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Abstract

A wide range of studies was conducted to increase the heat transfer rate and reduce the size and cost of shell and tube heat
exchangers (STHE). The paper’s contributions lie in its ability to provide a comprehensive, up-to-date, and systematic over-
view of the various methods available for heat transfer enhancement in STHEs, making it an essential resource for research-
ers, engineers, and practitioners in the field of heat transfer. The studies that researched the overall heat transfer coefficient
(U), number of transfer units, exergy efficiency, pressure drop, and thermal-hydraulic performance were reviewed. There
are some advantages of the passive method such as no external needed power and lower operating cost compared to the
active methods. The studies broadly support the view that heat transfer enhancement in STHE is heading toward consider-
able progress. A total of 47.8% of studies have focused on the passive approach, the air injection method, enhancing heat
transfer utilizing nanofluids, and compound methods have percentages of studies 20.2, 22.3, and 9.7%, respectively. The
air bubble injection causes the rise of the U ratio where the maximum value was indicated at 452% compared to only water
flow. Swirl vane, corrugated tube, and wire coil insert have U ratio values of 130, 161, and 264%, respectively. Nanofluid
results in a growth in the heat transfer where the TiO, has the maximum U ratio (175.9%) compared to traditional fluid. The
combination of air injection and passive heat augmentation methods, which was shown to be a substantial solution to several
issues, needs to be the focus of more work in the future. Geometrical changes in tube surfaces in STHE are too required
in the future with the use of materials coating to enhance heat transfer. The theoretical analysis of heat transfer techniques
still needs to be improved, especially for pertinent empirical formulations. Also, since there aren’t many relevant numerical
simulations, more attention is required.
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Abbreviations VFL Volumetric flow rate
CFD Computational fluid dynamics DWT Delta winglet tape
PT Plain tube DTP Double tube pass
STHE Shell and tube heat exchanger STP Single tube pass
HE Heat exchanger SB Segmental baffle
LPM Liter per minute SPHB Single pass helical baffle
MFR Mass flow rate DPHB Double pass helical baffle
THP Thermal and hydraulic performance DPCHSB Double pass helical segmental baffle
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COP Coefficient of performance Ccv Volume concentration
PEF Performance evaluation factor
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Latin symbols
2

A Area, m

Nu Nusselt number

De Dean number

m Mass flow rate, kg !

1% Volume, m®

Re Reynolds number

T Temperature, °C

h Enthalpy, J kg!

E Exergy loss

0 Heat transfer rate, W

g Gravity acceleration, m/s>
G Specific heat, J kg' K

AP Pressure drop

U Overall heat transfer coefficient, W m? K
u Velocity, m !

f Friction factor

s Entropy, J kg! K!

Z Potential, m

¢ Mass concentration

dlw Perforation hole diameter ratio
yiw Twist ratio of the twisted tape
Greek symbols

n Efficiency, %

£ Effectiveness

W Availability, J/kg
Subscripts

ave Average

out Out

o Environment

ex Exergy

c Cold

h Hot

in In

c Conventional
Introduction

A shell and tube heat exchanger (STHE) is a device that
transfers heat between two or more fluids and is used to
gain or reject heat in a system. Most chemical and mechan-
ical systems use STHEs. Ventilation, heating and air con-
ditioning, radiators, condensers, boilers, preheaters, and
fluid coolers are some of the most typical uses. HEs are a
key component of efficient energy generation. HEs have an
impact on the overall efficiency and size of a system. To
achieve the preferred tradeoff between size and efficiency
of the system, heat exchangers (HE) shapes are required to
reach a consensus between HE effectiveness and pressure
drop (AP) [1]. With every system of energy conversion, the
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trade-off between system efficiency and system size will
be different. Many factors determine how HEs are catego-
rized, including the transfer process, surface compactness,
flow arrangement, the mass of fluids, transfer mechanisms,
kind of service, and structure. Tubular exchangers, plate
exchangers, extended surface exchangers, and regenerative
HEs are the four main types of HEs based on construc-
tion. Tubular HEs are made up of circular tubes and are
further divided into three types: double pipe, spiral tube,
and STHEs [2].

Heat exchangers

A heat exchanger is a device used to transfer heat from one
fluid to another, without the fluids coming into direct contact
with each other. HEs are widely used in industrial, commer-
cial, and residential settings, and can be found in a variety
of applications, including refrigeration and air conditioning
systems, power generation, chemical processing, and food
and beverage production.

Heat exchangers classification

Heat exchangers can be classified in various ways, based on
their construction, working principle, or application. The
type of HE used in a particular application will depend on
various factors, including the required heat transfer rate,
the types of fluids involved, and the available space and
resources. HEs can be classified based on their construction
into several types, including [3].

e Shell and tube heat exchangers
This is the most common type of HE. It consists of a
cylindrical shell with a bundle of tubes inside. One
fluid flows through the tubes, while the other fluid flows
around the outside of the tubes in the shell.

e Plate heat exchangers
Plate heat exchangers consist of a series of plates
arranged in a stack. The plates have channels through
which the fluids flow. The plates are typically cor-
rugated to increase the surface area available for heat
transfer.

e Spiral heat exchangers
Spiral heat exchangers consist of two long, coiled metal
strips, one of which is wound around the other to create
two separate channels for the fluids to flow through.
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¢ Finned tube heat exchangers
Finned tube heat exchangers have fins attached to the
outer surface of the tubes to increase the surface area
available for heat transfer.

e Plate-fin heat exchangers
Plate-fin heat exchangers consist of alternating layers
of corrugated fins and flat plates. The fluids flow through
channels formed by the fins and plates.

e Regenerative heat exchangers

Regenerative heat exchangers use a matrix of solid
material to absorb and release heat as the fluids flow
through it. The matrix can be made of ceramic, metal,
or other materials. There are many systematic effects of
HE. The HEs can improve the energy efficiency of sys-
tems by transferring heat from waste streams to incom-
ing streams, thereby reducing energy consumption and
operating costs. HEs can help maintain consistent prod-
uct quality by controlling the temperature of processed
fluids, which can affect product characteristics such as
taste, texture, and appearance. HEs can reduce wear and
tear on equipment by maintaining optimal operating tem-
peratures, thereby reducing the risk of breakdowns, and
prolonging the life of machinery. HEs can reduce the
environmental impact of systems by reducing the energy
required to operate them, which can reduce greenhouse
gas emissions and other pollutants.

STHEs structures and geometry

Numerous tubes make up STHEs, which contain either
heated or cooled fluid. To supply or absorb heat as required,
a second fluid circulates through the tubes that are being
heated or cooled. The term "tube bundle" refers to a group
of tubes, which may comprise plain, longitudinally finned,

Fig.1 The structure of the
STHE

Inlet of tube side

and other kinds of tubes. Because of their toughness, STHEs
are commonly utilized in high-pressure applications. To pro-
mote efficiency, HEs are designed to maximize the surface
area of the wall separating the two fluids while lowering
flow resistance. STHE maintenance and cleaning methods
are critical aspects of HE designs and development. The
efficiency of the exchanger is impacted by the inclusion of
fins or corrugations in many directions, which increase sur-
face area and can guide fluid flow or create turbulence [4].
Fouling is a natural occurrence that leads to decreased heat
transmission and efficacy, as well as higher production costs.
This necessitates a yearly cleaning and maintenance routine
for STHESs. Fouling can be caused in a variety of ways, and
water pollution can have a negative impact [5] (Fig. 1).

Limiting requirements for STHE

In the design of a STHE, several limiting requirements
need to be considered to ensure efficient and safe operation.
Overall, a successful design of a STHE will require careful
consideration of limiting requirements such as pressure, tem-
perature, flow rate, fouling, and material limitations. Some
of these requirements can be concluded in those points [6]:

e The STHE must be designed to withstand the maximum
pressure it will be exposed to during operation. This
includes both the internal pressure of the fluid being
heated or cooled, as well as any external pressure from
the surrounding environment.

e The materials used in the construction of the HE must
be able to withstand the highest temperature of the fluid
being heated or cooled. This is particularly important for
high-temperature applications, where failure to account
for temperature limitations can result in equipment fail-
ure and safety hazards.

e The flow rate of the fluid through the HE must be within
a specified range to ensure efficient heat transfer. If the
flow rate is too low, heat transfer will be slow, while if

Inlet of shell side
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the flow rate is too high, it can lead to excessive pressure
drop and reduced heat transfer efficiency.

e Fouling is the buildup of material on the heat transfer
surface, which can reduce the heat transfer efficiency of
the HE. The design of the HE must consider the expected
fouling characteristics of the fluid being processed and
include measures to prevent or reduce fouling.

e The materials used in the construction of the HE must be
compatible with the fluids being processed. This includes
considerations such as corrosion resistance, chemical
compatibility, and thermal expansion properties.

Heat transfer enhancement method’s overall view

Heat transfer enhancement has been developed and widely
used in HE applications throughout the last decade. Accom-
modating high heat fluxes is the goal of augmentative heat
transfer (). Attempts to lower the size and expense of
the HE, as well as energy usage, have been made to date.
Decreasing the temperature driving force, which boosts sec-
ond law efficiency and lowers entropy generation, is the most
important variable in reducing the size and cost of the HE,
which typically leads to lower capital costs. The use of vari-
ous strategies to boost the g by obligatory force convection
is a tremendous effort [7]. Meanwhile, it has been discovered
that this method may lower the size of the HE device while
also conserving energy. The importance of using different
methods of heat transfer enhancement in STHE can be con-
cluded in those points [8]:

e Reducing the size of the equipment.
e Maximizing heat transfer.
e Reducing the pumping power.

H[ Surface vibration ]

"{ Mechanical aids

Active { Injections

— -
—_—

L.} Fluid vibration |

methods

Impingement

Suction ]

Compound
methods

Minimizing the cost of energy and materials.
Improving system and process efficiency.

Creating the ideal HE size.

Transferring the necessary quantity of heat efficiently.

There are three techniques for increasing the g within
STHESs, which reflect the responsibility of all HEs (pas-
sive, active, and combined passive and active) methods.
Geometrical or surface adjustments without external
power, for example, treated surfaces, twisted tapes, abra-
sive surfaces, expanded surfaces, or the use of different
inserts, are used in the passive approach. Enhancement
devices, wire coils, twisted tape, coiled tubes, swirl flow
generation, surface tension devices, and gas and liquid
additives are examples of such inserts seen in Fig. 2. The
active approach, which employs external power, includes
magnetic field reciprocating plungers, fluid suction for
flow disruption, surface or flow vibration, and the use of
electromagnetic fields. The compound approach, which
combines active and passive procedures, is the third
option. Using solely the passive or active methods yields
appealing outcomes.

The advantages of passive techniques

There are some advantages of the passive method such as
no external needed power and lower operating cost com-
pared to the active method. Many configurations of active
methods can be added for the HE without modification
in HE designs. Some passive techniques can be inserted
into the HE, but the major modifications need to change

D
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Fig.2 Types of heat transfer enhancement for active, passive, and compound methods
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the design or build a new one. The advantages of passive
methods can be concluded in those points:

e These techniques generally use simple surface or geomet-
rical modifications to the flow channel by incorporating
inserts or additional devices.

e It does not need any external power input.

e The insert manufacturing process is simple, and these tech-
niques can be easily employed in an existing HE.

e Passive insert configuration can be selected according to
the HE working condition.

e It can be used in the design of compact HEs.

Thermal-hydraulic parameters

The thermal performance parameters of STHE for example
effectiveness (g), overall heat transfer coefficient (U), num-
ber of transfer units (NTU), exergy efficiency (1), hydraulic
parameters like pressure drop and friction factor thermal, and
hydraulic performance parameter (n) are listed in this section.

Effectiveness (g)

In a steady state, the STHE’s ¢ is calculated by dividing the

actual heat transfer by the maximal heat transfer [9] € = Q.
mhcp,h (Th,in - Th,out) _ mc Cp,c (Tc,out - Tc,in)
mcp (Th,in - Tc,in) mcp (Th,in - Tc,in) (1)
—— ——
minimum minimum

where ri, is the mass flow rate of hot fluid, c,, j, is the specific
heat of hot fluid, 7}, ;, is the temperature at the inlet of the
hot side and, Ty, ,,,, is the temperature at the outlet of the hot
side. The mass flow rate of cold fluid is expressed in 71, Cp, e
is the specific heat of cold fluid, T, is the temperature at
the inlet of the cold side and, T, is the temperature at the
outlet of the cold side.

Overall heat transfer coefficient (U)

At first, the STHE's average heat transfer rate (Q,,.) may be
calculated by using the following formulas:

. 0.+0

Qave = CTh (@)

where Qc = mccp,c(T out Tc,in)and Qh = mhcp,h (Th,in - Th,out)'

C

The average value of (U) may then be determined by using
this relationship [10]:

QAve

U= — e
Aout FATLMTD

3

where AT yrp 1s the logarithmic mean temperature differ-
ence between the hot fluid and cold-fluid flow rates, F is
the correlation factor of the logarithmic mean temperature
difference that is determined by the HE's geometry and the
temperatures at the hot and cold fluid streams' input and
output [11], and A, is the surface area where heat transfer
OCCUTS CrOSS.

