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Abstract: Improvements in miniaturization and boosting the thermal performance of energy conser-
vation systems call for innovative techniques to enhance heat transfer. Heat transfer enhancement
methods have attracted a great deal of attention in the industrial sector due to their ability to provide
energy savings, encourage the proper use of energy sources, and increase the economic efficiency
of thermal systems. These methods are categorized into active, passive, and compound techniques.
This article reviews recent passive heat transfer enhancement techniques, since they are reliable,
cost-effective, and they do not require any extra power to promote the energy conversion systems’
thermal efficiency when compared to the active methods. In the passive approaches, various com-
ponents are applied to the heat transfer/working fluid flow path to improve the heat transfer rate.
The passive heat transfer enhancement methods studied in this article include inserts (twisted tapes,
conical strips, baffles, winglets), extended surfaces (fins), porous materials, coil/helical/spiral tubes,
rough surfaces (corrugated/ribbed surfaces), and nanofluids (mono and hybrid nanofluids).

Keywords: heat transfer enhancement; passive techniques; heat exchanger; nanofluid; swirl flow;
twisted tape; porous; coil tube; rough surface

1. Introduction

During the past decades, in consequence of the global energy crisis, researchers
have conducted numerous studies hoping to improve the thermal efficiency of energy
systems leading to the reduction of both their size and their energy consumption rates.
Heat transfer enhancement/intensification/augmentation implies the increase of thermal
performance of every heat transfer procedure, heat exchange device, piece of equipment,
medium, or component, provided that the overall conception of the systems is not being
considerably influenced. For instance, the specific heat capacity, thermal conductivity, or
latent heat of a thermal energy storage (TES) system can be enhanced; the critical heat flux
of boiling heat transfer for a pool can be increased; the heat transfer rate of a surface can
be improved; the peak temperature for a chip hot spot can be decreased, and so on [1].
In addition, heat transfer enhancement plays a vital role in electronic components [2],
the energy and power industry [3–5], engines [6,7], thermal management [8,9], aerospace
technologies [10,11], electronics packaging [12,13], new building technology [14,15], etc.
Based on the literature [16–19], the methods for enhancing heat transfer have been broadly
classified into three categories: active, passive, and compound techniques.
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1.1. Active

In the active techniques, an external energy source, such as an injection, an electric or
magnetic field, fluid vibration, mechanical aids, jet impingement, surface vibration, suction,
etc. [20], is required to enhance the heat transfer.

1.2. Passive

On the other hand, the passive techniques deal with the modifications made in the
configuration of thermal systems to improve the systems’ thermal performance, while
external energy sources are no longer needed [21]. Various techniques have been employed
to initiate the effect, including the use of porous materials [22,23], inserts (e.g., turbulators,
wire coils, swirl flow tools, and twisted strips) [24–27], rough surfaces (e.g., corrugated
surfaces) [28–30], extended surfaces (e.g., fins), dimples and protrusions, nanofluids [1,31],
displaced enhancement devices, coil/helical/spiral tube, etc.

1.3. Compound

In the compound enhancement technique, two or more passive and active methods
are used simultaneously to improve the system’s thermal performance, which will produce
a superior heat transfer rate compared to that provided by any of the techniques operating
individually [32,33].

In the present review paper, the scope is on the investigations conducted using differ-
ent passive techniques for heat transfer enhancement, as they have some advantages over
other methods, such as simplicity of production, ease of installation, and cost-effectiveness.
Besides, active methods used in scientific fields are finite, as generating external power in
most applications is complicated [1,20,34]. However, there have been few articles reviewing
every single method of the passive approach in just one review paper. For example, in
2018, Maradiya et al. [35] studied the influence of different passive enhancement methods,
but the role of the porous media, conical strips, baffles, and novel types of nanofluids
(e.g., hybrid nanofluids) has not been addressed in detail.

Therefore, the novelty of this paper is to summarize all the passive heat transfer en-
hancement techniques, including inserts (twisted tape (TT), conical strips, baffles, winglets),
extended surfaces, porous materials/surfaces, coil/helical/spiral tubes, rough surfaces,
and nanofluids (mono and hybrid nanofluids) comprehensively. In addition, to promote
better understanding and to make the current manuscript more readable, the authors have
included several tables showing the geometries for each section.

2. Passive Techniques of the Heat Transfer Enhancement

This article evaluates various passive heat transfer improvement methods, focusing
on the most recent published papers, as presented below.

2.1. Inserts

In past years, inserts such as twisted tapes, winglets, swirl generators, baffle, etc., have
been considered one of the most effective passive heat transfer techniques for different systems.

2.1.1. Twisted Tape

Twisted Tapes are flat pieces of metal or twisted strips used to obtain a regular pattern
offering a moderate enhancement of heat transfer at a relatively low-pressure increase
across laminar, transitional, and turbulent flow regimes. The twisted tape heat transfer
enhancement mechanism generally induces the flows to collide to improve flow mixing.
Another insert mentioned in the twisted tape section is conical strips. Twisted tapes and
conical strips are widely used in the geometries for industrial applications in chemical
engineering processes, power plants, chemical reactors, refrigeration, and nuclear reactors
to create swirl fluid flow and increase the heat exchange in order to decrease size, weight,
and cost. The secondary flow produced by these inserts affects the fluid flowing via the
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pipe and increases the turbulence and heat transfer coefficient. This swirl flow causes
turbulence near the pipe wall and increases the period of fluid retention in the pipe.

Murugesan et al. [36] investigated the square-cut twisted tapes. The ratio of the heat
transfer of this model to that of a pipe without tape is 1.15. Springy wire functioning as the
twisted tapes was investigated by Shaji [37]. The outcomes demonstrated that the use of
twisted tapes leads to more heat exchange. By checking the four different attack corners and
four different axial distances for twisted tape, Zhi Min Lin [38] found out that using inserts
such as twisted tape can improve heat exchange. Eiamsa-ard et al. [39] investigated a simple
tube with a short, twisted tape. The twisted tape was presented as a swirling flow to create
a bouncing and swirling flow in the pipe. Suri et al. [40] investigated a heat exchanger
using twisted tape. Their outcome showed that the heat transfer rate was 6.9 times higher
than that of the plain pipe. Salam et al. [41] evaluated a circular pipe fitted with a twisted
tape with a rectangular cut. Heat exchange enhancement performance was found to be
2.3. Eiamsa-ard et al. [42] created a 3D numerical model of a twisted tube coupled with
a triple-channel twisted tape to study the heat transfer enhancement. According to the
outcomes, the case using the three-start spirally twisted tube and triple-channel twisted
tape at a tape width ratio of 0.34 and a belly-to-neck arrangement resulted in the highest
thermal efficiency. In an experimental investigation conducted by Suri et al. [43], the
influence of using square perforated twisted tape on the heat transfer enhancement in
a heat exchanger is examined. It was proven that the heat transfer rate could increase
markedly with the application of square perforated twisted tape with a twist ratio and
perforation width ratio of 2.5 and 0.25, respectively. In another experimental study done by
Man et al. [44], the application of a new type of twisted tape, called alternation of clockwise
and counterclockwise twisted tape, is evaluated in a double pipe heat exchanger with the
presence of single-phase forced convective flow. Based on the results, the maximum heat
transfer rate will be obtained at the total length of the novel twisted tape of 2.4 m, compared
to the common types of twisted tape inserts.

Some of the recent articles on the utilization of twisted tape to improve thermal
performance are listed in Table 1. The list of several articles related to the use and aftereffects
of using conical strips is given in Table 2.

Table 1. Various examples of twisted tapes for heat transfer enhancement.

Author Year Type of
Study Application Working Fluid Type of

Twisted Tape Geometry Remarks

Zheng
et al. [45] 2017

N
um

er
ic

al

Circular tubes Al2O3/Water Dimpled
twisted

- Dimpled
twisted tape

gave a
25.53% higher

convective
heat transfer
coefficient.

Hong et al.
[46] 2018

Ex
pe

ri
m

en
ta

l

Plain tube Air Short-length
helical tapes

- The heat
transfer is

increased by
2.64 times.

Li et al.
[47] 2018

N
um

er
ic

al

Heat
exchanger Al2O3/Water Helical

twisted tape

- The heat
transfer is

enhanced up
to 14.7%.
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Table 1. Cont.

Author Year Type of
Study Application Working Fluid Type of

Twisted Tape Geometry Remarks

Nakhchi
et al. [48] 2019

N
um

er
ic

al

Heat
exchanger tube Water Twisted tape

(double cut)

- The heat
transfer is

improved by
117% using
twisted tape
with a V-cut.

