer coefficient, the heat transfer rate, and the temperature efficiency. The
electrohydrodynamic stability was examined by Moatimid [26], which included the transmission of heat and mass between
two fluids that communicate with each other in a cylindrical contact. An investigation was conducted to determine how the
stability of a cylindrical interface between two liquid phases was affected by the presence of a tangential periodic electric
field. Between two coaxial cylindrical surfaces, the two phases were confined, and the contact allowed for the transmission
of both heat and mass. After constructing and analysing a thorough dispersion equation, conclusions were drawn. The
conclusions of the analysis were confirmed by numerical analysis. The linear stability of an interface between two dielectric
viscous fluids that were separated by a horizontal interface was later proven by Moatimid [27]. A periodic electric field
that was directed in a direction that was perpendicular to the contact caused the system to experience strain. A method
known as the multiples time scale was used in the inquiry [28]. It investigated how the critical surface charge density and
electric field are affected by factors such as surface tension, low viscosity, velocity streaming, and gravity. The verification
of the analytical conclusions was accomplished via the use of numerical data. An experimental investigation on the
enhancement of corona wind in free convection was carried out by Owsenek and colleagues [29] in the year 1995. The
investigation used a heated horizontal flat plate. High voltage was applied to a needle using a needle. Through the use of
the EHD methodology, Paschkewitz and Pratt [30] investigated the impact that the properties of the fluid had on the
enhancement of heat transmission. The rate of heat transfer, the pressure drop, the amount of electrical power used, and the
transition between viscous-dominated and electrically-dominated flow regimes were all investigated. Working fluids
consist of three different cooling oils, each of which has a drastically different set of physical characteristics. While
maintaining the same low Reynolds number, it was found that the EHD exerted a significant amount of impact on liquids
with a low viscosity. By comparing the theoretical conclusions with the evidence that was already available from
experiments and analyses, the findings were verified.

3.4 Fluid Injection

This approach involves injecting the same or a different fluid into the primary bulk fluid viaa porous heat transfer interface
or upstream of the heat transfer section. This method is used for the single-phase heat transfer procedure. Saffari et al. [31]
conducted an experimental assessment of the impact of air bubbles on the reduction of pressure drop in a vertical helical
coil. The range of void fraction and Reynolds humbers was (0 to 0.09) and (8000-50000), respectively. The findings
demonstrate that the drag reduction ratio was 25% at the lowest Reynolds number. Ezzat et al. [32] conducted a
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computational and experimental investigation on the impact of air bubble injection in a vertical pipe subjected to continuous
heat flux. The investigations were conducted within a water flow rate range of 8 to 10 litres per minute, an airflow rate
range of 1.5 to 4 litres per minute, and a heat flux range of 27,264 to 45,398 W/m2, respectively. A CFD algorithm and the
k-e turbulence model were used to resolve the energy, momentum, and continuity equations. Bubbles injection enhanced
heat transfer and temperature distribution. Additionally, air bubbles elevate the mean Nusselt number for the minimal heat
flux of 27264 W/m2 by 33.3% in numerical analysis and 23% in experimental results, respectively. Ghashim [33]
experimentally studied by employing two techniques: bubble injection on pressure drop in water flow in a vertical pipe. A
transparent tube with a diameter of 0.025 m and a length of 2 m was utilised as the test section. The trials used air bubble
flow rates of 0.5, 1, and 1.5 litres per minute, with water Reynolds numbers ranging from 13321.68 to 22202.79. It was
noticed that little air bubbles had a greater impact than larger bubbles on reducing the pressure differential. Furthermore,
the maximum decrease in pressure drop attained was 28% at a volume fraction of 11% and a low Reynolds number of
13321.68.

4. CONCLUSIONS

Through this review, the transformational potential of active heat transfer improvement approaches is brought to light.
Each approach has its own set of advantages, ranging from enhancing the effectiveness of heat exchangers in industrial
settings to resolving certain issues that arise in contemporary engineering systems. Despite the fact that active approaches
need more resources, their influence on performance is rather significant. In the future, research may concentrate on making
these methods compatible with environmentally friendly energy practices or investigating how they might be integrated
with cutting-edge materials and intelligent systems. Through the implementation of this strategy, thermal management
systems across all sectors will continue to undergo innovation.
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