Number of transfer units (NTU)

The number of transfer units (NTU) is defined as a percent-
age of the total thermal sizing (UA) and the minimum storage
capacity (ric,) . The formula for this non-dimensional term
is [12]:

AU
NTU = —

mcp ( 4)

——

minimum

Thermal performance factor (TPF)

Many modifications in STHE lead to enhancing the heat trans-
fer at the expense of hydraulic performance so it is required
to indicate the relation between thermal and hydraulic per-
formance. TPF specifies the comparison of the heat transfer
development for a STHE with modification to a plain tube
(without modification) for the same pump power requirements
and fully developed turbulence flow. It is described as the ratio
of the improved heat transfer ratio (Nu/Nuy) to the increased
friction ratio (f/f,,), where the subscript p denotes the scenario
in which the heat transfer is not boosted. This may be written
as [13].

1/3 )

It is indicated that the value of this factor should be more
than unity for enhancing HE performance.

Exergy efficiency

The second law efficiency principle states that the ratio of the
actual thermal efficiency to the highest potential (reversible)
thermal efficiency under the same condition applies to thermal
steady-state systems such as HEs. The temperature fluctuation
and flow resistance of a HE are explanations for energy losses.
The exergy analysis uses the irreversibility of heat transmis-
sion. The exergy loss for an open system in the steady state
may be computed as follows [14]:
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E=E, +E, ©)

E, and E, stand for the exergy change of cold and hot
fluids, respectively. Each of these may be determined using
the two equations below.

. O
Ey, =T, [mh(sh,oul — Shin) + T @)
surr
. 0
Ec = To [mh (Sc,out - Sc,in) - T = (8)
surr

The S expresses the entropy parameter and 7, is the sur-
rounding temperature where the exergy loss is determined
as:

T u T U
E=T, [mhcp!h In <—h’0 t) + 1 Cp In < =0 t)] 9)
Th,in Tc,in

Dimensionless exergy (the second-law efficiency) can
be determined based on the hot fluid stream in tube side
availability:

E
ri, Ay,

Nex = (10)

The exergy loss is expressed in E and £ is the hot side in
the STHE, where y is the availability in J kg™! and it can be
used to analyze the efficiency of the heat transfer process
and identify opportunities for optimization. The equation
relates the exergy of the hot and cold streams entering the
HE to the exergy of the mixed stream leaving the HE, as
well as the temperature and pressure of the environment.
The availability equation can be used in conjunction with
the dimensionless exergy ratio to identify opportunities for
improving the efficiency of the heat transfer process. For
example, increasing the temperature or pressure of one or
both streams entering the HE can increase the exergy of
those streams, which in turn can increase the dimensionless
exergy ratio and the overall efficiency of the heat transfer
process and Ay is calculated by.

I/l2 - I/t2
AW = (hout - hin) - To (Sout - Sin) + % + g(Zout - Zin)
(11)
The exergy efficiency can be calculated as:
. T out 3 TC.OL\[
Tofneontn (=) +ecyein (2]
ex = - : :
. Thout
MpCoh [(Th,out - Th,in) —T,In (f)]

(12)

where T, is the surrounding environmental temperature.
Exergy analysis can be applied to STHESs to evaluate their
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thermodynamic performance and identify opportunities
for improving their efficiency. In a STHE, the exergy of
the hot fluid entering the exchanger is partly transferred to
the cold fluid and partly lost due to irreversibilities such
as fluid friction and heat transfer across temperature gra-
dients. The exergy efficiency of a STHEs can be defined
as the ratio of the exergy transferred to the cold fluid to
the exergy of the hot fluid entering the exchanger. Exergy
analysis can be used to identify the sources of irreversibility
in the HE, such as pressure drops, temperature differences,
and fluid mixing. By minimizing these irreversibilities, the
exergy efficiency of the HE can be improved. For example,
one way to improve the exergy efficiency of a STHEs is
to increase the surface area of the heat transfer surfaces,
which can reduce the temperature difference between the hot
and cold fluids and thereby reduce the exergy losses due to
temperature gradients. Another approach is to improve the
fluid flow patterns within the HE, such as by using baffles or
other flow control devices, to reduce the pressure drops and
fluid mixing that can cause irreversibilities. Overall, exergy
analysis can be a valuable tool for optimizing the design and
operation of STHES, and for improving the overall efficiency
and sustainability of energy systems [15].

Work justification

The designs of HEs are reviewed in many studies [16-20].
Double tube heat exchangers [21-25], plate heat exchangers
[26-32], finned heat exchangers [33—38], and helical heat
exchangers [39-45] are studied and reviewed. Fewer stud-
ies reviewed the STHE such as [15, 40] that performed a
review of helical baffles and exergy analysis in STHE. So,
the authors tend to carry out a comprehensive review of heat
transfer enhancement methods in STHE. The work justifica-
tion of this review can be summarized as follows:

e STHEs are widely used in industrial applications for heat
transfer between two fluids. The efficient operation of
these HEs is essential for process optimization, energy
efficiency, and cost-effectiveness. Therefore, there is a
need to enhance the heat transfer rate of these HEs.

e Although there are several research papers available on
the methods of heat transfer enhancement in STHES,
there is a lack of a comprehensive review that covers all
the available methods. This paper aims to fill this gap by
providing a comprehensive and systematic review of the
various methods available for heat transfer enhancement
in STHEs.

e The paper compares and evaluates the different methods
of heat transfer enhancement, which helps in selecting
the most effective method for a specific application. This
comparison is important as it provides a comprehensive
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understanding of the advantages and limitations of each
method.

e The paper includes recent advances in the field of heat
transfer enhancement, which makes it an up-to-date
resource for researchers and practitioners. This informa-
tion is important for researchers and engineers who need
to stay updated with the latest developments in the field.

e The paper provides practical implications for engineers
and designers who need to select the most appropriate
method for a specific application. This information can
help in improving the energy efficiency and cost-effec-
tiveness of STHEs, which is of practical importance to
industries.

Objectives of the present review

Because of the inexpensive cost of design and maintenance
of STHEs, many companies also employ them. Conse-
quently, it is concluded that the earlier studies done on this
sort of HE should be classified to remove the confusion
associated with selecting the most suitable techniques of
heat transfer enhancement. To the authors’ knowledge, no
review papers concerning STHEs have been published so
far and this fact is one of the main objectives of this review.
The history of publications regarding STHE was traced
beginning 2000s. The studies broadly support the view that
heat transfer enhancement in STHE is heading toward con-
siderable progress. Through these years, many studies that
fall into various categories have been carried out. In some
cases, passive methods for heat transfer improvement were
studied, and some studies investigated active methods, air
injection, nanofluids, and compound methods. This review
is a follow-up to several articles by earlier authors; it sum-
marizes the findings of previous studies to assist academics
in better understanding the most recent advancements in this
field; and this thorough evaluation may help related special-
ists make greater advancements. The writers also put up a
few issues and ideas that they believe should be researched
further in the future. This paper can provide insights into
the latest developments in enhanced STHE design and opti-
mization. Engineers can use this information to improve the
efficiency and performance of enhanced STHEs in various
applications. It can help engineers select the most appro-
priate type of enhanced heat transfer technique for a given
application. Comparing the performance of different tech-
niques such as fins, inserts, and twisted tapes, and provid-
ing guidance on when to use each technique can be intro-
duced. Insights into the latest techniques and strategies for
improving the energy efficiency of STHESs can be provided.
This can help engineers reduce energy consumption and
save costs in various applications. It can provide examples
of the use of enhanced STHEs in different industries and
applications, such as petrochemical, power generation, and

refrigeration. This can help engineers identify new opportu-
nities for the use of enhanced STHES in their applications.

Passive method

Active methods often include adding inserts or other
devices to the flow channel's surface or changing its geom-
etry. It does not require any outside power sources. These
approaches are simple to use in an existing HE, and the
insert production process is very straightforward. Surface
or geometrical adjustments without external power, for
example, treated surfaces, twisted tapes, abrasive surfaces,
expanded surfaces, or the utilizing of different inserts,
are used in the passive approach. Enhancement devices,
twisted tape, wire coil, swirl flow generator coiled tubes,
and surface tension devices were examples of such inserts
as seen in Table 1. Son and Shin [46] studied the effects of
spiral baffle plates on the performance of a conventional
STHE numerical. Fluid interactions with tubes flowing
rotationally in the shell were indicated. Because stagnation
areas in the shell could be eliminated, it could increase
HE performance. In terms of heat transmission, the STHE
with spiral baffle plates has been proven to be superior to
the standard HE. Heat transmission and exergy loss along
both sides of a circular DPHE with a snail intake were
explored by Durmus et al. [47]. Working fluids in the inner
and outer tubes were cold air and hot water, respectively.
Due to the quick rotation of the air, the effect of the snail
vortex generator on heat transfer was also observed to
be reduced for low Re. That snail entrance, which was
inserted in the intake area of the inner tube, may pro-
mote heat transmission by producing a whirling flow. The
results verified that the Nu for counterflow rose from 85
to 200% on both sides of the HE, with the values mostly
impacted by swirling angles. When assuming an equiva-
lent whirling angle, the estimations were often around 20%
higher than the observed parallel flow data. In parallel and
counter flows, AP was found to be around 110% greater
than in the smooth tube. The counterflow was shown to
be the best choice in terms of exergy loss. Saffar-Avval
et al. [48] studied the suitable baffle spacing in the design
process in STHE. For segmentally baffled shell and tube
condensers, computer software was created that allows
designers to find the best baffle spacing. To accomplish
the target function, total expenses of heat transfer area and
pumping power were involved, with a mass factor based
on the economic conditions of the desired site. Conse-
quently, a set of correlations was offered to identify the
best baffle spacing, which may be used in conjunction
with HE designs suggestions. Andrews and Master [49]
evaluated the performance of a helically baffled HE using
three-dimensional CFD modeling by the HEATX program.
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12 T v r T T DPHE and DPHE with twisted tape in tubes were analyzed

No teisted tape Thin=45°C by Naphon [50]. The twisted tape insert improves ¢ signifi-

Twisted tape (H = 2.5 cm) Ten=15°C cantly, albeit at the expense of increased AP. Two nusslet

g 101 & Twisted tape (H=3.0cm) m; =0.03 kg s number (Nu) and friction factor (f) connections were pro-

N posed. Figure 3 depicts the fluctuation of average tube-side

§ 8 F 4 h with tube-side Re under the same conditions. No text on

= the page matches the requested style. The (U) and the Re

E o . ° number were related in three ways. As one might assume,

2 6r ° | the average tube-side 4 rises as the Re number rises. This

§ a a was because the & was completely proportional to the heat

8 4t “ ] quantity (g). Furthermore, the A, in the tube side for tube

% ¢ twisted tape inserts were larger than those for plain tubes.

% 4 . o The twisted tape insert’s h was greater than those for plain
L 2r o ° © 1 tubes as seen in Fig. 3.

Akpinar [51] employed helical wires within tubes and

0 . . R R . found that the Nu increased by up to 2.64 times and the f

0 5000 10000 15000 20000 25000 30000 increased by up to 2.74 times compared with the smooth

Reynolds number

Fig. 3 Relation between the U and Re [50]

The simulation considers the leakages, complicated baffles
helical geometry, and exit entrance nozzles. There were
three examples, each with a helix angle of 10°, 25°, or 40°
given concerning the radial axis. The simulated streams
have separate internal and external portions, with the outer
part displaying a plug flow feature, which was extremely
desirable. Back mixing at the small helix angle generates
recirculation zones in the inner region, signaling potential
vibration issues while also achieving the necessary tem-
perature uniformity. The fluid turn ratio of the helically
baffled HE was 0.64, 0.78, and 0.77 for the 10th, 25th, and
40th helix angles, respectively, indicating that the higher
helix angles had greater overall plug-like flow. Character-
istics of heat transfer and AP of the horizontal standard

300
S-DWT e y/w=3,d/w=0.32
/w =3, d/w =0.21
L °o® oy ,
250 °® 5 o y/w=3,dw=0.11
5 .-oiig. = y/w =4, d/w=0.32
g 2001 .°o°§“g o yiw = 4, diw = 0.21
3 b328% ggg a yiw =4, dw=0.11
v ox X
= 150 .;°!g§§ ME A y/w=5,dw=0.32
2 §ig'§§g§x* A ylw=5, diw =021
> g g M a y/w =5, d/w=0.11
Z 100} egégng' .o
i ¢ =
g % vylw=4
50 Eéx' vyw=5
* * Plain tube
0 1 1 1 1 1

0 5000 10000 15000 20000 25000 30000
Reynolds number

Fig.4 Relation between Nu and Re number [55]

@ Springer

pipe. The rise in f was approximately 2.74 times that of the
empty pipe, based on Re and pitch or helical range. In the
helical arrangement, the dimensionless exergy loss increased
by up to 1.16 times as compared to the empty pipe. The
results were also expressed in empirical correlations, which
were calculated and discussed. Peng et al. [52] used con-
tinuous helical baffles in two STHEs. The tube bundles of
the two STHEs in development were identical, but the shell
designs were not. The shape of the continuous helical baf-
fles forced the flow pattern on the shell side of the HE to be
rotating and helical, leading to a significant increase in h
per unit AP. Continuous helical baffles may lessen fouling
on the shell side while also preventing flow-induced vibra-
tion with the right design. Based on findings, using continu-
ous helical baffles increases the 4 by around 10% for the
same AP on the shell side. Based on experimental data for
the suggested continuous helical baffle HEs with various
shell configurations, nondimensional correlations for hand
AP were created. Costa and Queiroz [53] studied the design
optimization of STHEs. The defined issue involves discrete
choice variables and consists of minimizing the thermal
surface area for a specific service. Extra constraints were
geometrical characteristics and velocity criteria that must be
satisfied to get an added realistic process task solution. The
optimization technique was established on an examination
near the tube count table, using the given restrictions and
examined design candidates to remove nonoptimal options
and reduce the number of rating runs. Two design examples
were used to investigate the algorithm's and its individual
components' performance. Yadav [54] investigated experi-
mentally 4, AP, and TPF in DPHE with an insert of half-
length twisted. It was found that inserts boost performance
by 40%—60%, raise the AP by 0.09-0.27 bar, and lower the
TPF by 66%—78%. Eiamsa-ard et al. [55] studied the effects
of twisted tapes (oblique and straight delta winglet, O-DWT,
and S-DWT) on the heat transfer of HE. For all Res tested,
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Nu and f improve with reducing and rising wing cut ratio
depth, as seen in Fig. 4. The O-DWT also produces a greater
Nu and fthan the S-DWT. The performance factor in tubes
fitted with the O-DWT and S-DWT was determined to be
roughly 0.92-1.24 and 0.88-1.21, respectively, across the
range, examined. The DWT outperforms ordinary twisted
tape when it comes to heat transfer improvement. It means
that a HE equipped with DWT was more condensed than
one equipped with traditional twisted tape. Again, the DWT
may be efficiently replaced by any of the TT to lower the
HE's size.