Murugan
et al. [49] 2019

Ex
pe

ri
m

en
ta

l

Trapezoidal-
trough

thermosyphon
solar collector

Water Wing-cut
twisted tape

- The
thermal

performance
is enhanced
up to 137%.

Bhattacharyya
[50] 2020

Ex
pe

ri
m

en
ta

l

Solar air heater
tube Air

Short-length
and

total-length
twisted tape

- By using
swirl

generators,
heat transfer

increases
by 27%.

Gnanavel
et al. [51] 2020

N
um

er
ic

al

Double pipe
heat exchanger

TiO2/water

Rectangular
cut on

twisted tape

- Twisted
tape

enhanced the
thermal

performance
factor

by 1.55.

BeO/water,

ZnO/water,

CuO/water

He et al.
[52] 2020

N
um

er
ic

al

Heat
exchanger tube CuO/water Twisted tape

- The
maximum
efficiency

coefficient in
the tube with
one twisted
tape is 2.18.

Bahiraei
et al. [53] 2020

N
um

er
ic

al

Heat
exchanger tube

Graphene
nanoplatelets

nanofluid

Coaxial cross
double-
twisted

tape

- Twisted
tape

enhanced the
thermal

performance
factor by

1.46.

Murali
et al. [54] 2020

N
um

er
ic

al

Simple tube Fe3O4/Water
Trapezoidal-
cut twisted

tape
-

- The
proposed
geometry

could
enhance the
heat transfer

rate by
almost 36%.

Paneliya
et al. [55] 2020

Ex
pe

ri
m

en
ta

l

Heat
exchanger tube Water X-shaped tape

- The
X-shaped

tape showed
an enhance-
ment of 1.27
times in heat
transfer rate
compared to
twisted tape.

Samruaisin
et al. [56] 2020

Ex
pe

ri
m

en
ta

l

Circular
channel Air Transverse

twisted tape

- The highest
heat transfer

coefficient
is 1.32.
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Table 1. Cont.

Author Year Type of
Study Application Working Fluid Type of

Twisted Tape Geometry Remarks

Noorbakhsh
et al. [57] 2020

N
um

er
ic

al

Double-pipe
heat exchanger Water Twisted tape

- Increasing
the number
of twisted
tapes leads

to improving
the

coefficient of
performance

by 63.9%.

Farhan
et al. [58] 2021

N
um

er
ic

al

Solar air heater Air Single twisted
tape

- Thermal
efficiencies

are 17.5
higher than

without
twisted tape.

Kumar
et al. [59] 2021

N
um

er
ic

al

Double pipe
heat exchanger Water Perforated

twisted tape

- The
thermal

performance
factor for

twisted tape
with a V- cut
insert is 1.49
times greater
than that of a

plain twist
tape insert.

In addition to the items listed in the table above, other related work has been done
in this area. For instance, Wijayanta et al. [60] evaluated the heat transfer increment
numerically in a tube equipped with a short-length tape, type TT, as a swirl generator.
Various length ratios of the proposed TT (0.25–1.0) were considered and examined. The
other geometrical parameters of the proposed TT were kept constant. The numerical results
showed an increase in both the heat transfer rate and the pressure drop when evaluating
the proposed TT. Moreover, the maximum Nusselt (Nu) number and pressure drop figures
were 0.51 and 2.84 times superior, respectively, to the tube without TT. Yaningsih et al. [61]
proposed a new type of TT, V-cut TT, and investigated the heat transfer process using this
tape in a tube. The evaluated geometrical parameter was the width ratio (w/W) of the
proposed V-cut TT, of which three values were considered for this parameter. Obtained
numerical results revealed that the increase in the heat transfer rate and the pressure drop
was about 97% and 3.48 times the results for the tube without any TT, respectively. In other
work, Wijayanta et al. [62] numerically evaluated (in a tube) the impact of utilizing a new
type of TT, square-cut TT (CTT), on the enhancement of thermal performance. Parameters
under consideration were the twist ratios (y/W) of the square-cut TT (three values) and
the Reynolds (Re) number (between 8000–18,000). The numerical results showed that
CTT enhanced the Nu number and pressure drop by about 40.3–74.4% and 1.7–3.0 times,
respectively, more than the plain tube. Yaningsih et al. [63] examined the impact of utilizing
TT with various wings in a tube by performing the experimental tests. The parameters
under consideration were wing shape (three various shapes) and Re number (5800–18,500).
The obtained practical results depicted that the highest calculated thermal performance
was 1.44. In other work, Yaningsih et al. [64] investigated the heat transfer process of the
perforated TT considering different axial pitch ratios in a heat exchanger. The highest
achieved increase in the Nu number was by about 32%. In addition to the above-listed
references related to utilizing TT as a swirl generator, there are additional works that
numerically evaluate the impact of the different types of TT shapes, including curved
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type (Outokesh et al. [65]) and dual-modified TT (Afsharpanah et al. [66]), on the thermal
performance of a heat exchanger.

Table 2. Various examples of conical strips used for heat transfer enhancement.

Author Year Type of
Study Application Working Fluid Geometry Remarks

Liu et al. [67] 2018

Ex
pe

ri
m

en
ta

l

Heat exchanger
tube Water

- The heat transfer
is enhanced by
approximately
2.54–7.63 times.

Liu et al. [68] 2018

N
um

er
ic

al

Heat exchanger Water

- The heat transfer
is significantly

enhanced (by 9.85
times) compared

to the smooth
tube results.

Ibrahim et al.
[69] 2019

N
um

er
ic

al

Circular tube Air

- The maximum
Nusselt number

increased by 765%
compared to the
Nusselt number
using the plain

geometry.

Liu et al. [70] 2019

N
um

er
ic

al

Parabolic trough
receiver Air

- The thermal
efficiency is
increased by

5.04% compared
to the base cases.

Bahiraei and
Gharagozloo

[71]
2020

Ex
pe

ri
m

en
ta

l

Plain tube Water

- The most
significant

improvement of
the Nusselt

number is 133.8%.

Amani et al.
[72] 2020

N
um

er
ic

al

Parabolic trough
solar collector Water

- The overall
thermal-

hydraulic
performance is
obtained in the

range of
0.679–1.107.
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Table 2. Cont.

Author Year Type of
Study Application Working Fluid Geometry Remarks

Mashayekhi
et al. [73] 2020

N
um

er
ic

al

Oval channel Al2O3/Water

- The highest
enhancement of
the heat transfer

coefficient is 17%.

Bahiraei et al.
[74] 2021

N
um

er
ic

al

Heat exchanger
tube

Graphene
nanoparti-
cles/Water

- The Nusselt
number increases
by about 40.4%.

With twisted tapes, the fluid rotation between the tube and the twisted tape increases,
causing more contact of the fluid flow with the pipe wall and the twisted tapes, providing
an increased heat exchange rate. As a result, utilizing twisted tape has a significant effect
on the creation of swirl flow (see Figure 1).
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Figure 1. The streamline through the twisted tape [57]. (Reprinted from Noorbakhsh, M.; Zaboli,
M.; Ajarostaghi, S.S.M. Numerical evaluation of the effect of using twisted tapes as turbulator with
various geometries in both sides of a double-pipe heat exchanger. J. Therm. Anal. Calorim. 2020, 140,
1341–1353. Copyright (2020), with permission from Springer).

In addition to the references related to using conical strips with various shapes as
swirl generators for heat transfer augmentation listed in Table 2, other work proposes a
new strip type, the louvered strip insert. For instance, Wijayanta et al. [75] proposed a
backward louvered strip as a new insert type for increasing the heat transfer rate. The
factors under consideration were the insert pitch and the Re number (10,000–17,500). The
numerical analysis results showed that the maximum Nu number (1.81 times more than
simple tube) and the friction factor (7.59 times more than simple tube) were obtained with
a pitch equal to 40 mm. In other work, Yaningsih et al. [76] proposed louvered strip inserts
in a pipe in the presence of turbulent fluid flow. The factors under consideration were the
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slant angle of the louvered strip inserts and the Re number. According to the obtained
results, the range of the thermal performance for the proposed system was 1.00–1.12.

2.1.2. Baffles

Baffles are flow-directing panels used to direct the flow of gas or liquid. Using helical
baffles reduces pressure drop due to the removal of dead areas. As an outcome, despite
reducing these areas, heat transfer improves. It can also be noted that the pumping power
increases due to the reduction of pressure drop, which increases the system’s overall
efficiency. To better understand the influence of the baffles on the flow structure and heat
transfer enhancement mechanism of the systems, streamlines of the flow through a heat
exchanger are illustrated in Figure 2. As can be seen, the diverged flows run into each
other near the baffle. Longitudinal swirl flows and secondary flows are created due to the
upwards movement of the flow.
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Ameur, H. Hydro-thermal shell-side performance evaluation of a shell and tube heat exchanger under
different baffle arrangement and orientation. Int. J. Therm. Sci. 2017, 121, 138–149. Copyright (2017),
with permission from Elsevier).