Wang et al. [56] used a novel baffle type in the STHE
where the experiments were applied for the novel baffle and
the SB. The two HESs' operation performances were also
compared. According to the findings, the improved model's
overall performance was 20-30% greater efficiency than the
SB in HE with similar circumstances. The testing findings
revealed that as the Re number in the tube and shell sides
was the same, the Nu for flower baffles was approximately
half that of SBs, and the AP of the former was about a third
that of the latter. The heat transfer improvement and flow
friction growth would be considered when constructing HEs
to save energy. In comparison with the standard SBs, the
heat transfer and AP performance of the flower baffles may
be enhanced by appropriately designing them. Bhatta et.al
[57] looked at how CFD may be used in different forms of
HEs and looked at fluid flow, AP, heat transfer, and existing
turbulence models for HEs. They discovered that the k-tur-
bulence model was the most often utilized for HE simula-
tion, and they proposed a method for comparing the experi-
mental and numerical findings of the research. Under
turbulent flow conditions, You et al. [58] evaluated the shell-
side thermal and hydraulic analysis of a STHE with trefoil
hole baffles. The g on the shell side was effectively
enhanced; however, the flow resistance increased dramati-
cally, according to the test findings. Furthermore, the heat
transfer performance and AP both improve as the Re rises.
As a result, the g has improved greatly, and the flow resist-
ance has increased significantly. According to a numerical
simulation of the unit channel, the trefoil-hole baffle might
cause a high-speed flush against the downflow tube wall,
intense recirculating flow, and a high level of turbulence
intensity. Consequently, the temperature boundary thickness
near the wall was greatly reduced, and the ¢ was significantly
improved, with a corresponding increase in flow resistance.
STHEs with trefoil-hole baffles were simple to manufacture
and less prone to foul, making them a good contender for
several applications. Gowthaman and Sathish [59] quantita-
tively studied two distinct baffles in a STHE. HEs that meet
certain criteria have a high hand and a low AP. Helical baf-
fles minimize shell side AP, pumping cost, mass, fouling,
and other factors when compared to a SB for a new installa-
tion. In comparison with a SB, the ratio of heat to the

increased cross-flow area results in a lesser mass flux across
the shell, resulting in a bigger AP. The helical baffle was
significantly greater than the SB due to the decreased bypass
impact and less shell side fouling. Gao et al. [60] investi-
gated the friction factor and heat transfer enhancement of
different STHEs with discontinuous helical baffles. The
results showed that the HE with a lower helix angle has a
higher shell-side AP and & than those with a greater helix
angle. The irreversibility of a HE was calculated in second-
law thermodynamic comparisons using entropy production
and entrance dissipation theories. The STHE with lower
helix angle baffles generates reduced irreversibility in the
heat exchange procedure in the same heat transfer area and
under the same operating circumstances, according to an
experimental study. Furthermore, HEs with helical baffles
were extra efficient under specific shell-side Re circum-
stances. Salahuddin et al. [40] presented a summary of the
key work that was performed on helical baffles to enhance
the performance. There was also a comparing between heli-
cal as well as SBs, which showed that helical baffles were
preferable to SBs. Continuous helical baffles reduce dead
zones, whereas sextant-helical baffles, inclination angle
(40°), and small baffle spacing offer the best results when
employed together. Wen et.al [61] investigated the THP and
revised the construction of the ladders pattern fold baffle to
prevent the triangle leakage regions in the original STHE.
The outcomes demonstrated that axial short circuit flow was
eliminated, and the fluid velocity and temperature distribu-
tion inside the shell were more uniform in the improved HE.
Yehia et al. [62] simulated the fluid flow fields through HEs
for a large range of temperatures, Res, and geometry con-
figurations. The tube side Nu and tube side frose as the MFR
grows, whereas the thermal enhancement factor falls margin-
ally. The tube side Nu and f rise as the diameter of the
inserted vane swirlers decreases with the reduction in blade
angle, but the tube side thermal enhancement factor drops.
The resulting Nu, f, and thermal enhancement factor were
2.3, 19.02, and 0.86, respectively, when compared to the
plain tube’s scenario. Improving the number of swirl vanes
improves heat transmission and the thermal enhancement
factor, resulting in a more effective HE with less heat trans-
fer area and volume, and hence cheaper costs. Wang et al.
[63] employed CFD to investigate the influence of rod baffle
on thermal performance and AP in a double-shell side rod
baffle HE (DS-RBHX). The outcomes showed that the DS-
RBHX has a larger ¢ and AP than the SS-RBHX by
34.5-42.7% and 41.6-40.6%, respectively. Furthermore, at
the identical MFR, the DS-RBHX has a better complete per-
formance index h/Dp than the SS-RBHX by up to 8.9%. In
this study, the efficiency estimation criterion, which was the
ratio of the increase in g to the cost of power consumption,
was used to assess the overall performance. Gomaa et al.
[64] investigated the triple concentric tube HE with inserted

@ Springer
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ribs' THP parameters. Both experimental and numerical
methods were used. Based on dimensionless design param-
eters, correlations for Nu, f, and efficacy were also derived.
The Nu and efficacy of the triple tube HE with ribs were
greater than those of the triple tube HE without ribs at vari-
ous flow configurations. By 21.48% and 16.74%, respec-
tively, without ribs. The Nu and HE efficacy were higher
when the flow pattern was countercurrent. Lei and Jing [65]
examined two types of reformed STHEs with louver baffles
to reduce pumping power and increase overall shell perfor-
mance compared to STHEs with traditional SBs. The & per
AP of the STHE-LV1 and STHE-LV2 were found to be
around 94.6-118.2% and 73.3-89.7% greater than the
STHE-SG, respectively. Louvre baffles on the shell side of
HEs generate a gentler flow pattern than SBs on the shell
side of HEs. Heat transfer efficiency was improved because
the new STHEs have fewer dead areas and recirculation
zones than HEs with SBs. Acute changes in flow direction
were avoided on the shell side of the two new STHEs, result-
ing in a smaller AP. Labbadlia et al. [66] looked at four pos-
sible tube arrangement types in STHE numerical. The results
indicated that the tube characteristics had a considerable
effect on the flow pattern. The flow distribution of a 60°
design was found to be 21% more homogeneous than that of
a 90° configuration. The 45° layout, in comparison with the
other designs, provides superior pressure distribution homo-
geneity. Mellal et al. [67] looked at 3D numerical simula-
tions of turbulent water stream and heat transfer in an
STHE's shell. Baffle spacings of 106.6, 80, and 64 mm, as
well as six orientation orientations of 45, 60, 90, 120, 150,
and 180°, were studied. The simulation was conducted using
the COMSOL package and the finite element procedure for
Re varying from 3000 to 10,000. Many numerical outcomes
were compared to the experimental data and preserved in
close proximity. When compared to STHE without baffles,
the findings demonstrated the relevance of the examined
parameters in enhancing shell-side thermal performance,
with the 180° baffle arrangement at 64 mm baffle spacing
being the optimum that guarantees mixing flow, producing
a thermal performance criteria of 3.55. Dizaji et al. [68] used
corrugated shell and orrugated tube in a STHE. The
researchers studied a variety of concave and convex corru-
gated tube configurations. According to the data, corruga-
tions cause growth in NTU as well as exergy loss. The exergy
loss, as well as NTU, increased by around 17-81 and
34-60%, respectively, when both the tube and the shell were
corrugated. Exergy loss was largest in the HE with the con-
vex corrugated tube and concave corrugated shell. Shinde
and Chavan [69] utilized computational and experimental
approaches to examine the THP of a STHE attached with
helical baffles and several helix angles. The difference in AP
and & between stainless steel and FRP materials was 3-5%
and 10-12%, respectively. Because the difference was small,

@ Springer

the FRP material can be an excellent prospective replace-
ment for the present material, lowering the HE's initial and
operating costs significantly. For a 25° helix angle, numeri-
cal and experimental findings were compared to forecast
FCHB-STHE thermal performance. In the FCHB-STHE and
single baffle STHE experimental results, AP was smaller
than hat lower flow rates, but the inverse was true at higher
flow rates. When continuous helical baffle HEs were utilized
in the industry, energy costs can be reduced by 15-20%.
Amini and Amini [70] investigated the influence of tube fins
in STHE calculations using both the parameters fin pitch and
fin height, as well as a study of helical continuous fins. They
discovered that segmented vertical fins increased g and effi-
ciency due to vortex production and that although increasing
fin height improves ¢, increasing fin pitch has the opposite
effect. Heat transmission was improved as Re was raised to
a certain surface roughness. The heat transmission rate was
increased by using segmented vertical fins, which increase
the vortex formation. Finned tubes have a far faster g and
consequently a higher Nu number than plain tubes without
fins. While the height of the fins grows g, Fin pitch increases
have a detrimental impact on it. Furthermore, increasing
pitch causes less AP than increased height, therefore finding
the optimal fin pitch and height can result in maximal heat
transfer with the least amount of AP. When helical fins were
used, the HE's thermal performance was improved even
more. For example, helical fins have a 35% higher Nu num-
ber than segmented vertical fins under the same circum-
stances, making them more desirable. Ayub et al. [71] inves-
tigated a unique STHE with twisted tape insert and the
working fluid is a solution of propylene glycol and water. For
both HEs, Nu and Darcy f correlations were presented. The
TPF of the baffled HE (A) was better, while the bundle AP
of the HE with twist tapes on the shell side (B) was substan-
tially lower. As a result, HE B's thermal enhancement index
was determined to be roughly 20% higher than HE A's.
These findings suggest that such HEs could be used in situ-
ations where a low AP penalty was a primary need, such as
viscous hydrocarbons and oil cooling and heating. Empirical
correlations for determining Nu and Darcy f for both HEs
were reported based on experimental data. This research can
be expanded to include testing with a variety of additional
H/W twist ratios as well as other very viscous fluids. Bichkar
et al. [72] looked into thermal performance and AP as sig-
nificant aspects. Thermal performance and AP were both
affected by the direction of fluid flow and the kinds of baffles
used in various orientations. While comparing with single
SBs, double SBs reduce vibrational damage. Because dead
zones were eliminated when helical baffles were used, AP
was reduced. Heat transfer was improved when there were
fewer dead zones. Smaller pumping power was required
because of the lower AP, which improves total efficiency.
The outcomes reveal that helical baffles outperform the other
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Fig.5 Four distinct baffle designs a CSSB, b SSSB, ¢ FSB, and d
HSB [76]

two types of baffles. He and Li [73] used simulation methods
to investigate the thermo-hydraulic performance of STHEs
with different baffle shapes. From the standpoint of exergy
analysis, a double-tube-pass (DTP-STHE) was presented in
this study to increase the recovered heat quality. The helical,
flower, and helical baffles were all compared under identical
conditions. Flower baffles generate the lowest AP and #,
according to the results. The g per efficient pumping energy
was presented to help evaluate the economic performance of
these three forms of HEs. The ¢ per efficient pumping energy
of the floral baffle was the greatest, while the g per efficient

pumping energy of the SB was the shortest, according to the
simulation findings. Wen et al. [74] studied the entrance
theory and the genetic algorithm was merged into an opti-
mization technique. The reliability of performance evalua-
tion criteria (PEC) and entransy dissipation concept depend-
ing on investigational data was used to demonstrate the
application of entransy theory on STHEs with helical baffles.
The change in entransy dissipation thermal resistance was
almost unaffected by the overlapped degree. According to
the sensitivity study, the shell-side velocity has the greatest
impact on thermal resistance, followed by the helix angle.
Yu et al. [75] created a brand-new kind of curve rod baffle-
inspired hexagon clamping anti-vibration baffle STHE
(HCB) to address the vibration susceptibility of round rod
baffle STHEs. The findings revealed that HCB was more
rigid than CRB, making it best placed for heavy and massive
tube bundles. HCB has a higher heat transfer augmentation
but performs worse overall compared to CRB. Baffle spacing
had a massive influence on THP, but the baffle width had
less effect. The structure of the CRB characteristic was
exceptional to that of the HCB when it comes to PEC where
the baffle in perpendicular configuration could improve the
heat transfer. ElI-Said and Abou Alsood [76] investigated the
influence of many baffles in STHEs with four distinct baffle
designs (CSSB, SSSB, FSB, and HSB), with THP analysis
as seen in Fig. 5. When comparing with CSSB shape, the
HSB design improves the HE's U, ¢, and NTU by 185-248%,
134-149%, and 148.9-189%, respectively.