Zhou et al. [78] examined the effects of trefoil-hole baffles on improving the heat
transfer coefficient in a shell-and-tube heat exchanger. With the baffle, fluid velocity
gradually increases, as does the flow in the region near baffles. The secondary flow is
also produced. Jedsadaratanachai et al. [79] developed a finite volume method (FVM)
for investigating a periodic flow in a circular tube equipped with 45-degree V-baffles.
It can be concluded that by increasing the Reynolds number, the enhancement factor
improved. Sriromreun al. [80] have numerically and experimentally investigated the effect
of baffle turbulators on increasing the heat transfer in a rectangular channel. Their results
showed that increase of the coefficient of thermal performance for 45◦ baffles is significantly
higher than for other models. Wang et al. [81] have numerically investigated the effect of
folding baffles on increasing the heat exchange in a shell-and-tube heat exchanger. Their
results showed that folding baffles significantly improved thermal performance. In another
study, the increase and performance of heat transfer in a two-pipe heat exchanger were
investigated by El Maakoul et al. [82]. They found that the use of helical ring baffles
increased heat transfer performance. In 2016, Kumar et al. [83] examined the thermal
behavior of several 60-angle V-shaped baffles in a solar air duct and found that higher
overall thermal performance occurred at a relative width of 5.0. Moreover, broken V-type
baffles are superior thermo-hydraulic baffles compared to other solar air ducts. Kumar
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et al. [84] investigated the effect of using a V-perforated baffle in a rectangular duct on heat
transfer enhancement. It was concluded that using the V-down perforated baffle at a baffle
width of 5.0 could achieve the highest efficiency compared to the other models. The impact
of applying baffles with different cross-sections in a shell-and-coil heat exchanger on heat
transfer enhancement was conducted experimentally by Andrzejczyk et al. [85]. It was
indicated that the proposed model is very effective for increasing thermal performance on
the shell side, but had a less substantial impact on the Reynolds numbers (less than 150). In
a numerical study carried out by Sahel et al. [86], the influence of using a perforated baffle
with four holes at various locations in a rectangular channel on the thermal performance
was examined. It was concluded that the heat transfer rate could increase up to 65% when
using the studied baffle as opposed to a typical baffle.

Some of the recent articles on the utilization of baffles to improve thermal performance
in shell-and-tube heat exchangers are listed in Table 3. A list of several articles related to
the use of baffles in other geometries, along with their aftereffects, is shown in Table 4.

Table 3. Various examples of baffles used in shell-and-tube heat exchangers for heat transfer enhancement.

Author Year Type of
Study

Working
Fluid

Type of
Baffle Geometry Remarks

Mellal et al.
[77] 2017

N
um

er
ic

al

Water Baffle cut

- The thermal
efficiency

factor is 3.55
times more

than for a case
without

the baffle.

Zhang et al.
[87] 2017

N
um

er
ic

al

Water

Screw
cinquefoil

orifice
baffles

- The heat
transfer

coefficient
goes up
by 9.2%.

Chen et al.
[88] 2018

Ex
pe

ri
m

en
ta

l

Water Helical
baffles

- Overall heat
transfer

performance is
increased

by 161.3%.

Gu et al. [89] 2018

Ex
pe

ri
m

en
ta

l-
N

um
er

ic
al

Water Trapezoidal
baffles

- The heat
transfer

coefficient of
the heat

exchanger is
improved
by 10.2%.
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Table 3. Cont.

Author Year Type of
Study

Working
Fluid

Type of
Baffle Geometry Remarks

Xiao et al.
[90] 2019

Ex
pe

ri
m

en
ta

l
Coal water

slurry
Ladder-type
fold baffles

- The heat
transfer

coefficient is
increased

by 290.2%.

Liu et al. [91] 2019

N
um

er
ic

al

Water Fold helical
baffles

- The heat
transfer

coefficient
is improved

by 8.05%.

Arani et al.
[92] 2019

N
um

er
ic

al

Water Segmental
baffle

- The heat
transfer

performance is
increased
by 39%.

Abbasi et al.
[93] 2020

N
um

er
ic

al

Water Segmental
baffles

- The heat
transfer

performance is
enhanced
by 11.15%.

Biçer et al.
[94] 2020

N
um

er
ic

al

Water
Novel

three-zonal
baffle

- The difference
in shell

temperature is
increased by up

to 7%.

Chen et al.
[95] 2020

Ex
pe

ri
m

en
ta

l

Water Flower
Baffles

- The heat
transfer

performance is
improved
by 11.15%.

Bahiraei et al.
[96] 2021

N
um

er
ic

al

Nanofluid
Trapezoidal

oblique
baffles

- The difference
in shell

temperature is
increased by up

to 4.04%.
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Table 3. Cont.

Author Year Type of
Study

Working
Fluid

Type of
Baffle Geometry Remarks

Abbasian
and

Uosofvad.
[97]

2021

N
um

er
ic

al

Water Combined
baffle

- The heat
transfer

performance is
increased
by 22.4%.

El-Said et al.
[98] 2021

N
um

er
ic

al

Water Convex core
baffles

- The heat
transfer

performance is
enhanced
by 51.31%.

Uosofvand
and

Abbasian
[99]

2021

N
um

er
ic

al

Water

Hybrid
segmental–

helical
baffles

- The heat
transfer

performance is
improved
by 41%.

Hu et al.
[100] 2018

Ex
pe

ri
m

en
ta

l

Solar collector Air

- The optimum
collector
efficiency

reached 86.83%
despite

the baffle.

Ansari et al.
[101] 2018

N
um

er
ic

al

Micro-
combustor _

- The average
temperature
meliorates by

6% and the
uniformity

by 87%.

Saravanakumar
and kumar

[102]
2019

Ex
pe

ri
m

en
ta

l

Heat sink Air

- There is an
increase in the
heat transfer
rate of about
12.9% when
applying the

baffles instead
of using the

plain heat sink.

Karami et al.
[103] 2019

N
um

er
ic

al

Micro-pin-fin
heat sink Air

- The heat
transfer

performance is
increased
by 47.3%.
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Table 4. Various examples of baffles used for heat transfer enhancement.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Hu et al.
[104] 2019

Ex
pe

ri
m

en
ta

l

Solar collector Air

- The heat
transfer

performance is
improved
by 16.1%.

Khanlari
et al. [105] 2020

Ex
pe

ri
m

en
ta

l

Solar air
collector Air

- The highest
efficiency of

84.30% is
obtained when
using the baffle
in a single air

channel.

Olfian et al.
[106] 2020

N
um

er
ic

al

Solar air heater Air

- The pressure
drop and

Nusselt number
rise by about
316.67% and

148.15%,
respectively,
at Re = 2000.

Promvonge
et al. [107] 2021

Ex
pe

ri
m

en
ta

l

Channel Water

- The heat
transfer

efficiency is
enhanced
by 5.8%.

2.1.3. Winglets

The “wing“ describes the condition when the wing’s backing edge is conjoined to the
extended surface. The foundation of the wing remains attached to the fin, and the apex
faces the incoming stream of flow. The angle between the apex and fin surface is called
the “angle of attack” or the “inclination angle”. If the wing’s chord is conjoined to the
end, it is called a “winglet”. As mentioned in the beginning, all of these inserts contain
elements of swirling flow. Therefore, in the presence of winglets, the resulting rotational
flow leads to an adequate temperature distribution in both the radial and longitudinal
directions. The presence in the models of barriers in the flow direction and the resulting
turbulence produce a better temperature distribution than in the standard geometry. A
noteworthy point in the use of winglets is the fluid used, which in most of the reviewed
articles is air fluid.

Two applications, a plate-fin heat exchanger and a solar air heater, make the most
use of winglets. Solar air heating is a thermal technology in which sunlight or energy
is absorbed by an element and used to heat the air. This is a renewable energy heating
technology used for air conditioning or heating for thermal applications or buildings. A
plate heat exchanger is a design that uses finned chambers to transfer heat between fluids.
The reason for using this type of converter is its high surface-to-volume ratio. Therefore,
this type of converter is usually used for small places. It is used for its ability to facilitate
heat transfer with minor temperature differences [108]. Salviano et al. [109] numerically
designed a delta-winglet vortex generator using the genetic algorithm method. They found
that the geometric parameters of the vortex generator must be asymmetric to achieve
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maximum thermal-hydraulic performance. Huisseune et al. [110] studied the effect of
arm and delta geometry on a round tube heat exchanger. According to their results, a
small fin and a large open angle cause a strong flow deflection, resulting in a large share of
windows. A numerical investigation on the influence of using rectangular winglet pairs on
the thermal performance of a rectangular channel is done by Khanjian et al. [111]. Based on
the results, it is indicated that the heat transfer improved by increasing the roll angle of
vortex generators. Oneissi et al. [112] numerically studied the impact of two different types
of winglets with protrusions on the heat transfer rate of a parallel plate-fin heat exchanger.
According to the outcomes, the maximum thermal efficiency of up to almost 7% can be
achieved by using an inclined projected winglet pair with protrusions compared to the delta
winglet type. A 2D numerical model of a fin-and-tube compact heat exchanger combined
with different winglet configurations is built and evaluated by Modi and Rathod [113]. It
was shown that the curved down geometry of the rectangular winglet vortex generator
obtained the most desirable enhancement in heat transfer among the other cases.

Some of the recent articles related to the utilization of winglets to improve thermal
performance are listed in Table 5.

Table 5. Various examples of winglets used for heat transfer enhancement.

Author Year Type of
Study Application Geometry Remarks

Chamoli
et al. [114] 2018

N
um

er
ic

al

Solar air heater

- Winglet
vortex

generator
inserts show
an excellent

thermal
enhancement
factor with a

maximum
value of 2.20.

Samadifar
et al. [115] 2018

N
um

er
ic

al

Plate-fin heat
exchanger

- The vortex
generator

increases the
heat transfer
of the heat

exchanger by
7%.

Luo et al.
[116] 2019

Ex
pe

ri
m

en
ta

l

Plate-fin heat
exchanger

- The thermal
performance

factor is
increased by
up to 26.4%.
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Table 5. Cont.

Author Year Type of
Study Application Geometry Remarks

Zhai et al.
[117] 2019

Ex
pe

ri
m

en
ta

l

Circular tube

- The
maximum

increase in the
Nusselt

number is
observed,

with the delta
winglet pairs

producing
numbers 73%
higher than

those with the
smooth tube.

Sun et al.
[118] 2020

Ex
pe

ri
m

en
ta

l

Circular heat
exchanger tubes

- The heat
transfer is

improved by
11.63 times.

Kumar et al.
[119] 2020

Ex
pe

ri
m

en
ta

l

Solar air heater

- The Nusselt
number is

increased by
up to 5%.

Modi et al.
[120] 2020

Ex
pe

ri
m

en
ta

l

Plate-fin heat
exchanger

- The heat
transfer is

increased by
up to 57.37%.

Promvonge
et al. [121] 2021

N
um

er
ic

al

Solar air heater

- The punched
delta winglet

provides a
more

significant
Nusselt

number by
78.21 times.

Shi et al.
[122] 2021

N
um

er
ic

al

Plate-fin heat
exchanger

- The heat
transfer is

enhanced by
43.9%.
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To better understand the influence of the winglet on the flow structure and heat transfer
enhancement mechanism of the systems, streamlines of the flow are illustrated in Figure 3.
Winglets generate a counter-spinning vortex appearing along the duct, whereas the flat
plate indicates no vortex. This phenomenon creates a remarkable increase in heat exchange.
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Figure 3. The streamline with the contour of velocity [120]. (Reprinted from Modi, A.J.; Kalel, N.A.;
Rathod, M.K. Thermal performance augmentation of fin-and-tube heat exchanger using rectangular
winglet vortex generators having circular punched holes. Int. J. Heat Mass Transf. 2020, 158, 119724.
Copyright (2020), with permission from Elsevier).

Khan et al. [123] used an artificial neural network (ANN) to calculate the thermal
performance efficiency of a heat exchanger equipped with delta-wing tape as a turbulator.
The factors under consideration were the wing-width ratios (three values) and the Re
number. The found mean square error was less than 0.7, which showed the effectiveness of
the proposed ANN method. Wijayanta et al. [124–126] evaluated heat transfer enhancement
in the internal flow. Double-sided delta-wing tape was employed as a swirl generator.
The impact of the wing-pitch ratio was analyzed. The results revealed that the proposed
swirl generator shows a greater average Nu number and friction factor than the case
without any swirl generator. In other work, Yaningsih et al. [127] employed double-sided
delta-winglet tape in a tube to experimentally study the increment in the heat transfer
process and pressure drop. The parameters under consideration were the blockage ratio
(the ratio of winglet height to inner tube diameter—three values) and the flow rate (between
3.35 × 10−5–8.33 × 10−5 m3/s). The results obtained from the experimental tests depicted
that by employing the proposed insert, the Nu number increased by about 364.3%. Heat
transfer improvement in a tube with punched delta winglet vortex generators was studied
by Wijayanta et al. [128]. The influence of the attack angle of the proposed turbulator on
the enhancement of thermal performance was evaluated. The proposed swirl generator
presented a greater heat transfer rate and friction factor than the plain tube.

2.2. Extended Surfaces

Another method of passive heat transfer enhancement is the utilization of fins. In
the study of heat transfer, fins are surfaces that extend from an object to increase the heat
transfer rate to or from the environment by increasing convection. Thus, adding a fin to
an object increases the surface area and can sometimes be an economical solution to heat
transfer problems. The fins can be divided into a constant area straight fin, a variable area
straight fin, a pin fin, and an annular fin.

Dastmalchi et al. [129] investigated heat transfer and pressure drop changes inside a
heat sink under constant wall temperature. It was found that heat transfer improves by
increasing angles up to 45 degrees. The CFD simulation of wavy-fin and elliptical-tube
HEX with various vortex generators was completed by Lotfi et al. [130]. They discovered
that heat transfer rate is improved with an increase in wavy fin height and a decrease
in the tube elasticity ratio. The CFD simulation of wavy-fin and elliptical-tube HEX has
been accomplished by Kim et al. [131]. They found that the optimized cross-cut flow
control could increase the efficiency of the wavy fin. Singh and Anil [132] performed an
experimental simulation to evaluate the heat transfer and fluid flow inside a fin heat sink
under natural convection. It was found that an angle of 45◦ and an impression pitch of
12 mm bring out the highest growth. Awasarmol et al. [133] experimentally studied heat
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transfer and fluid flow with various inclination angles and various perforation diameters.
It was indicated that a 32% growth in the heat transfer coefficient was observed when the
fins were perforated. Lotfi et al. [134] performed an experimental simulation to evaluate
the heat transfer and fluid flow inside smooth wavy fin-and-elliptical tube heat exchangers.
It was found that fins with w/l = 0.5 produced the best heat transfer efficiency. Some
recent articles related to the utilization of fins to improve thermal performance are listed
in Table 6. To better understand the influence of the fins on the flow structure and heat
transfer enhancement mechanism of the systems, streamlines of the flow through a heat
exchanger are illustrated in Figure 4. As can be seen, the geometry of fins leads to the
creation of swirl flows inside the tube. Consequently, longitudinal swirl and secondary
flows are created [135,136].

Table 6. Various examples of fins used for heat transfer enhancement.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Saeidi et al.
[137] 2018

N
um

er
ic

al

Geothermal
heat pump Air

- The heat
transfer of
the system
improves
by 31%.

Zhang et al.
[138] 2018

N
um

er
ic

al

Plate-fin heat
exchanger Air

- The Nusselt
number ratio
increases by

1.5 times.

Vyas et al.
[139] 2018

N
um

er
ic

al

Internal
combustion

engine
Engine fuel

- Using fins
improved
the engine

cooling
by 22%.
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Table 6. Cont.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Borhani
et al. [140] 2019

N
um

er
ic

al

Spiral-fin
heat

exchanger
Water

- The
spiral-fin

improves the
heat transfer

rate by
about 56%.

Zhang et al.
[141] 2019

Ex
pe

ri
m

en
ta

l

Heat
exchanger Air

- The finned
tube’s

performance
criterion is
revealed to
be 2.9 times
higher than

without fins.

Hussain
et al. [142] 2019

N
um

er
ic

al

Heat sink Air

- The heat
transfer

performance
is improved
by approxi-

mately 3.78%
with fins

compared to
without fins.

Hajmoham-
madi et al.

[143]
2020

N
um

er
ic

al

Circular
channel Air

- The heat
transfer is
increased
by 46%.
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Table 6. Cont.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Freegah
et al. [144] 2020

N
um

er
ic

al

Heat sink Air

- The Nusselt
number is

enhanced by
approxi-
mately
31.6%.