Wang et al. [77] examined the efficiency of rod baffles
in a double-shell HE in terms of heat transfer and flow
(DSRBHX). According to experimental findings, the & of
the DSRBHX was greater overall than the SSRBHX for
all measures. When looking at the overall performance,
the DS-shell-side RBHX’s h was 14.4-24.3% greater
than the SS-under RBHX's identical shell side AP. It was
demonstrated that the DS-RBHX performs more com-
prehensively than the SS-RBHX. Numerical results were
obtained on the behaviors of DSRBHX with guide shells.
The three guide shells enhance the shell side output zone's
capacity for heat transmission, especially on the outer side.
Saffarian et al. [78] investigated tubes at various cross sec-
tions such as circular, elliptical at 90° attack angle, and
elliptical with zero attack angle in STHE. For each of the
five situations in this investigation, the AP in the tube and
shell was examined. The influence of tube placement on
heat transmission was looked at. When comparing tubes
near the shell to tubes in the middle of the shell, it was
discovered that tubes close to the shell had a stronger influ-
ence on heat transmission. Chen et al. [79] investigated
the STHE’s new unilateral ladder-type helical baffle con-
struction (ULHB). Compared to the STHE-SB, the AP of
the ULHB was 12.1-45.9% lower. Overall, ULHB's side
h per unit AP was 151.9-176.4% greater than STHE-SB's.
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The ULHB TEF values increase from 161.3 to 178.9%,
with an average value of 171.2%. The findings demonstrate
that the STHE-all-around ULHB's performance was excel-
lent compared to the STHE-SB's. In a STHE with a wavy
tube bundle and cosine corrugated wall, Shirvan et al. [80]
investigated the impacts of wavy surface features on HE
efficacy, U, and energetic sustainability index. The focus
was on the € of the HE optimization technique and the total
enhancement caused by effective parameters. The efficacy
of the HE and the U improve as the cold-water flow rate
increases. The HE's efficacy and U were reduced as the
wavy beginning lengths were increased. The HE's efficacy
was negatively and consistently affected by wavy begin-
ning lengths and hot water flow rates. The HE's sensitivity
to cold water flow rates, on the other hand, was positive
and continuous. The U was negative and consistent in its
sensitivity to the wavy beginning lengths. Mohammadi
[81] studied the heat transfer and AP along a STHE with
six porous baffles. The maximum heat transmission was
achieved with low baffle cuts, but a significant quantity of
AP was also produced. Even if the porosity of 0.2 was bet-
ter at transferring heat, a larger AP at a smaller baffle cut
makes it difficult to consider it the ideal value. The arti-
ficial neural network was trained on the data to describe
the STHE and carry out the sensitivity analysis. The baf-
fle cut had the most influence on heat transmission and
AP, while the porosity had the least influence on both,
contributing 5% less to both. The best parameters for per-
meability, porosity, and baffle cut were then determined
using a genetic algorithm to maximize heat transmission
and minimize system AP. Mahendran [82] investigated the
STHE performance with a typical single plate and a novel
type of baffles. Baffle plate HEs and traditional single plate
HEs were compared for investigation and performance.
With Solid Works Flow Simulation software, modify the
baffle plate to increase the HE's cooling e. The outcomes
will imply that the traditional model performs more effec-
tively overall than the SB plate HE. The pathlines, pres-
sure distribution, and temperature distribution were all
numerically investigated. Utilizing flow modeling, the HE
was accurately analyzed. Marzouk et al. [83] studied a
STHE equipped with anew insert (circular rod welded with
wired nails) on the side of the tube performed thermally,
hydraulically, and thermodynamically. While the words U,
e, and NTU were used to describe thermal performance,
tube-side AP and exergy efficiency were used to describe
hydraulic and thermodynamic performance, respectively.
The experimental findings showed that the proposed inser-
tion designs have a disadvantage in hydraulic performance
but a considerable increase in HE thermal and thermody-
namic performances. Biger et al. [84] investigated various
baffle forms by simulating and visualizing a 3D turbulent
flow environment on the shell side. The results revealed
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Fig.6 Helical STHE without a fin, with circular fins, and with circu-
lar fins [89]

that a three-zonal baffle outperformed the other designs
tested. The AP in the shell was reduced by 49% when
the temperature differential increased by 7%. The CFD
simulations of the improved STHE were conducted under
boundary conditions, and the findings were compared to
experimental results. The three zonal baffles enhanced the
STHE performance in terms of ¢ and AP. Yu et al. [85]
studied a novel compound parallel flow STHE using lon-
gitudinal vortex generators (LVG) and a clamping plate
baffle experimentally and numerically. THP and flow for-
mation of five various arrangements were examined. The
LVG improved heat transfer effectively where the Nu, v/
Nuggp was in the range of 1.2265-2.0076; the f; vg/frrp
was in the range of 5.457-15.859; the PEC, y/PECggp
was in the range of 0.6457-0.7574.

Kallannavar et al. [86] looked at the tube layouts to com-
prehend how the STHEs' design attributes were affected
by the process settings. It was clear from the experimental
investigation that the rate of heat transfer reduces as MFR
increases. It was shown that heat transmission under situa-
tions of counterflow was superior to those of parallel flow.
Additionally, it was shown that, when compared to parallel
flow HEs, counterflow HEs were up to 26.7% more effec-
tive at a flow rate of 0.024 kg s™' with a 45° tube configura-
tion. The least percentage change, on the other hand, was
0.14% with a 0.045 kg s flow rate and 60° tube architecture.
Additionally, it should be noted that the heat transmission
rate in the 30-degree tube configuration was higher than it
was in other tube layouts. Chen et al. [87] investigated a
brand-new STHE design with three-blade triple-layer flo-
ral baffles. Cold water was used in the tube and hot water
was used in the shell as the experiment was conducted in a
counter-flow design. According to testing results, the STHEs
with triple and double-layer flower baffles had shell side A
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Fig.7 Distribution of stream-
lines of velocity flow for various
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tube configurations [92]

that are, respectively, 31.7% and 14.3% greater than those
of conventional SBs. The STHE with triple-layer flower baf-
fles achieved a complete performance that was 23.7% bet-
ter than the STHE with double-layer flower baffles thanks
to the addition of more blades. Abbasian and Uosofvand
[88] studied the influence of the SB, SPHB, DPHB, and
the different elliptical tube bundles along with the double
pass combination helical segmental baffle (DPCHSB). The
impacts of various tube bundle arrangements, including
vertical, horizontal, and angled ones, were investigated.
Compared to the suggested baffle and tube bundle configu-
rations' efficiency evaluation coefficient (EEC), the angled
elliptical tube bundle performed better than the other tube
bundle layouts under study. In comparison with horizon-
tal elliptical and vertical elliptical configurations, the EEC
of angled elliptical improved models for the DPCHSB was
30.3 and 14.8%, respectively. Miansari et al. [89] studied
the thermal efficiency of helical STHE models (standard,
circular fins, and circular fins chopped into V shapes) as seen
in Fig. 6. It was discovered that moving hot water across the
coil enhances heat transfer while moving cold water in the
shell improves the velocity. In comparison with the circular
fins, the impacts of the cut circular fins on the helical STHE
efficiency and heat transmission were negligible.
Al-Obaidi and Chaer [90] presented the results of a
study that used computational fluid dynamics to examine
the effects of various ball tabulators inserts (BTI) diame-
ters on the three-dimensional flow pattern and heat transfer

properties within a circular tube. The performance assess-
ment findings showed a strong correlation between the
BTI configurations and the features of flow behavior and
velocity field contour fluctuations. The performance of the
rate of heat transfer may be improved by BTI by more than
46%. Also, it is discovered that the PEC's maximum value
exceeds 1.03. pipe. Al-Obaidi et al. [91] investigated the
properties of heat transmission and fluid flow in the cir-
cular pipe using various axial groove geometrical designs
and axial groove numbers. The flow alteration takes place
close to and around the axial groove parameters. Nu values
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Fig.8 Contours of temperature in mini-channel for different Re [94]
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for groove turbulators ranged from 14.5 to 21% higher than
average. The groove turbulators' friction factor (f) value
was roughly 7.5-24% greater than average. Because there
are larger viscous losses near the wall surfaces, dynamic
pressure dissipation is what causes most friction losses.
With this style of passing approach, heat performance was
improved by more than 1.2%. Li et al. [92] investigated the
properties of twisted oval tubes used alone and in combina-
tion with circular tubes in double tube HE_ with Re between
2700 and 22,000 to enhance shell-side heat transfer. On the
shell side performance convection heat transfer and hydrody-
namic resistance, the impacts of the aspect ratio, twist pitch
length, twisting directions, and the ratio of inner tube radius
to external radius were also investigated. In twin-tube HE
made of twisted oval tubes, the rotating motions brought on
by these motions result in secondary flow and spiral flow,
which intensify shell-side heat transfer and erode the bound-
ary layer Fig. 7. The performance of the shell side compre-
hensive heat transmission may be considerably enhanced by
simultaneously lowering the twist pitch length and raising
the aspect ratio of the inner tube. The maximum heat trans-
fer performance was demonstrated by case ten, which has
the shortest twist pitch length and the biggest inner tube
aspect ratio. The use of twisted oval tubes as inner tubes
can improve heat transmission performance by 24.0-39.0%.
The increase of shell side heat transfer was unaffected by
the inner twisted oval tubes' leftward or rightward twisting
orientations.

For the analysis and improvement of THP, El-Said et al.
[93] studied STHE using three arrangements of novel seg-
mental curved baffles. In contrast, STHE with traditional SB
was also numerically analyzed. Depending on the U, and
NTU, each baffle layout was examined at various Re in the
shell side. To assess the system's energy loss because of the
recommended design, AP over the shell side was also com-
puted. Also evaluated, examined, and addressed where the
effects of the input cold fluid temperature, the ratio of baffle
cutting, and the spacing of the baffle. The findings demon-
strated that, in comparison with the other two designs, the
CB3 configuration significantly improves HE performance
for all scenarios examined. To examine the impact of mini-
channels on the THP of a STHE, Unverdi [94] used the CFD
approach. According to the findings, # and AP increase in
correlation with Re. The differences in 4 per unit of AP
were what make up the performance benchmark (y). The
findings indicated that the decreased y with increasing Re.
Using numerical solutions, the flow in the mini-channel
tube achieved its ideal circumstances at Re 5900, including
thermally and hydrodynamically. While there was a 13-13%
difference between the calculated and experimental f, there
was a 15-20% difference between the numerical and inves-
tigational & (Fig. 8).
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Al-Obaidi and Alhamid [95] evaluated the ther-
mal-hydraulic performance of the circular pipe heat
exchanger with different twisted tape inserts. Twisted tape
inserts can raise the flow resistance in pipes, which raises
the pressure differential. The twisted tapes inside the pipe
also increased the amount of vortex motion (swirl flows),
which led to a variety of radial velocities. The numerical
findings demonstrated that when the different twisted tape
inserts were increased from 1 to 5, the temperature differ-
ence increases to 38.1, 46.11, and 50.52% in comparison
with the temperature difference in a smooth pipe. Al-Obaidi
[96] quantitatively investigated the impact of various twisted
tape designs on thermal performance, flow patterns, and heat
transmission. The average percentages discrepancy between
the experimental and computational fluid dynamics findings
for Nu number and friction factor were recorded at roughly
6.5 and 4.5%. The highest value of temperature differential
and friction factor was for model 13. Al-Obaidi [97] inves-
tigated the impact of various tube geometrical features on
the analysis of its flow field and the efficiency of its ther-
mal heat transfer. The optimization findings showed that
the corrugated diameter had the highest value of pressure
difference. When compared to a smooth pipe, the numeri-
cal technique employing offers a faster rate of heat trans-
mission. The results showed that when the geometry of
the corrugated pipe changed and the PEC value climbed
above 1.3, the PEC ratio of the corrugated pipe changed
and increased. Al-Obaidi et al. [98] investigated the impact
of various corrugation interruption settings on the thermo-
dynamic properties and heat transmission performance of
a three-dimensional corrugated tube. The outcome showed
that the Nu tends to rise when the Re rises. Higher corru-
gated geometrical arrangements resulted in a rise in the Nu
value. Because the PEC value is greater than unity, using
different corrugated geometric layouts can produce a per-
formance that is superior to that of smooth pipes. The PEF
value, Re increments, and PEF value all showed a decreasing
trend. Al-Obaidi and Alhamid [99] investigated how differ-
ent corrugated pipe shapes affected the thermo-hydraulic
flow and improved heat transfer efficiency while creating
varied correlations. The numerical results and observations
showed that the pressure loss increased significantly with
the number of corrugated designs. At a Re of 12,021.9, the
Nu values for all configurations of corrugated ring diam-
eters were around 32.2, 40.5, and 45.6% higher than for the
smooth pipe. The Nu values for the smooth pipe were 17.5,
29.3, and 49.6% lower than those for the value parameters
for the corrugated ring angles.