Kim et al.
[145] 2020

N
um

er
ic

al

Gas turbine Air

- The
maximum

heat transfer
rate reaches

811 W.

Liu et al.
[146] 2021

N
um

er
ic

al
-

Ex
pe

ri
m

en
ta

l

Heat
exchanger Air

- The heat
transfer

coefficient is
improved by

8.67 times.

Gong et al.
[147] 2021

N
um

er
ic

al

Solar
concentrator Water

- Long and
thin fins

showed the
most

remarkable
efficiency im-
provement

of 1.6%.

Saedodin
et al. [148] 2021

N
um

er
ic

al

Parabolic
trough solar

collector

Nanotubes/Iron
Oxide

- The heat
transfer is

increased by
37.2%.
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Table 6. Cont.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Sahel et al.
[149] 2021

N
um

er
ic

al

Heat sink Air

- The highest
hydrother-

mal
performance
factor is 1.87.

Zhang et al.
[150] 2021

N
um

er
ic

al
-

Ex
pe

ri
m

en
ta

l

Fin-and-tube
heat

exchanger
Air

- The heat
transfer is

enhanced by
8%.

Sandhya
et al. [151] 2021

N
um

er
ic

al

Radiator

Graphene +
Crys-

tal/Water +
Ethylene

glycol

- The highest
enhance-

ment in the
heat transfer
rate (60%) is

achieved
using a

louvered fin.

Kumar et al.
[152] 2021

N
um

er
ic

al

Helically
coiled tubes Water

- The Nusselt
number is

improved by
39%.

Yan et al.
[153] 2021

N
um

er
ic

al

Heat sink Air

- The
maximum

heat transfer
efficiency of
the heat sink

is 1.4.

Liang et al.
[154] 2021

N
um

er
ic

al

Channel Air

- The heat
transfer is

improved by
16.9%.
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2.3. Porous Materials

Metal foams (MFs), porous metal structures with an extraordinarily high thermal con-
ductivity and a large surface area in a relatively small volume, have attracted researchers’
attention to increase the heat transfer rate in thermal systems. Incorporating porous media
into any thermal system enhances the thermal performance in terms of heat transfer. Be-
cause of the high heat transfer area and the high thermal diffusion capacity, incorporating
MFs produces excellent conductive heat transfer that augments the heat transfer rate con-
siderably. On the contrary, it should be emphasized that using foam structures in thermal
systems remarkably limits the fluid motion and thus the natural convection streams. Con-
sequently, the temperature distribution could be relatively superior using MFs [155–157].
The MF can save a significant amount of energy when used in sensible thermal form. The
geometric factors of MFs have a significant impact on thermal performance. In redesigning
a thermal system equipped with MF, the port density and porosity are vital factors that
could significantly influence effective thermal conductivity. The porous materials used
include various kinds of material, which the most common and efficient of them being
copper foam, aluminum foam, nickel foam, and carbon-based foams such as graphite,
employed mainly for high-temperature uses [158,159].

2.3.1. Metal Foam Type
Copper Foam

As a material with very high thermal conductivity, copper is extensively employed to
augment the heat transfer rate in a thermal system. Because of its high thermal conductivity
of about 400 W/(mK), copper foam is commonly used in foam structures. Scientists
investigated copper foam performance by performing experimental tests and numerical
simulations to obtain improved thermo-physical properties, namely thermal conductivity.
Consequently, different studies have been conducted on the augmentation of heat transfer
rates and thermal performance of thermal systems equipped with copper foams, along
with studies on related characteristics like geometric structure.

Hamzah and Nima [160] experimentally investigated the heat transfer rate in a double-
pipe heat exchanger with copper foam fins as porous media (Figure 5a). The metal foam fins
of 40 PPI (pores per inch) were made from copper and placed at a 30◦ angle with the pipe
inlet. They were located inside the annular section around the inner copper pipe to steer the
fluid flow to disrupt its structure through the annular gap. The range of studied Reynolds
numbers is 616–2343. Both parallel and counter flows were considered and analyzed. The
obtained experimental results have been compared with the case without porous fins.
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Results showed that an increase in the inlet Reynolds number causes augmentation of the
heat transfer rate. The best-obtained case is suggested using copper foam fins and counter
fluid flow in the suggested heat exchanger. The critical point is that no significant pressure
drop was obtained with the improvement of the heat transfer rate. Wang et al. [161]
experimentally analyzed the impact of utilizing finned copper foams by jet impingement
on the cooling process of a heat sink. Three new finned copper foams were proposed and
tested (Figure 5b). Impacts of copper foam porosity, height, and impinging gas flow rate
were evaluated. Results indicated that finned copper foam is superior to finned heat sinks
in thermal performance. Also, finned copper foam can replace finned heat sinks in narrow
spaces. Mancin et al. [162] appraised the heat transfer process of airflow through five
copper foams by performing experimental tests. Several pores per inch and porosities have
been considered for the porous media. The obtained experimental results depicted that the
Cu-10-9.5 copper foam sample can be considered a viable method for designing innovative
thermal management solutions for electronic cooling applications. Nilpueng et al. [163]
experimentally investigated the heat transfer process in a small plate heat exchanger filled
with copper foam for small-scale electronic cooling. The impact of copper foam pore density
(see Figure 5c) and water velocity on the optimum thermal performance was assessed.
The results presented that the heat transfer coefficient and pressure drop increased when
the water velocity and pore density were augmented. The heat transfer coefficient was
improved by 20.23, 29.37, and 40.28%, respectively, with the pore densities of 30, 40, and
50 PPI over the use of a plate heat exchanger without porous media.
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of pore density on the foam structure [162]. (Reprinted from Hamzah, J.A.; Nima, M.A. Experimental
study of heat transfer enhancement in double-pipe heat exchanger integrated with metal foam
fins. Arab. J. Sci. Eng. 2020, 45, 5153–5167. Copyright (2020), with permission from Springer.);
(Reprinted from Wang, J.; Kong, H.; Xu, Y.; Wu, J. Experimental investigation of heat transfer and flow
characteristics in finned copper foam heat sinks subjected to jet impingement cooling. Appl. Energy
2019, 241, 433–443. Copyright (2019), with permission from Elsevier.); (Reprinted from Mancin, S.;
Zilio, C.; Diani, A.; Rossetto, L. Experimental air heat transfer and pressure drop through copper
foams. Exp. Therm. Fluid Sci. 2012, 36, 224–232. Copyright (2012), with permission from Elsevier).

One of the porous material’s main and practical applications is its use in TES systems,
particularly latent heat TES (LHTES) [164,165]. Cui [166] performed some experimental
tests on the charging mode (melting process) of PS 58 as a phase change material (PCM)
in the case with a top porosity copper foam (96% porosity and 20 PPI). The PCM was
bounded in a cylindrical shell made of stainless steel, and the temperature changes were
evaluated. Besides the uniform temperature gained in the composite, the charge rate was
more than that of the case without porous material. Consequently, utilizing porous material
led to a reduction in the charge time by about 36%. Mancin et al. [167] examined the phase
change behavior of the PCM (paraffin) fixed in the copper foam of various pore densities
by applying different heat fluxes. The PCM storage equipped with copper foam displayed
an enhanced charge rate compared to the plain PCM storage. Moreover, the influence of
pore density was minor. Wang et al. [168] experimentally studied the helpfulness of copper
foam in augmenting the thermal conductivity of the PCM (paraffin). The obtained results
depicted about a 40% decline in the complete melting of PCM as a charging process. Li
et al. [169] performed experiments showing that inserting copper foam with a porosity of
92.4% in sodium acetate trihydrate led to a 40% decrease in charge time.

Jin et al. [170] evaluated the impact of copper foam pore density on the charge time
of paraffin wax as a PCM by performing experimental tests. The pore densities under
consideration included 15, 30, and 50 PPI in various superheat values of 20 and 30 ◦C. The
porosity of the copper foam was kept constant at 95% in all experiments. The obtained
results showed that cases with 30 and 50 PPI displayed the same charge process for a 20 ◦C
superheat value. Conversely, at 30 ◦C superheat value, the case with 30 PPI illustrated
better thermal performance than the case with 50 PPI. Zheng et al. [171] examined the
phase change process of PCM inside a rectangular storage equipped with copper foam as
the porous material under the condition of uniform heat flux by performing experiments
and numerical simulations. According to the achieved results, the case using copper foam
showed a lower melting time by about 20.5% compared to the case using plain PCM
storage. Yang et al. [172] experimentally investigated the impact of utilizing open-cell
copper foam as a porous material in a PCM (paraffin wax) storage on the phase change
behavior (melting rate). The considered PCM storage was a shell-and-tube type. Results
depicted that utilizing the proposed porous material causes a decline of about 60.6% in the
charge rate. The impact of employing copper foam as a porous material on the melting
rate of PCM in a TES system was evaluated by Yang et al. [173]. According to the obtained
results, using porous material led to a reduction in the total melting time of the PCM
by about 88.548%. Hu et al. [174] studied the impact of contact conditions on the PCM
(paraffin) phase change process when fixed in copper foam by doing numerical simulations.
The outcomes illustrated that the contact conditions have significant effects on the phase
change behavior of the proposed system. Duan [175] evaluated the usefulness of utilizing
metal foam in a PCM storage for cooling a photovoltaic concentrator system considering
various porosity. According to the obtained outcomes, the case using a foam porosity of 0.85
showed optimum cooling performance. Li et al. [176] investigated the impact of employing
metal foam on the charging behavior of a nano-enhanced PCM (NEPCM) composite. A
considerable decrease in wall temperature (up to 47 ◦C) was observed.

Meng et al. [177] numerically investigated the charge and discharge processes (PCM
melting and solidification) inside a rectangular cavity partially filled with copper foam as
a porous material (see Figure 6a). The factors under consideration were the filling ratio
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and the location of the cooper foam. The numerical outcomes showed higher thermal
performance belonged to the cases with copper foam fractions of 5 and 50%. Zadeh
et al. [178] numerically evaluated the impact of employing copper foam (partial filling
condition) and nanoparticles for augmenting the PCM phase change process in a heat pipe
(see Figure 6b). Results showed that employing both methods, including the partial filling
with a porous materials and nanoparticles, led to the best charge process compared to each
method individually.
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filled with metal foam [178]. (Reprinted from Meng, X.; Yan, L.; He, F. Filling copper foam partly
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Mehryan, S.A.M.; Ghalambaz, M.; Ghodrat, M.; Young, J.; Chamkha, A. Hybrid thermal performance
enhancement of a circular latent heat storage system by utilizing partially filled copper foam and
Cu/GO nano-additives. Energy 2020, 213, 118761. Copyright (2020), with permission from Elsevier).

Aluminum Foam

As material other than copper that also exhibits high thermal conductivity, aluminum
is extensively employed to augment the heat transfer rate. The impact of utilizing aluminum
foam as a porous material to improve the heat transfer characteristics in thermal systems has
been investigated in several works. Chen et al. [179] studied the usefulness of employing
a PCM/aluminum foam composite in a flat-plate solar collector. The results obtained
showed considerable improvement in the heat transfer rate of the proposed thermal system.
Moreover, both thermal and non-thermal equilibrium models were tested to model the
fluid flow and heat transfer in the porous medial, and accordingly, it can be found that the
non-thermal equilibrium model is more precise than the thermal. Atal et al. [180] presented
a numerical study on the melting and solidification behaviors of the PCM/aluminum foam
composite in a shell-and-tube PCM (paraffin wax) storage using empiric and numerical
methods. Results showed that in the PCM’s melting and solidification processes, employing
a porous matrix in the storage considerably increased the heat transfer rate. Moreover,
the impact of the porosity and pore size of the porous matrix on the charge/discharge
modes was evaluated. Fleming et al. [181] experimentally examined the PCM’s charge
and discharge behavior in a shell-and-tube PCM storage equipped with aluminum foam
(Figure 7). The experimental results reported the improvement in both the charge and
discharge processes. Accordingly, by employing open-cell aluminum foam, the melting
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rate of the PCM augmented by about 100%; however, a lower augmentation rate (20%) was
observed for the solidification rate.
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from Elsevier).

Wang and Qin [182] presented a numerical study on the melting behavior of PCM
in storage equipped with aluminum foam. The results revealed that utilizing metal foam
had a considerable influence on accelerating the phase change process. Consequently, the
numerical outcomes displayed that the copper and aluminum matrix materials decrease
the melting time by about 9.7 and 4%, respectively, compared to the iron foam. Sundarram
and Li [183] evaluated the impact of porosity and pore size on the phase change process in a
PCM storage filled with aluminum foam by performing numerical simulations. According
to the obtained outcomes, the optimum case in terms of the highest heat transfer augmen-
tation belonged to the aluminum porosity of 84% at 25 µm pore size. Sardari et al. [184]
studied the phase change process of the PCM in a radiator equipped with PCM/metal
foam storage as the TES. The results showed that the PCM/ metal foam composite re-
duced the total melting time by about 95%. Zhu et al. [185] presented a work related to
the influences of three porosities, including 67, 75, and 84%, by performing experiments
and numerical simulations. Consequently, the results displayed that the heat transfer is
conduction-dominant in the case with low porosity.

Nickel Foam

Nickel foam, a material with a high melting point (1455 ◦C), is appropriate for high-
temperature uses, although its thermal conductivity is somewhat less than that of copper
and aluminum (89 W/(mK)). Numerous works have examined the capability of nickel foam
to increase the thermal properties of PCM. Oya et al. [186] experimentally investigated the
thermophysical characteristics of the PCM/ nickel foam composite in which the erythritol
was employed as the PCM. The results displayed an up to 16 times improvement in the
effective thermal conductivity compared to the plain PCM. The optimum enhancement was
obtained with 15 vol% of nickel foam and 85 vol% of erythritol. Xiao et al. [187] presented
a steady-state test rig to evaluate the impact of thermal properties of paraffin/nickel foam
and paraffin/copper foam composites. The outcomes depicted that by decreasing the
porosity, the effective thermal conductivity of the PCM/nickel composite augments. Liang
et al. [188] evaluated the thermophysical characteristics of the graphene-coated nickel
foam/PCM composite. The results displayed that the amount of heat storage by the
proposed composite was reduced by up to 32%. Huang et al. [189] considered the influence
of employing nickel foam on the thermal performance of a PCM storage. The outcomes



Energies 2022, 15, 986 25 of 60

depicted that by employing the proposed composite, the latent heat reduced up to 29%,
which showed that the foam occupies a considerable volume, leading to a decline in the
PCM filling space.

Graphite

Because of the durability and suitability of using graphite in high temperatures,
graphite is one of the materials widely used to enhance the PCM storage’s effective thermal
conductivity, especially for high-temperature applications. Graphite has a superior thermal
conductivity (about 300 W/(mK)) and a high porosity (about 90%). Expanded graphite
(EG), which has a very high thermal conductivity and chemical stability, can be employed to
enhance the thermal performance of high-temperature PCMs. Zhong et al. [190] evaluated
the impact of utilizing a compressed, expanded natural graphite matrix on phase change
behavior of paraffin wax in a PCM storage. They found that the thermal conduction
property of the proposed composite was about 28–180 times greater than with pure paraffin.
Pokhrel et al. [191] experimentally and numerically studied the thermal properties of a
PCM/graphite composite. The obtained results depicted that employing graphite with
a 16.5% mass fraction did not reduce the latent heat. Wang et al. [192] used experiments
to evaluate the improvement influence of EG on the thermal conductivity of a composite
based on eutectic salt. The obtained experimental results displayed an augmentation of
the effective thermal conductivity of up to 183%. Jin et al. [193] presented an experimental
study related to employing EG for improving the thermophysical characteristics of a salt
PCM. The outcomes showed that 9% wt EG has the best thermal performance. Another
study on employing a PCM/graphite foam composite was done by Opolot et al. [194]
by considering concentrated solar power plants. The outcomes revealed that using the
proposed composite led to a decline in the total melting and solidification times by about 5
and 4%, respectively.

2.4. Coil/Helical/SPIRAL Tube

This section focuses on utilizing coil/helical/spiral tubes (instead of straight ones)
for improvement of thermal performance in thermal systems. The researchers tried to
change the geometries of the tube so that more heat would transfer from the heat transfer
fluid (HTF) channel to the system, or the reverse. The utilization of spiral tubes in various
heat exchangers for different applications, such as geothermal uses [195,196], cold storage
systems [197], thermal systems [198], etc., has been studied. The review of the previous
related works is listed in detail in Table 7.

Table 7. Various examples of works related to utilizing coil/helical/spiral tubes for heat transfer en-
hancement.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Andrzejczyk
and

Muszynski
[199]

2017

Ex
pe

ri
m

en
ta

l

Heat
Exchanger Water

- The influence
of water mass
flow and heat

flux on the HTC
is presented.

- The
experimental
correlation for

the investigated
configurations
is developed.
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Table 7. Cont.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Gholamali-
zadeh et al.

[200]
2019

N
um

er
ic

al

Heat
Exchanger Water

- The effect of
inserts on heat

transfer and
pressure drop is
investigated.- A

correlation is
proposed to
predict the

Nusselt
number.- The

maximum
value of COP
for the inlet

mass flow rate
of 0.1 is 2519.