Siddiqui et al. [100] showed the ability of conventional
finned tube heat exchangers, employed in active atmospheric
water generating systems, to capture moisture. Plots of sev-
eral factors versus the yield of water on a per unit frontal
area basis were used to represent the results. The increase
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in water yield was the largest and lowest for increasing row
count and fin density, respectively. Marzouk et al. [101]
investigated many unique tube designs to investigate both
experimentally and numerically the thermal and hydrau-
lic performance of a helical tube HE. The results demon-
strated that the novel configurations have a higher overall
heat transfer coefficient than the uniform tube distribution. It
was found that when the Reynolds number grows, the pres-
sure decreases also. Although changes in pressure drop and
pumping power were only marginally impacted, the innova-
tive tube layouts significantly enhanced the performance of
heat transmission. Ikhtiar et al. [102] conducted numerical
research on the lamella HE for cooling engine intake charge
air. The findings demonstrated that all parameters, except
LMTD, were inversely related to the lamella's internal open-
ness and directly proportional to the lamella's aspect ratio.
The lamella's smaller internal hole increased heat transmis-
sion, temperature decrease, the number of transfer units,
and pressure drop. Kiiciik [103] conducted an experimental
investigation on how mini-channel STHEs affected a STHE's
performance in terms of pressure drop and U for five distinct
thermal and hydrodynamic operating conditions. The U of
the mini-channels STHE was 1.1-6.6 times higher than that
of the traditional HEs. Moreover, the mini-channels raised
the STHE's U to 6700 W/m? K and produced a pressure drop
that was greater than 14,000 psi than macro-tube HEs.

The biggest heat transfer improvement when using the
passive approach is when baffles are added; trefoil hole
baffles outperformed smooth tubes by 450% in terms of U
ratio [58]. Twisted tape provides the best value of 325% for
the U ratio out of all the tapes utilized for heat augmenta-
tion. U ratio values for wire coil insert, corrugated tube, and
swirl vane are 130, 161, and 264%, respectively, as seen in
Table 1. It is indicated exergy efficiency is a crucial fac-
tor for STHE performance and many studies investigated
exergy efficiency [47, 51, 68, 76, 104] with passive methods
of heat transfer enhancement. It is observed that the maxi-
mum exergy efficiency is achieved with the corrugated shell
and tube modification in STHE. It is indicated that many
modifications in passive methods enhance heat transfer but
on the other hand they increase the pressure drop. It is rec-
ommended to study the thermal and hydraulic performance
of STHE to show the effect of modifications on pressure
drop. Passive modifications that lead to fewer pressure losses
are recommended. The reasons behind the heat enhance-
ment by using various passive techniques can be boundary
layer interruption, swirl flow, displaced flow, secondary flow
promotion, and hydraulic diameter reduction.to reduce the
heat transfer surface area required for a given application
and thus reduces the size and cost as well as increase the
heat duty of the STHE.

Active method

This approach deals with the problem of speeding up heat
transfer by applying an outside force. The use of reciprocat-
ing plungers, electromagnetic fields, surface or flow vibra-
tion, and magnetic fields to interrupt flows were some com-
mon examples. It was mentioned that this strategy was the
subject of various studies in HTHEs.

Air injection

The use of air injection requires external power such as an
air compressor. Many studied the effects of ABIs inside the
tube and shell sides in STHE for various Re number ranges
as seen in Table 2. Kitagawa et al. [106] experimented to
see how sub-millimeter bubble injections affected water’s
Natural laminar convection on a heated vertical plate. The
temperature measurements revealed that the ratios of the &
with submillimeter bubble injection to that without injection
increased, ranging from 1.35 to 1.85, as the bubble flow rate
or the wall heat flux increased. Additionally, measurements
of both temperature and velocity simultaneously showed that
the flow alteration brought on by bubbles forming close to
the warmed vertical plate directly affected the improvement
of heat transfer. Sadikin et al. [107] researched two-phase
flow on the shell side of a STHE. Donnelly et al. [108] used
a sliding bubble flow to determine the amount of heat that
would be transferred from a heated coated surface. The
impact of the air bubble placed on the test plate’s base sur-
face and allowed to float down its length was observed using
two different methods. A 2D temperature map of the test
surface was created using a high-speed camera and thermo-
chromic liquid crystals. At 10°, 20°, and 30° angles from the
horizontal, the tests were conducted. The angle established
between the heated surface and the horizontal controls heat
transfer by varying the speed of the bubble. When the angle
was steeper, a higher bubble velocity enhances heat transfer.
Fsadni et al. [109] examined the bubble-detaching diameters
in this system concerning several operational factors, such
as system flow rate, pressure, heating load, and saturation
ratio. The test results for forecasting bubble detachment
diameters in supersaturated fluids were compared to the
Winterton models for zero and finite contact angles. Accu-
rate results have been obtained using the method for fore-
casting bubble detaching diameters in round tubes at finite
contact angles. The Winterton model did not account for the
effects of pressure and heat flow on bubble characteristics,
thus a new correlation was proposed to do so. Dizaji and
Jafarmadar [110] added air to a liquid solution to speed up
the ¢ of a horizontal twin pipe HE. Air bubbles move about
inside the liquid fluid because of the buoyancy effect, sig-
nificantly mixing and tubulating the fluid. This approach has
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Fig.9 Dimensionless exergy Loss versus Re [112]

the potential to be developed into a workable heat transfer
enhancement strategy for radiators that use water or other
liquid fluids in automotive cooling systems. The bubbles
were injected using a particular technique. There has never
been researching on this type of ABI or using this mecha-
nism for a twin tube HE. Dizaji and Jafarmadar [111] exam-
ined the impacts of ABI on ¢, the NTUs, and effectiveness.
He injected air bubbles both in the tube and in the shell of a
horizontal double pipe HE. Because of the rise in Re, ABI
was identified as a possible way to speed up heat transfer
through exchangers. Nandan and Singh [112] examined the
use of ABI to improve STHEs. Their findings demonstrated
that inserting air bubbles at various Re ranges [5000-20000]
increased the g by 25-40% as seen in Fig. 9. Additionally,
heat transfer as well as the exergy loss have been impacted.

Moosavi et al. [113] looked for an ideal state by injecting
air bubbles inside the shell or coil side of the HE at various
air flow rates. The airflow rate changed from (1-5) LPM.
The water coil side flow rate was held constant at 1 LPM
(inlet temperature of 40 °C), while the water flow rate in the
shell was changed between 1 and 5 LPM (inlet temperature
of 15 °C). In addition, AP due to ABI was assessed as a
novel parameter in this research for the HEs. The results
show that the effect of ABI on HESs was significantly influ-
enced by the airflow rate and injection side (shell and coil).
The findings show that increasing air flow enhances the #.
Air injection into the HE’s shell side increased the U by
6-187% depending on the airflow rate. Khorasani and Dad-
vand [114] researched the experimental ABI in a HE with a
horizontal helical shell and coiled tubes. According to their
findings, the HE's efficiency and NTU rose when air bub-
bles were injected. Additionally, it can speed up the shell
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Fig. 10 The effects of airflow injection on € of cross-air injection
[118]

side flow. These were the primary findings' descriptions. It
was discovered that the air bubbles' injection considerably
improved the HE's efficiency. There was a 1.3-4.3 times
increase in the values. The greatest increase happened in
the counter-flow arrangement with the shell side water flow
rate of 1 LPM and air flow rate of 5 LPM. Zavaragh et al.
[115] examined the air—water mixture in the cooling cir-
cuit. A constant pressure air injection system was built at
the point of the coolant inlet to the engine, which can be
regulated at the appropriate flow rate by a computer. The
air injection method had two key advantages. By creating
air layers around the cylinder, additional air injection into
the coolant fluid during the warm-up stage accelerated the
heating of engine components. In the post-warm-up condi-
tion, however, to create turbulent flow for improving heat
transmission and cooling, air injection was decreased to a
certain level. A specific method for periodic air injection
can improve fuel efficiency while simultaneously reducing
the engine's harmful emissions. To boost the g of a verti-
cal shell and coiled tube HE, Panahi [116] injected air bub-
bles. The HE’s coil and shell sides were supplied with hot
and cold water, respectively, and the shell side’s air bubbles
were injected using a programmable method. The rate of
heat transfer can be increased by mixing the thermal bound-
ary layers, growing the fluid flow's turbulence, and increas-
ing the fluid Re on the shell side of the HE. Thakur et al.
[117] investigated the STHE’s heat transfer properties by
injecting air bubbles into the tube's intake and through it
using water-based Al,O; nanofluids at (0.1 and 0.2%v/v)
concentrations. The results presented that the volumetric
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concentrations of nanoparticles and the injection of air bub-
bles improved the heat transmission characteristics. The situ-
ation in which air bubbles were injected into the entire tube
produced the greatest improvement, followed by situations in
which air bubbles were injected only at the tube's intake and
not at all. With ABI inside the tube, the g increased by about
25-40% and the exergy loss increased by around 33-43%.
Additionally, it was discovered that the hot fluid tempera-
ture improved the heat transfer features while maintaining
a constant flow rate for both heat transfer fluids. El-Said
and Abou Alsood [118] completed studies to look into ways
to improve thermal performance. To determine the ideal
performance conditions, the air was pumped within the HE
shells using two distinct methods (parallel ABI inside the
front of the shell and cross injection from the shell wall). To
enhance the heat transfer into the shell side of STHE using
the enhancement approach, AP between the shell side exit
and intake produced by ABI was also assessed. The effects
of ABI on ¢, U, and NTU of HE in the first method on heat
transfer performance were obvious compared to the second
method as in Fig. 10.

Heyhat et al. [119] researched the impact of ABI as an
active technique in a double pipe HE's thermal performance.
Through various injectors, air bubbles were introduced into
the annulus side. Many flow rates inside the tubes and annu-
lus sides were the subjects of experimental data collection.
Along with the energetic analysis, the impacts of air flow
rate and HE is positioning angle on its thermal perfor-
mance were examined. Results obtained indicate that ABI
can increase the & overall by 10.3-149.5%. Khorasani et al.
[120] injected air inside the coil of a shell and coiled tube
HE. An exterior piece of equipment was employed to inject
air bubbles. With this approach, there was no requirement to
modify the HE's initial design. Investigated were the effects
of various air VFR on the AP and NTU. The second rule
of thermodynamics was also used to analyze the impact of
ABI. The results demonstrated that adding air bubbles to the
HE's coil side improved its thermal characteristics. It was
also discovered that the volume fraction should be tuned
to achieve the optimum results. Furthermore, a second law
study reveals that injecting air bubbles into the coil side was
a more efficient way for HEs with high liquid flow rates.
In a vertical counter-current coiled tube HE. Bagqir et al.
[121] injected air bubbles in a vertical coiled tube HE's.
The applied shell flow, airflow, and coil side flow rates var-
ied from 2 to 10, 0-10, and 1-2 LPM, respectively, with
three temperature variations. They thoroughly assessed the
thermal performance of the HE as well as the NTU. With no
visible impact on the temperature differential, the injected
air flow, shell, and coil side flow rates all have a sizable
impact on the NTU and efficacy. Furthermore, the beneficial
impact of the air flow rates was lessened, and there was no
additional improvement in NTU and efficacy. The greatest
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NTU and e augmentations were 1.93 and 0.83, respectively,
whereas the minimum NTU and ¢ augmentations were 0.66
and 0.63, respectively. Pourhedayat et al. [122] looked into
the effect of ABI on the thermal and energy properties of
a vertical double-tube HE. Through holes in a ring tube,
bubbles were introduced through the annulus side of a HE.
Air bubbles enhanced energy destruction, which was to be
expected. However, bubbles used less energy than the tur-
bulators, which caused resistance to flow moving. The Nu
improvement and exergy destruction increased by around
57 and 30%, respectively. The efficient design of holes on a
plastic tube, as well as the rational selection of their number
and diameter, can increase HE performance. Subesh et al.
[123] investigated the effects of two air injection techniques
on the performance of single-pass and double-segmental
baffled multi-tube shell HEs. The U, efficacy, NTU, and AP
of a STHE increased as the size of the air bubble increased.
ABI was introduced into the shell side and cross-flowed to
the cold water at varied air flow rates to identify the ideal
performance conditions. Airflow rates of 1-6 LPM and shell
side water flow rates of 10-20 LPM were converted using
a constant tube-side hot water flow rate. Sokhal et al. [124]
investigated the thermal performance and energy consump-
tion of a STHE using ABI. The experiment included several
factors, such as flow rate, fluid input temperature, and sev-
eral air injection methods. Air was fed into the pipe at the
intake, at various points along the pipe, and in the outer pipe
of the HE. The findings demonstrate that improved HE per-
formance arises from raising the fluid input temperature and
flow rate. As a result of adding air bubbles to the HE, it was
demonstrated that the temperature difference increased, and
the energy loss increased. The lowest dimensionless exergy
when air bubbles were introduced throughout the tube part
was 27.49%. Ghashim and Flayh [125] experimentally
inspected the effects of inserting air bubbles on the rate of
heat transfer and the AP brought on by turbulent flow. The
HE had two helical coils. With a turbulent flow having a Re
of and hot water flowing at a constant MFR of 0.0331 kg
s'! (9000-50,000). The journey has come to an end. Air
bubbles were injected into hot water at a rate of (1.5, 2.5,
and 3.5) LPM. According to data, air bubbles in hot water
increased the Nu from 64 to 126% and the fin the Re ranged
from 66 to 85% (9000 to 50,000). Due to air bubbles, the
NTU and ¢ significantly increased. Moreover, exergy loss
in the case of ABI was greater than without ABI. Sinaga
et al. [126] looked into the heat transfer performance of an
experimentally streamed air/water two-phase flow using an
inner tube HE. Hot water and air were joined in a T-junction
on the outside of the HE before flowing inside the inner
tube. Two LPM was the specified water flow rate, which
was maintained constant. For the hot flow rate, three various
flow rates 3, 4, 5, and 6 LPM were considered. Air volu-
metric fraction ranged from 0.14 to 0.62. Several energetic
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Table 3 (continued)