Palanisamy
and Kumar

[201]
2019

Ex
pe

ri
m

en
ta

l

Heat
Exchanger

Carbon
nan-

otubes/Water
nanoflu-

ids

- The maximum
overall heat

transfer
coefficient of
nanofluids is
52% higher

than the water
at 0.5%

nanofluid with
the Dean

number 4200.

Alimoradi
et al. [202] 2017

N
um

er
ic

al

Heat
Exchanger Water

- The annular
fins were used

on the outer
surface of the

helically coiled
tube.- The
maximum

increase in the
heattransfer

rate was
about 44.11%.
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Table 7. Cont.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Javadi et al.
[203] 2019

N
um

er
ic

al

Borehole
Heat

Exchanger
Water

- Eight new
types of helical

ground heat
exchangers

were proposed
in terms of the
heat exchange

rate. - The triple
helix ground

heat exchanger
achieved the
best thermal
performance
considerably.

Afsharpanah
et al. [204] 2019

N
um

er
ic

al

Ice Storage Water/Ethylene
Glycol

- A
double-helical

coil heat
exchanger was
evaluated in the

charging
process of an

ice storage
system with a

volume of 15 L.
- The results

indicated that
with higher

values for pitch
length and

inner and outer
coil distance,
compared to
the smallest

values for these
parameters, the
distribution of
ice formed in
the storage

improves, and
the rate of ice

formation
increases by
22.81% and

13.99%,
respectively.
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Table 7. Cont.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Pakzad et al.
[205] 2019

N
um

er
ic

al

Ice Storage Water/Ethylene
Glycol

- An ice storage
system was

equipped with
a serpentine

tube heat
exchanger.- The

ice formation
rate for the

highest distance
between

serpentine tube
rows compared

to the lowest
distance
between

serpentine tube
rows is higher

by 24.68%.- The
smallest tube

diameter shows
an almost 5.9%

greater ice
formation rate
than the case

with the largest
tube diameter.

Saydam
et al. [206] 2019

Ex
pe

ri
m

en
ta

l

TES Water

- A prototype
PCM heat

exchanger with
a helical coil

tube was
designed,

fabricated, and
experimentally
analyzed for its
thermal storage

performance
under different

operational
conditions.-

Increasing the
HTF inlet

temperature
from 70 to 75 ◦C

shortens the
charging time
by 35%, while
the charging

time is reduced
up to 21% by
increasing the
flow rate from
0.5 to 4 L/min.



Energies 2022, 15, 986 29 of 60

Table 7. Cont.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Mousavi
Ajarostaghi
et al. [207]

2019

N
um

er
ic

al

Ice Storage Water/Ethylene
Glycol

- Increasing the
coil pitch by

200% decreases
the melting rate

by 4.7%.- By
increasing the

coil diameter by
37.5%, the

melting rate
decreases by
31.0% after

266.7 min.- The
coil height has

an opposite
effect on the

melting rate so
that by

increasing it by
75%, at t = 160

min, the
melting rate is
increased only

by 1.32%.

Zheng et al.
[208] 2018

N
um

er
ic

al

TES Water

- The optimal
structures of the
LHTES system
with single and

double coil
tubes were
determined

using the
quasi-steady

state method.-
The heat
storage

performance of
the LHTES

system with a
double coil tube

is better than
that of a single

coil tube.
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Table 7. Cont.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Javadi et al.
[209] 2019

N
um

er
ic

al

Borehole
Heat

Exchanger
Water

- A new type of
helical ground
heat exchanger

(triple helix)
was

introduced.-
The effects of

various
geometric

parameters on
heat exchanger
performance

were studied.-
Helical coil
length is the

most influential
parameter in

heat exchanger
performance.-

Proposed
equations are

capable of
predicting the

thermal
properties of

the heat
exchanger.

2.5. Rough Surfaces

In recent decades, rough/corrugated/ribbed surfaces have been considered as one
of the most effective passive heat transfer enhancement techniques for different sys-
tems [209–214]. Table 8 shows various examples of rough surfaces for heat transfer en-
hancement. The heat transfer enhancement mechanism of rough surfaces generally induces
the flows to collide to improve flow mixing. Moreover, because of the long path of rough
surfaces, the thermal performance of the systems improves significantly compared to that
of a smooth surface. More importantly, intermittently interrupting and redeveloping the
boundary layers caused by the corrugated channels enhances the heat transfer markedly.
The height, pitch, arrangement, and shape of rough surfaces are the most common geo-
metrical parameters affecting thermal performance. Different types of channel corrugation
that directly impact heat transfer and pressure drop rates of the thermal systems are the
rectangular corrugated channel, trapezoidal-shaped corrugated channel, sharp corrugated
channel, triangular-shaped corrugated channel, arc-shaped corrugated channel, and sinu-
soidal corrugated channel.

Elshafei et al. [215] investigated heat transfer and pressure drop changes inside a sharp
corrugated channel under constant wall temperature. It was found that the maximum
thermal performance is achieved at a phase shift of 180◦ and with lower space variation of
the corrugated channels. The impact of wavy plate phase shift on heat transfer and airflow
inside a sinusoidal corrugated channel under constant wall temperature was studied
numerically by Yin et al. [216]. Based on the results, the most suitable phase angle is 0◦ for
airflow using low Reynolds numbers. Moreover, the thermal performance can be improved
when the Reynolds number is at lower values. Sui et al. [217] numerically examined the
airflow and heat transfer in a sinusoidal corrugated channel with rectangular cross-section
under constant wall temperature. According to the outcomes, in the studied configuration,
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the thermal performance factor is more than unity, which means that the heat transfer
increased significantly, justifying the pressure drop increment.

In another study, the influence of buoyant force on the convection heat transfer of a
turbulent flow through a sinusoidal corrugated channel under constant wall heat flux was
evaluated numerically by Forooghi and Hooman [218]. It was concluded that to increase
the heat transfer rate and the aspect ratio of the channels, it is necessary to create superior
levels of buoyancy. Sui et al. [219] numerically studied heat transfer and laminar fluid flow
inside a wavy microchannel (sinusoidal corrugated channel) under fixed wall heat flux
and fixed wall temperature. It was indicated that the thermal performance is enhanced
by increasing the relative waviness. Sarkar et al. [220] performed a numerical simulation
to evaluate the heat transfer and fluid flow inside a furrowed wavy channel (sinusoidal
corrugated channel) considering various wave amplitudes and wavelengths under a con-
stant wall temperature. As the ratio of amplitude and hydraulic diameter and the ratio
of wavelength and hydraulic diameter increase, the thermal performance also improves.
The influence of pulsating fluid flow on the heat transfer characteristic inside a sinusoidal
corrugated channel is investigated numerically [221]. The thermal performance could be
improved considerably by providing oscillating amplitude. The variation of heat transfer
and fluid flow inside a rectangular corrugated channel under constant wall temperature
was examined experimentally and numerically by Tokgoz et al. [222]. It was concluded that
the phase shift of 0◦ is the most desirable phase shift for enhancing thermal performance.
The pressure drop and heat transfer inside an arc-shaped corrugated channel were studied
experimentally and numerically by Paisarn [223]. It was proved that heat transfer could
be enhanced in the corrugated channel because of its recirculation regions compared to
the plain channel. Three different corrugated channel configurations, including sinusoidal,
trapezoidal, and triangular, were compared numerically under constant wall heat flux in
terms of heat transfer, entropy generation, and pressure drop by Akbarzadeh et al. [224].
Based on the results, a sinusoidal-shaped corrugated channel was chosen as the best one to
provide the minimum entropy generation and the maximum thermal performance. Huang
and Pan [225] numerically studied the heat transfer enhancement of microchannels with
various configurations, including a microchannel with ribs and a microchannel with cavi-
ties, compared to a smooth microchannel. According to the entransy method, i.e., assessing
the thermal performance based on irreversibility, the secondary heat transfer enhancement
design, which interrupts the growth of thermal and hydrodynamic boundary layers, cre-
ates superior convective heat transfer performance and lower entransy dissipation in the
microchannel heat sinks.

Table 8. Various examples of rough surfaces used for heat transfer enhancement.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Soontarapir-
omsook

et al. [226]
2020

Ex
pe

ri
m

en
ta

l

Plate heat
exchanger R-134a

- Thermal
performance

could improve
between

46.12–102.20%
by increasing

the surface
roughness

compared to
the smooth

surface.
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Table 8. Cont.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Akbarzadeh
and

Valipour
[227]

2020

Ex
pe

ri
m

en
ta

l

Parabolic
trough

collector
Water

- The maximum
thermal

performance
enhancement is

107.2% using
the corrugated
tube compared
to the smooth

tube.