(5

Findings
Maximum improvement in Nu for hybrid

U ratio/%

139

Nanoparticles
Al,O5 and Cu

Working fluids

Water

Flow regime/Work type
laminar and Turbulent/N

Anitha et al. [149]

Authors

Springer

nanofluid exceeded 90% compared with

Al,0O5 nanofluid
Utilizing nanofluid concentration and flow

Water Graphene nanofluids 129

Turbulent/E

Fares et al. [150]

rates of 0.2 and 2.16 LPM resulted in the

highest gain in average thermal efficiency

of 13.7%
With the growing mass flow rate and volume

Water Silicon carbide SiC 120

Turbulent/E

Karimi et al. [151]

percentage of nanoparticles, the heat trans-

mission, and AP rise

Water SnO, 139 the i was improved because of the improve-

Turbulent/E

Sridhar et al. [152]

ment of the two-phase mixture thermal

conductivity

Silever Ag

Water Al,O3, Si02, TiO2, and ZrO2 114 Higher g was recorded by using titanium

Turbulent/E

Perumal et al. [153]

oxide nanofluid
the PEC of HNF enhanced with the increase

Fe,0, 126
CNT

Water

Turbulent/E

Goldanlou et al. [156]

of Re and ¢y,

and exergetic parameters, such as AP, effectiveness, NTU,
h, dimensionless exergy loss, and Witte-Shamsundar effi-
ciency factor, were used to examine the results. The results
presented an increase in the 4 and NTU of 33 and 38%,
respectively. Talib et al. [127] performed an examination of
energy using various air injection sites in a STHE and the
efficiency of heat transmission. Nu was administered to the
HE with ABI than to the HE without ABI, ranging from 2.41
to 25.5%. When air bubbles were injected into the shell and
tube at a high level of Re around 15,000, the maximum NTU
was experienced. In comparison with the case of no ABI,
the improvements in q for air injection through the shell,
tube, and both shell and tube were 4.45, 8.42, and 13.63%,
respectively. El-Said et al. [128] studied the THP of STHE
with baffles and air injection into the shell at various flow
rates during the injection process. The outcomes showed
the random vector functional link model's strong capacity to
identify the nonlinear relationship between operating condi-
tions and process responses. Zarei et al. [129] investigated
the effects of ABI on Nu, temperature variations in the stor-
age tank, energy deprivation in the evaporator, and COP.
Airflow rates (3—11 LPM) were used to inject the bubbles
into four distinct geometries from the bottom of the storage
tank. The geometry and flow rate of the ABI had a signifi-
cant impact on this increase. The outcomes showed that the
ABI had an ideal flow rate, which in this case was 9 LPM.

In STHEs, when the active enhancement technique for
improving heat transfer was used, it is believed that the
authors should pay particular attention to this strategy. The
U ratio increases because of the injection of air bubbles;
the greatest value was 452% as compared to merely water
flow. It is indicated the most studies carried out in air injec-
tion methods for heat transfer improvement are experimen-
tal ones. It is required more numerical explanations for the
reasons for enhancing heat transfer by air bubbles injections
inside the tube and shell of STHE.

Nanofluids

One of the significant techniques for speeding up heat trans-
fer in HEs in latest years was the addition of solid particles
to heat transfer streams. Despite receiving a lot of atten-
tion, they have drawbacks, for example, significant pressure
drops, abrasion, clogging, and sedimentation. However,
compared to solid particles, the usage of nanofluids gen-
erates a substantially larger increase in heat transmission.
Nanofluids were employed with solid particles that were in
very tiny sizes and low concentrations to address the issues.
Many researchers investigated the nanofluid utilized for heat
transfer improvement as seen in Table 3. In a fluidized bed
vertical shell and tube type, HE with counterflow, Ahn et al.
[131] examined how fluid flow and heat transfer qualities
were affected by moving solid particles. The current study
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discovered that heat transmission increased in the order of
sand, copper, steel, aluminum, and glass and that greater-
density solid particles had a higher flow velocity range for
particle impacts with the tube wall. Farajollahi et al. [132]
investigated the heat transfer properties of nanofluids made
of -Al,O5/water and -TiO2/water in a STHE with turbulent
flow. Investigated were the impacts of Peclet number, sus-
pended nanoparticle VC, and particle type on the thermal
properties. According to the findings, adding nanoparticles
to the base fluid significantly improves the properties of heat
transmission. There were two distinct optimal nanoparticle
concentrations for both types of nanofluids. Huminic and
Huminic [133] used nanofluids in a computational study
to examine the heat transfer properties of twin-tube helical
HEs with laminar flow. As the working fluid, 24 nm-sized
CuO and TiO, nanoparticles were dispersed in water at VCs
of 0.5-3 vol%. The De and the nanoparticle concentration
level's effects on the g, and kg, were provided. The results
demonstrate that the nanofluid's ¢ was roughly 14% big-
ger than that of pure water for 2% CuO concentration with
similar MFR inside internal and annulus sides and that it was
approximately 19% greater than for the scenario where water
flowed inside the internal and annulus sides. The findings
further demonstrate that the MFR and De were positively
correlated with the convective /& of water and nanofluids.
By contrasting simulations with the data derived using
empirical equations, the results have been validated. Lotfi
et al. [134] investigated experimentally how MWNT/water
nanofluid may improve heat transfer in a horizontal STHE.
The Co—-Mo/MgO nanocatalyst was used in the catalytic
chemical vapor deposition process to create carbon nano-
tubes. A three-step process was used to purify the obtained
MWNTs. The addition of COOH functional groups made
the nano-tubes hydrophilic and improved nanofluid stabil-
ity. The outcomes showed that, in contrast to the base fluid,
heat transport was enhanced with the adding of multi-walled
nanotubes. Elias et al. [135] studied the impact of various
nanoparticle forms, including cylindrical, brick-like, blade-
like, plate-like, and spherical ones, on the performance of a
STHE using nanofluid. Differently shaped boehmite alumina
(y-AIOOH) nanoparticles were distributed in a water/ethyl-
ene glycol nanofluid. The g and entropy production were
utilized to analyze the thermodynamic performance of the
STHE that was employed in a waste heat recovery system.
The thermal conductivity, A, rate, and entropy production
of nanofluid were measured using established correlations.
The outcomes demonstrate an improvement in the system's
heat transport and thermodynamic performance. Entropy
generation, however, was larger for nanofluids including
cylindrical nanoparticles than for those containing other
types of nanoparticles. Entropy did increase, but only by
less than 1%. Therefore, it might be concluded that this
increased entropy generation was minor, and cylindrically

shaped nanoparticles were advised to be used in HE sys-
tems using nanofluids. Aly [136] examined the effects of
VCs water-based Al,O; nano-fluid of the nanofluids and the
curvature ratio of the helical tube on the heat transfer and
AP. The findings demonstrated that coil diameter and nano-
fluid volumetric flow rates both affect a HE's efficiency and
that the 3D realizable k—e model was crucial for turbulence
modeling. Rach and Dipak [137] investigated the enhance-
ment of heat transfer by nanofluids with fixed heat flux in
both laminar and transition streams. A novel strategy for
improving heat transmission was the use of inserts contain-
ing nanofluids. In the experiment, water was utilized as the
base fluid and iron oxide nanofluid was combined with it at
various VCs. After that, using nanofluid and comparing it to
ordinary water, measure the change in the convective 4. The
experiment's findings showed that the value of convective
h increased as the MFR raised and provided improvements
ranging from 2 to 48%. Additionally, it increased with rising
nanofluid VC, although just about 4% concentration. Once
more, it will begin to decline at about 4% concentration.
Dharmalingam et al. [138] investigated in an experimen-
tal setting the forced & and flow properties of a nanofluid
made up of water and 1% volume-concentrated Al,O; nano-
particles that were running in parallel, counter, and STHEs
under laminar flow conditions. This study shows that at the
same MFR and input temperature, the U and dimensionless
Nu of the nanofluid were marginally greater than those of
the base liquid. It was evident from the experimental data
that as MFR increases, the nanofluid's U increases. It dem-
onstrates that regardless of flow direction, as MFR rises,
so do the U and Nu. Additionally, it was discovered that
regardless of flow direction, LMTD value finally declines
as MFR increases. However, due to the multiple pass flow
of nanofluid, STHEs offer higher heat transfer properties
than parallel and counter-flow HEs. Azad and Vahdat [139]
investigated the use of alumina-nanofluid to improve the effi-
ciency of HEs. The Nu and, consequently, the # of STHEs
were both increased by alumina nanofluid. The AP can be
decreased by up to 94% thanks to increased A since they
shorten the length of the tubes that must be used, which
reduces the pressure inside them. As a result, the HE's over-
all cost decreased by more than 55%. Shahrul et al. [140]
studied the performance of a STHE by adding Al,O3, SiO,,
and ZnO nanofluids experimentally examined. Al,O; and
Si0O, nanofluids were prepared without using any surfactant.
ZnO and Fe;0, nanofluids were stabilized using the poly-
vinylpyrrolidone (PVP) surfactant. ZnO has the highest 4,
U, and real heat transfer g, while SiO, exhibits the lowest
h, U, and g. ZnO, Al,0O;, and SiO, nanofluids, respectively,
were reported to improve h by about 50, 15, and 9%. When
the nanofluids were used, U was enhanced by about 35,
26, and 12%, respectively. When compared to water, g was
improved by about 51, 32, and 26%. Using 0.3 vol.% of ZnO

@ Springer



7566

S. A. Marzouk et al.

nanofluid, the best performance was obtained at 6 LPM.
Similarly, utilizing 0.5 vol.% of Al,O5 and SiO, the great-
est performance was attained at 7 LPM. Adding ZnO nano-
fluids boosted the STHE's overall performance by roughly
35%. Kumar and Sonawane [141] studied Fe,O,/water and
Fe,05/EG nanofluids' heat transfer properties were exam-
ined in a STHE with laminar to turbulent flow conditions.
The Fe,0; nanofluids with volume fractions of 0.02, 0.04,
0.06, and 0.08% were employed in the STHE as working
fluids with varying nanofluid flow rates. Investigations into
how to increase heat transfer considered many variables,
including fluid temperatures, base fluid kinds, nanoparticle
concentrations, and sonication times. Due to more particle
contact, thermal conductivity and heat transfer significantly
improved as nanoparticle concentration rose. Additionally,
it was found that when the temperature rose, the base fluid
thermal conductivity improved. The tests also revealed that,
under a regime of turbulent flow, the AP of the nanofluid
was greater than that of the base fluid. However, the AP dur-
ing laminar flow did not significantly increase. Aghabozorg
et al. [142] investigated the influences of flow types (laminar,
transient, and turbulent) flows with three distinct heat fluxes
on the amplification of Fe,O;-CNT magnetic nanoparticles
within a horizontal STHE. The 4 of hybrid Fe,O;-CNT mag-
netic nanofluids was found to be greater than that of the base
fluid. The outcomes showed that at 0.1% mass concentration
(¢), the h for turbulent and laminar flow was augmented
by 13.54 and 27.69%, respectively. Additionally, laminar,
and turbulent flow enhancement was 34.02 and 37.50% at
0.2% mass concentration compared to pure water. Esfahani
and Languri [143] investigated how the STHE performance
was impacted by graphene oxide nanofluid. The concentra-
tions of the graphene oxide nanofluids were 0.01 and 0.1
mass %. Exergy research revealed that growing the content
of graphene-oxide from 0.01 mass % to 0.1 weight % led
to growth in thermal conductivity of 8.7 and 18.9% at 25
and 40 °C, respectively. The findings demonstrated that the
STHE had decreased energy loss when employing graphene
oxide nanofluids, both in laminar and turbulent settings. In
contrast to laminar circumstances, distilled water induced an
exergy loss that was 22 and 109% more than that of graphene
oxide nanofluids. Barzegarian et al. [144] investigated the
effects of SB in STHE on the thermal performance experi-
mentally. By increasing Re, the results showed a significant
increase in Nu and U the HE's. At a given Re, the HE's
heat transfer characteristics increase as the VC of nanopar-
ticles rises. Results of the heat transfer assessment showed
that substituting nanofluids for base fluid increase the Nu
by up to 9.7, 20.9, and 29.8% at 0.03, 0.14, and 0.3 vol %,
respectively. Additionally, it was demonstrated that U of HE
improves by approximately 5.4, 10.3, and 19.1% at the nano-
particle volume fractions. The use of nanofluid in the test
section was found to have a minor negative impact on AP.

@ Springer

Rambabu et al. [145] investigated the g between water
and TiO,. In a STHE with turbulent flow, nanofluids were
detected. Even a little concentration of nanoparticles in the
base fluids improves h. The TiO, has a higher g than water
when its nanoparticle concentration was optimal. TiO, nano-
particles were chosen to improve heat transfer capabilities,
disperse them in water, and compare them to the merely
pure base fluid. Finding the U and the degree of heat transfer
amplification at various flow rates was another extension
of the study. The results of the experiment reveal, with the
addition of nanoparticles, the properties of heat transmis-
sion were improved at various flow rates and VCs (0.05,
0.1, 0.15, and 0.2%). Naik and Vinod [146] investigated the
present inquiry, which studies heat transmission utilizing
three distinct non-Newtonian nanofluids made up of aqueous
carboxymethyl cellulose (CMC) base fluids including Fe, O,
Al,O;, and CuO nanoparticles. The findings demonstrated
that the Nu increases with increasing fluid temperature in the
shell side, nanofluid concentration, De in the coil side water
flow rate, and stirrer speeds. Somasekhar et al. [147] studied
the AP and heat transfer properties of the Al,0;—H,0 nano-
fluid under turbulent flow conditions using computational
fluid dynamics software. Instead of using distilled water as
a cooling medium, nanofluids such as Al,O; were employed.
The findings of the CFD simulation and the experimental
data were then compared. According to the outcomes, mix-
ing nanoparticles with the base fluid significantly improves
the properties of heat transmission. Said et al. [148] looked
at the thermophysical characteristics, and heat transfer effi-
ciency of a STHE using a CuO and water nanofluid. They
employed concentrations of 0.05, 0.1, and 0.3 vol% of nano-
particles. To support the findings of the experimental inves-
tigation, a theoretical model was also created. According to
the results, while operating with nanofluid at similar fluid
input temperatures and mass flow rates as base fluid, the con-
vective 1 was somewhat greater. Results from experiments
demonstrate how nanofluids increase heat transfer. Con-
vective heat transmission rose by 11.39%, the U improved
by 7%, and the area was reduced by 6.81%. Anitha et al.
[149] researched how the VC and fraction of nanoparticles
affected the efficiency of heat transfer of an Al,05 and Cu
hybrid nanofluid in a STHE. The outcomes presented that
the HTP of the hybrid nanofluid was dominated by enhanced
nanoparticle VC. In comparison with water and Cu/water
nanofluid, the hybrid nanofluid's % increases by 139 and
25%, respectively. Compared with Al,O; nanofluid, hybrid
nanofluid exhibits a maximum enhancement in Nu of over
90%. Consequently, hybrid nanofluid systems achieve the
best heat transfer performance. Utilizing a hybrid nanofluid
enhances HE efficiency by about 124%. They demonstrated
that it was also greater than water. Results were anticipated
to be useful in furthering the industrial-level implementation
of nanofluids, a field that was now pertinent for continuing
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activities worldwide in academia-industry partnerships.
Fares et al. [150] investigated how graphene nanofluids
affected convective heat transfer in an experimental vertical
STHE. As a starting point, graphite foam made of sugar was
used to create graphene flakes. The impacts of several factors
on the & and thermal efficiency, for example, the nanofluid
concentration, the flow rate, and the inlet temperatures were
investigated. The findings demonstrated that the vertical
STHE's thermal performance was improved using graphene/
water nanofluids. Using 0.2% graphene/water nanofluids,
a maximum increase in the & of 29% was accomplished.
Additionally, the use of graphene/water nanofluid increased
the HE's mean thermal efficiency by 13.7%. Karimi et al.
[151] investigated the effects of silicon carbide nanofluid
in tubes of the STHE. There were four distinct levels of
nanofluid concentration: 0.25, 0.5, 0.75, and 1 vol.%. At 35,
45, and 55 °C. The findings demonstrate that as MFR and
volume percentage of nanoparticles rise, so do heat trans-
mission and pressure decrease. Incorporating nanoparticles
causes a 19.8% increase in heat transfer. Sridhar et al. [152]
examined the efficiency of an experimental STHE using tin
nanoparticles such as SnO, and silver Ag nanofluids. The
effects of nanoparticle VCs on AP, thermal conductivity,
h, viscosity, f, and Nu. Due to the special intrinsic feature
of the nanoparticles, the results demonstrated that adding
0.1 mass % of SnO, or Ag nanoparticles enhanced the ther-
mal conductivity of nanofluids by 29 or 39%, respectively.
Additionally, the two-phase mixture's improved thermal con-
ductivity raised the convective /h, and the F rose because of
the nanofluids' higher viscosity and density. Perumal et al.
[153] increased the U while decreasing the AP in STHEs
to improve their efficiency. To create nanofluids, this work
considered a variety of nanoparticles, including aluminum
oxide (Al,0O5), silicon dioxide (Si0,), titanium oxide (Ti0O,),
and zirconium dioxide (ZrO,). The use of these nanoflu-
ids, which have excellent thermal conductivity, accelerates
heat transfer in STHESs. Based on their features for both heat
transmission and thermophysics, the chosen nanofluids were
contrasted with base fluid. By utilizing nanofluids, all heat
transfer properties were enhanced, although TiO, and Al,O;
provide much better results than SiO, and ZrO,. Mixing of
nanoparticles increased in terms of volume percentage it
will be increases all Heat transfer characteristics as well as
performance of the HE. Bahiraei and Monavari [154] looked
into how different nanoparticle shapes affected the THP of a
boehmite nanofluid (BNF) in a small STHE, both with and
without fins. Five different nanoparticle forms were taken
into consideration, each with an intake temperature of 90 °C
at a Re of 500 for the warm fluid side and an inlet tempera-
ture of 20 °C at four different Res of 500, 1000, 1500, and
2000 for the cold fluid side. While normal water was the cold
fluid within the shell side, the heated fluid was the nanofluid
that travels inside the tube side. Pressure decreases as Re

increases, as does the g, U, effectiveness, and NTU growth,
though declining the performance index. The performance
index decreases by 21.7% and then increases by 20% when
the Re in the nanofluid containing the oblate spheroid nano-
particles was increased from 500 to 2000. The BNF with
the platelet additives produces the highest q, while the Os-
shaped additives produce the lowest AP. Additionally, the
small STHE with fin has higher q, U, effectiveness, NTU,
performance index, and AP than the small STHE without
fin. Rios et al. [155] proposed that stable nanofluids with
the appropriate nanoparticle selection at the best VC may
be used in a thermal system to provide beneficial economic
and environmental outcomes.

Based on the type and size of the utilized nanoparticles,
the type of base fluid, and their thermophysical character-
istics, the examined nanofluids are described and catego-
rized as seen in Table 3. Also, the findings of the research
about the improvement of heat transfer are reported together
with the experimental and numerical techniques used in the
inquiry on the performance of nanofluids through HEs. In
most earlier studies, using nanofluids in place of conven-
tional fluids resulted in a significant increase in STHE's
thermal performance when compared to using its base fluid.
Increased nanoparticle volume fraction, Re, and pressure
drop were shown to boost heat transfer. It is indicated that
nanoparticles enhanced the thermal conductivity of nano-
fluids. According to the research, heat transfer increases
while using nanofluids, with TiO, having the highest U ratio
(175.9%) when compared to conventional fluid.

Compound method

This technique for improving heat transmission combines
active and passive techniques. The simultaneous use of fluid
vibration and wire coils was an excellent illustration of this
technique, which has been the subject of several investiga-
tions in HEs as seen in Table 4. Raja et al. [157] investigated
how a coil insert and an alumina/water nanofluid affected an
STHE’s heat transmission properties. On heat transfer and
pumping power parameters, the effects of the Peclet number
and the concentration of the alumina/water nanofluid were
examined. The base fluid's overall thermal characteristics
were improved when the VC of nanoparticles was increased
as compared to water. For a given peclet number, the U rose
even more with the addition of a wire coil insert. Increased
heat transmission resulted from the thermal dispersion influ-
ence's flattening of the temperature distribution and subse-
quent steepening of the temperature difference between the
fluid and tube wall. Elias et al. [158] investigated the impact
of several particle types (cylindrical, bricks, blades, and
platelets) on the U, the ¢, and the creation of entropy in a
STHE with various baffle angles and SBs. Nanofluids were
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Table 4 Compound methods for heat transfer enhancement of STHE

Authors

Flow regime/Work type

Method 1

Method 2 U ratio/%

Findings

Goldanlou et al. [156]

Rajaet al.[157]

Elias et al. [158]

Babhiraei et al. [159]

Thakur and Singh [117]

Heydari et al. [160]

Kareemullah et al. [161]

Jafarzad and Heyhat
[162]

Bahiraei et al. [163]

Bahiraei et al. [164]

Bahiraei et al. [165]

Bellahcene et al. [166]

Marzouk et al. [168]

Turbulent/N

Laminar/E

Laminar and turbulent/
Analytical

Turbulent/N

Laminar/E

Turbulent/N

Turbulent/N

Turbulent/E

Turbulent/N

Turbulent/N

Turbulent/N

Turbulent/N

Turbulent/E

Blade-shape turbulators

Coil insert

Baffle angles

Helical baffles

ABI

Baffles

Water

Water

Unilateral ladder helical
baffles

Trapezoidal oblique
baffle

Unilateral ladder helical
baffles

Baffles

Wired nails-circular rod
inserts

Fe;0,/-CNT/water 202

hybrid

Alumina/water nano- 134

fluid

Nanoparticles shapes 129

Water-Al,O; nanofluid 120

Water-Al,O; nanofluid 140

Al,03, CuO, Fe,0;, -
SiO,, and Au/Water
and ethylene glycol

Zinc oxide/water

Si0, 163

Nanofluids shapes in
STHE

Different particles
shapes

Different particles
shapes

Water-Al,O5 nanofluid

ABI 177

The PEC of HNF intensi-
fies with the increment
of Re and ¢y, with
boosting, the PEC first
intensifies and then
diminishes

The heat transfer perfor-
mance was enhanced
by the presence of
nanoparticles in the
base fluid, wire, and
coil insert

The Q for cylindrical
shapes at 20° baffle
angles was shown to be
larger than that of SBs
and other baffle angles

A neural network model
was proposed to cal-
culate the Nu and f'in
terms of Re and volume
fraction

of particles

With ABI introduced
through the tube,
exergy loss indicated an
improvement of roughly
33-43%

Compared to water-based
nano-fluids, ethylene
glycol-based nano-fluids
provided the HE with
higher thermal &

The & improves with an
increase in MFR of
nanofluids

The ABI caused a
reduction of 19.9%
up to 58.1% in exergy
efficiency. using SiO,
increases exergy effi-
ciency by 3.3-35.0%

The highest U and AP
were achieved with the
platelet additives

The platelet shaped
particles had the lowest
irreversibility

The entropy generation of
the STHE's solid body
intensifies by the Re rise

Tubular HEs with baffles
can produce better fluid
mixing

The performance param-
eters increase of air

injection with the insert
in the tube is 6-72%
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Table 4 (continued)

Authors Flow regime/Work type Method 1

Method 2 Uratio/%  Findings

Pourahmad et al. [169]  Turbulent/E

turbulator

A dual twisted tape

ABI 114 The Tu rises with a rise
in ABI flow rate and a
drop in the turbulator

ratio

employed to calculate the HE's characteristics using estab-
lished correlations. In terms of U and ¢, cylindrical shape
nanoparticles outperformed other shapes for various baffle
angles, along with SBs. When Boehmite alumina (y-AIOOH)
was present in concentrations of 1 vol.%, the augmentation
of U for cylindrical form particles with a 20° baffle angle
was found to be 12, 19.9, 28.23, and 17.85% higher than that
for 30°, 40°, and 50° baffle angles, respectively. Compared
to other baffle angles and a SB, Q was likewise found to be
higher for cylindrical shapes at a 20° baffle angle. However,
for all baffle angles and SBs, entropy generation falls as VC
rises. Bahiraei et al. [159] studied the heat transfer perfor-
mance of a water-Al,0; nanofluid in the shell of a STHE
using helical baffles. As the volume percentage and Re grew,
both heat transmission and AP were accelerated. When the
Re was decreased, the fincreased, but when the volume frac-
tion was increased at the same Re, there was no discernible
change in the friction factor. The volume percentage of the
particles was shown to be more important for the nanofluid’s
heat transfer at a lower Re number. A neural network was
used to build models of the Nu and fin the HE in terms of
Re and volume percentage. Thakur and Singh [117] exam-
ined the heat transfer properties of STHE with the ABI at
the entrance and over the tube using Al,O; nanofluids such
as 0.1 and 0.2% v/v. The results showed that ABI and nano-
particle volumetric concentration improved the heat transfer
properties. The largest improvement was obtained when ABI
was performed throughout the tube, and it was followed by
situations in which no air bubbles were injected and cases in
which air bubbles were injected only at the tube's intake.
Additionally, it was discovered that an increase in the hot
fluid's temperature, while maintaining a constant flow rate
for both heat transfer fluids led to an improvement in the
properties of heat transfer. Heydari et al. [160] looked at how
adding various nanoparticles to the fluid might affect the
efficiency of a baffled STHE. The impact of various nano-
fluids at varying volume fractions applied in a baffled STHE
was examined using a three-dimensional modeling tech-
nique. They obtained g, AP, outlet shell temperature, and
exchanger efficacy for various volume fractions and particle
sizes of various nano-fluids after confirming the grid inde-
pendence and results. Al,O3, CuO, Fe,0;, Cu, Fe, SiO,, and
Au were among the nanoparticles under investigation. Eth-
ylene glycol and water were used as the basic fluids. The
results showed that adding nanoparticles had decreased the

h in all scenarios with constant mass flow rate, AP, and the
rate of heat transfer through the shell, even though it had
increased outlet shell temperature. In other words, consider-
ing a constant g, the presence of nano-fluids in a baffled
STHE was likely to be associated with increased outlet shell
temperature. Another consequence presents that using eth-
ylene glycol as a base fluid led to higher € compared with
water as a base fluid in the exchanger. Kareemullah et al.
[161] examined the heat transfer analysis of an experimental
STHE that used helical baffles and zinc oxide as a nanofluid.
While the MFR was maintained constantly on the shell side,
it was changed on the tube side. They looked at several heat
transfer characteristics, including LMTD, #, ¢, and €. As
soon as the steady state was attained under forced flow cir-
cumstances, the experimental values were recorded. It was
discovered that, when compared to base fluid, the efficacy
of nanofluids increases with mass flow rate. The acquired
data led to the conclusion that nanofluids can enhance heat
transfer and efficiency, albeit at the expense of pumping
power. Jafarzad and Heyhat [162] investigated the energy,
exergy, and hydrodynamic characteristics of an Annulus-side
combined method-affected vertical double-pipe HE. Finally,
to determine the optimal performance based on HE effi-
ciency and energy performance, multi-objective optimiza-
tion using artificial neural network metamodeling and evo-
lutionary algorithms was conducted. The combined strategy
has a promising potential for improving performance,
according to the results. Goldanlou et al. [156] studied the
Fe;0,/CNT/water hybrid nanofluid’s (HNF) turbulent forced
convection heat transfer in a HE fitted with blade-shaped
turbulators. The control volume method and the simplex
algorithm were used to numerically solve the 3D governing
equations (CVM). On the performance characteristics of HE,
the effects of Re, VCs of Fe;O, nanoparticles (¢,,) and
CNTs (¢cnt)> and blade rod span were assessed. The find-
ings demonstrated that increasing Re and ¢, causes the PEC
of HNF to increase, but increasing d, causes the PEC to rise
initially before declining. Bahiraei et al. [163] conducted
research on the THP for the nanofluid streams including dif-
ferent particles forms, with cylinder, blade, brick, platelet,
and oblate spheroid STHE. The helical unilateral ladder baf-
fles were installed on the STHE to create spiral streams
inside the shell side. The heated fluid that flows within the
tube side was thought to be nanofluid. Water was used as the
cold fluid with Res ranging from 5000 to 20,000 that flows
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within the shell side. The STHE performance was signifi-
cantly impacted by the flow pattern the baffles created. By
increasing the ¢, U, efficiency, and NTU, as well as the Re
of the shell side, and AP increase. Nevertheless, the perfor-
mance index falls. The presence of the new baffles, particu-
larly at high Res, completely reveals the strong cross and
secondary flows on the shell side. Bahiraei et al. [164] inves-
tigated how the form of nanoparticles affected the rate of
entropy generation in the case of boehmite nanofluid in a
STHE equipped with trapezoidal oblique baffles. Cold fluid
flows at the side of the shell, whereas hot fluid flows at the
side of the tube. The thermal and friction entropies creations
rise in the warm fluid when the Re was raised, whereas the
Bejan Number falls. The thermal EGR decreased and the
frictional EGR increased as the Re was raised in a cold fluid.
The cold fluid exhibits the greatest thermal and friction
entropies creation in the Os-shaped nanofluid. Overall, the
platelet-shaped particles were the ideal ones to be used in
the HE since they have the lowest irreversibility when the
HE was considered in terms of the second law of thermody-
namics. Bahiraei et al. [165] studied the features of unilateral
ladder-type helical baffles equipped in STHE. The heated
fluid in the tube side uses a boehmite nanofluid with various
nanoparticle morphologies and a constant Re. The cold fluid,
which enters the shell with varying Re number, was given
clean water to use. The Re was amplified, leading to a rise
in both thermal and friction entropy in both fluids. The mul-
tiple entropy generation rates of the hot and cool fluids,
respectively, showed 8.4-20.9% increased by the Re range
(5000-20,000) under the scenario of utilizing platelet nano-
particles. The creation of thermal entropy was highest in
thenanofluid containing platelet nanoparticles. Bellahcene
et al. [166] studied the Al,O; nanofluid fluid flows and
forced convective heat transfer phenomena in the baffled
STHE. Al,O; nanofluids move as a cooling fluid on the
shell-side and water as a hot fluid on the side of the tubes.
The findings were reported using several physical parame-
ters that represent a volumetric fraction of nanoparticles (1
and 3%) as well as the average Nu, streamlines, and iso-
therms. The findings show that as inflow velocity and vol-
ume % increase, so does heat transmission. Additionally, the
inclusion of baffles inside tubular HEs helps improve the
fluid mix, which improves heat transmission performance.
To improve heat transmission as much as possible while
using the least amount of entropy possible, these parameters
must be carefully chosen. Ahmadi and Toghraie [167] con-
ducted a three-dimensional study of nanofluid flow and heat
transmission in a STHE. The coolant was thought of as the
outer layer of pure water, seawater, and CuO nanofluid with
@ =2-4%. This research examined the velocity of the hot
gases, the coolant fluid depending on R., different fluids,
and the volume fraction of the nanofluid (¢). Compared to
pure water, the AP caused by seawater was 16% higher. The
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findings show that twisted tape has a greater impact than
baffles in enhancing thermal performance. The findings
showed that even if heat transfer was increased when using
nanoparticles with the insert of twisted tape, thermal perfor-
mance was decreased. While using nanoparticles in seawater
improves heat transmission, it also significantly raises fric-
tion. Marzouk et al. [168] injected the air using a straight-
forward technique into the tube sides where wired nails-
circular rod inserts (WNCR) were presented as seen in
Fig. 11. On thermal parameters (such as NTU, ¢, and U) and
hydraulic performance (AP), the effects of inserts alone,
inserts in combination with air injection, and air injection
alone were examined and analyzed. Also discussed and
examined were exergy efficiency and thermal-hydraulic
parameters. The findings showed that for all performance
criteria, inserts were more noticeable than air injection. Fur-
thermore, insert B (the second variety) has a greater impact
than insert A. (insert A). The ranges of the performance
parameter percentage improvements for inserts A and B
were 31-131%, 43-177%, 33-143%, 44-184%, 2—19%, and
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1-23%, respectively, as seen in Fig. 12. For air injection
alone with insert A, the ranges were 2-19% and 1-23%,
respectively. Air injection had a negligible impact on HE
performance measures including NTU, p, and ther-
mal-hydraulic parameters (less than 5%).

Pourahmad et al. [169] used a twin twisted tape turbula-
tor and introduced ABI into the working water. When used
together, the effects of these two techniques on the AP and
Nu were assessed. The outcomes demonstrated that the
Nu was improved with a rise in cold water flow rate, ABI
flow rate, and Re as well as a drop in turbulator ratio. The
results also demonstrated that the Nu could be increased by
98-114%, 3—-14%, and 20-39%, respectively, when the two
methods were used simultaneously instead of a simple tube
HE, a turbulator-equipped HE (without ABI), and a HE with
ABI (without a turbulator). Hussein et al. [170] stated that
the total performance of STHE was achieved when a fin was
presented in a soft tube. In addition, using a vortex genera-
tor, which was a well-known passive approach, consider-
ably accelerates heat transfer and lowers AP. Additionally, it
appears that additional heat transfer techniques, for example,
vortex generators, structural tube design, interior, and exte-
rior HE structures and dimensions, and additive nanofluids
improved the HE's overall performance.

Basit Shafiq et al. [171] numerically examined how com-
bining two passive approaches improved the thermal per-
formance of a shell and helical coil tube HEs. Coiled tubes
were employed in addition to MWCNT/water nanofluids.
The findings showed that when coil Reynolds number and
nanofluid volume concentration rose, the Nusselt number
of the fluid flowing through the coil increased. Also deter-
mined was the thermal performance factor, which acts as
an index for HE performance. Tavakoli, Soufivand [172]
numerically investigated the THP and entropy formation of a
hybrid nanofluid in a STHE with two various cross-sectional
baffles. Baffle 1 is more suitable, according to the numerical
data found in terms of pressure drop, total entropy produc-
tion, and performance evaluation criteria (PEC). Baffle 2 is
better suited in terms of heat transfer rate and average Nu
number values. When the baffle type was switched from the
second type to the first type, the PEC maximum change was
5.13% at Re=45,000 and ¢ =0%. When ¢ =0% for the first
type of baffles, the overall entropy generation increased to
its highest level by 73.68%.

Challenges and future scope

It is indicated that many researches that fall into various
methods of heat transfer enhancement in STHE have been
carried out. Geometrical or surface adjustments without
external power, for example, treated surfaces, twisted tapes,
abrasive surfaces, and expanded surfaces, or the use of

different inserts, are used in the passive approach. Enhance-
ment devices, wire coils, twisted tape, coiled tubes, swirl
flow generation, surface tension devices, and gas and liq-
uid additives are examples of such inserts [46—104]. The
active approach, which employs external power, includes
magnetic field reciprocating plungers, fluid suction for flow
disruption, surface or flow vibration, and the use of elec-
tromagnetic fields was studied. The air injection methods
[107-130] and enhancing heat transfer by using nanofluids
[132-156] were introduced. The compound approach, which
combines active and passive procedures, is the third option.
Using solely the passive or active methods yields appealing
outcomes [158-172].

Figure 13 explains the percentages of the number of
papers carried on each method of heat transfer enhancement.
The passive method, air injection method, heat transfer
improving by using nanofluids, and compound methods have
percentages of researches 47.8, 20.2, 22.3, 9.7%, respec-
tively. The active heat transfer enhancement technique has
the highest attention from scientists compared to other meth-
ods. Less attention was observed to the compound method
so more research about this method is necessary.

Geometrical changes in tube surfaces in STHE are too
required in the future with the use of materials coating to
enhance heat transfer. In addition to other aspects like the
cost of the nanoparticle type, the negative effects on pressure
drop of the flow, and the overall energy efficiency of STHE,
it is prudent to examine the pollution and toxicity implica-
tions of the nanoparticles on the environment and health.
Secondary flow has a substantial impact on raising the q in
several of these experiments. It is still necessary to enhance
the theoretical analysis for heat transfer methods, particu-
larly for relevant empirical formulations. To forecast the
outcomes as precisely as possible, it is required to present
some formulae for methods of heat transfer improvement.
Also, since there aren’t many relevant numerical simula-
tions, greater attention is required.

Compound
method

Fig. 13 The percentages of studies of various heat transfer enhance-
ment methods
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Conclusions

Nowadays, STHE heat transfer technologies are a popular
issue in energy-related sectors. Industrial and technical
applications frequently utilize this kind of heat exchanger
(HE). The HEs have an impact on the overall efficiency and
size of a system. Although there are research papers avail-
able on the methods of heat transfer enhancement in STHES,
there is a lack of a comprehensive review that covers all the
available methods. The work justification of the paper lies
in its ability to provide a comprehensive, up-to-date, and
systematic review of the various methods (Active, Passive,
and Compounds) available for heat transfer enhancement in
STHESs. The paper’s findings have practical implications for
industries, researchers, and engineers, making it an essential
resource for the field of heat transfer. The paper compares
and evaluates the different methods of heat transfer enhance-
ment, which helps in selecting the most effective method for
a specific application. This comparison is important as it
provides a comprehensive understanding of the advantages
and limitations of each method.

e In order to help academics better comprehend the most
recent developments in the STHE area, this review,
which is a follow-up to many papers by prior writers,
summarizes the results of past investigations. This in-
depth analysis might aid associated experts in developing
their work more. The authors also provide a few issues
and ideas that, in their opinion, need additional investiga-
tion in the future.

e There have been 47.8% of studies on the passive approach
and the air injection method, increasing heat transfer
using nanofluids, and compound methods have percent-
ages of previous studies near 20.2, 22.3, and 9.7%, cor-
respondingly.

e In the current review, the experimental and numeri-
cal studies mostly related to U and exergy efficiency in
STHE are introduced. In the case of the passive method,
adding baffles has the best heat transfer enhancement
where trefoil hole baffles achieved 450% for U ratio com-
pared to smooth tubes. Many different tapes are used for
heat augmentation where twisted tape has the best value
of 325% for the U ratio. Swirl vane, corrugated tube,
and wire coil insert have U ratio values of 130, 161, and
264%, respectively.

e The active enhancement technique for heat transfer
enhancement was employed in STHEs where it is thought
that the authors should focus especially on this approach.
The air bubble injection causes the rise of the U ratio
where the maximum value was indicated at 452% com-
pared to only water flow. It is indicated that nanofluid
results in a growth in heat transfer where the TiO2 has

@ Springer

the maximum U ratio (175.9%) compared to traditional
fluid.

e For the compound method, utilizing the blade-shaped tur-
bulators with Fe30, leads to the maximum U ratio. The
combination of air injection and passive heat augmen-
tation techniques, which was shown to be a substantial
solution to several issues, needs to be the focus of more
work in the future.

e The cost of the nanoparticle type, the negative effects on
pressure drop of the flow, the toxicity implications of the
nanoparticles on the environment. Geometrical designs
for surfaces in STHE are mandatory in the future with
the use of materials coating to improve heat transfer.

e The theoretical analysis for heat transfer methods in
relevant empirical formulations is required. Also, since
there aren’t many relevant numerical simulations, greater
attention is required.
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