Begag et al.
[228] 2021

N
um

er
ic

al Concentric
mini-tube

heat
exchanger

Water

- Thermal
performance

improves up to
60% by

applying the
corrugated

surface
compared to
the smooth

surface.

Al-Obaidi
and

Alhamid
[229]

2021

N
um

er
ic

al

Pipe heat
exchanger Water

- The pipe with
a corrugated
arc ring angle

achieves a
better thermal
performance—
about 1.3 times
better than the
smooth pipe.

Ashouri
et al. [230] 2021

Ex
pe

ri
m

en
ta

l

Pool boiling
heat transfer Water

- The thermal
performance is

enhanced by
1302% and

19.8%,
respectively, in
the rotating and

stationary
modes,

compared to
the plain
surface.
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Table 8. Cont.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Mazhar
et al. [231] 2021

N
um

er
ic

al

Pipe in a PCM Water

- The thermal
performance is
enhanced by 2.4
and 3.1 times in

the
solidification
and melting

modes,
respectively,
compared to
the smooth

tube.

Dong et al.
[232] 2021

N
um

er
ic

al

Solar air
heater Air

- The thermal
performance
improves by
94% using
inclined
grooves

compared to
the plain
surface.

Cruz et al.
[233] 2021

Ex
pe

ri
m

en
ta

l-
N

um
er

ic
al

Helical tube Water

- The maximum
thermal

performance
(up to 5 times)

can be obtained
using a tube

with the lowest
pitch when

compared to
the

smooth tube.
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Table 8. Cont.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Khoshvaght-
Aliabadi

and
Feizabadi

[234]

2020

N
um

er
ic

al Helical
channel with

a square
cross-section

Water

- The maximum
thermal

performance of
up to 1.46 times
greater than the

smooth tube
can be achieved
by applying a

tube with a
larger

corrugation
amplitude.

Zontul et al.
[235] 2021

Ex
pe

ri
m

en
ta

l-
N

um
er

ic
al

Channel Water

- Thermal
performance

increases by 2.5
times compared

to a plain
channel.

Qingchan
et al. [236] 2021

N
um

er
ic

al

Plate heat
exchanger -

- Thermal
performance

could increase
considerably
(about 280
times) by

applying a
wavy wall

compared to
the plain wall.
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Table 8. Cont.

Author Year Type of
Study Application Working

Fluid Geometry Remarks

Shirzad
et al. [237] 2019

N
um

er
ic

al

Pillow plate
heat

exchanger
Water

- Thermal
performance

could increase
(about four times)
by increasing the

height of the
pillow plate

channel
compared to a
plain channel.

Khoshvaght-
Aliabadi

et al. [238]
2021

N
um

er
ic

al

Miniature
heat sink Water

- Thermal
performance can
be enhanced by
34% using the

corrugated
surface where the

cross-section
diverges.

Hu et al.
[239] 2021

N
um

er
ic

al

Intermediate
heat

exchanger
Water

- A helically
corrugated tube

increases the
thermal

performance up
to 1.69 times

compared to the
smooth tube.

Talib and
Hilo [240] 2021

Ex
pe

ri
m

en
ta

l-
N

um
er

ic
al

Backward-
facing step

channel
Water

- Thermal
performance
improves by
almost 40%

compared to a
plain channel.

Al-Obaidi
and Jassim
Alhamid

[241]

2021

N
um

er
ic

al

Pipe Water

- A corrugated
configuration
increases the

thermal
performance up

to 1.65 times
compared to the

smooth tube.

Yang et al.
[242] 2021

N
um

er
ic

al

Coaxial heat
exchanger -

- A hybrid
smooth and

spirally
corrugated tube

could increase the
thermal

performance
(about 1.7 times)
compared to the

smooth tube.
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Author Year Type of
Study Application Working

Fluid Geometry Remarks

Chaurasiya
et al. [243] 2021

N
um

er
ic

al

Double pipe
heat

exchanger
Water

- An externally
corrugated inner

tube could
achieve a better
rate of thermal
performance

(about 1.17 times)
compared to the

internally
corrugated inner

tube.

Hamedani
et al. [244] 2020

N
um

er
ic

al

Double pipe
heat

exchanger
Water

- A higher large
diameter of the

cone, lower small
diameter of the
cone, and lower
pitch and high

roughness of the
convergent-

divergent tube
could enhance

the thermal
performance

compared to the
smooth tube.

Chen et al.
[245] 2021

N
um

er
ic

al

Helical tube Water

- A corrugated
configuration
increases the

thermal
performance up

to 1.01 times
compared to the

smooth tube.

To better understand the influence of the rough surfaces on the flow structure and heat
transfer enhancement mechanism of the systems, streamlines of the air flowing through a
pair of inclined grooves are illustrated in Figure 8. As can be seen, the inclined grooves
induce part of the air near the rippling surface, resulting in deviating the airflow from the
main direction. In this configuration, due to the symmetrical arrangement of the rippling
surfaces in the duct, the diverged airflows run into each other close to the heated wall.
Consequently, longitudinal swirl flows and secondary flows have been created after the
upwards movement of the airflow and the generation of a bulk flow.

2.6. Nanofluids

Another enhancement of the passive heat transfer techniques can be achieved by
altering the thermophysical properties of the heat transfer/working fluid [246,247].
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2.6.1. Mono Nanofluid

Mono nanofluids are made of stable suspensions of high-thermal-conductive carbon,
metallic, and non-metallic-based single nanoparticles suspended in ordinary heat trans-
fer/working fluids, called base fluids, such as ethylene, water, acetone, glycol, oil, etc. For
example, carbon-based nanoparticles are carbon nanofiber, graphene, carbon nanotube,
graphite, and graphene oxide, while metallic-based nanoparticles include copper, gold,
silver, titanium dioxide, copper oxide, aluminum oxide, silica, and zinc oxide. Mono
nanofluids are well known because of their superior thermophysical properties, including
their convective heat transfer coefficient, thermal diffusivity, and thermal conductivity
when compared to conventional base fluids. Hence, mono nanofluids have displayed
outstanding performance in heat transfer enhancement applications. Table 9 indicates
various examples of mono nanofluids used for heat transfer enhancement. Prominent speci-
fications of mono nanofluids are presented in Figure 9. However, despite the better thermal
conductivity of mono nanofluids compared to the base fluids, it has been shown that the
specific heat capacity of mono nanofluids decreases and the viscosity and density increase
under certain conditions, which are not desirable for the systems’ thermal performance.
The thermal performance of a system is highly dependent on the thermophysical properties
of the mono nanofluids, which can be obtained as follows [237,244]:

Table 9. Various examples of mono nanofluids for use in heat transfer enhancement.

Author Year Type of
Study Base Fluid Nanoparticle Concentration Application Remarks

Muruganan-
dam et al.

[248]
2020

Ex
pe

ri
m

en
ta

l

Water
Multi-wall

carbon
nanotube

0.1, 0.3, 0.5
vol%

Internal
combustion

engine

- Thermal
performance increases
by 18% compared to

the base fluid.

Rasheed et al.
[249] 2021

Ex
pe

ri
m

en
ta

l-
N

um
er

ic
al

Water Al2O3; ZnO 1, 1.5, 2 vol%

Shell and
helical

microtube
heat

exchanger

- Al2O3/water could
achieve a higher rate

of thermal
performance than

ZnO/water.
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Table 9. Cont.

Author Year Type of
Study Base Fluid Nanoparticle Concentration Application Remarks

Tong et al.
[250] 2019

Ex
pe

ri
m

en
ta

l
Water Al2O3; CuO 0.1–1.5 vol% Solar

collector

- Al2O3/water and
CuO/water

nanofluids could
improve the thermal

performance by 21.9%
and 16.2%,

respectively, compared
to the base fluid.

Ahmed et al.
[251] 2021

N
um

er
ic

al

Water Al2O3 1, 4 vol% Mini channel

- Thermal
performance increases
by 32% compared to

the base fluid.

Lari et al.
[252] 2017

N
um

er
ic

al

Water Ag 0.5 vol% Photovoltaic/Thermal
system

- Thermal
performance increases
by 18% compared to

the base fluid.- Energy
cost decreases by 82%

compared to the
regular price.

Nithyanantham
et al. [253] 2020

Ex
pe

ri
m

en
ta

l

Eutectic
salt Al2O3 1 wt% TES

- Thermal performance
increases by 20%

compared to the base
fluid.Specific heat

capacity improves by
6% compared to the

base fluid.

Chaudhari
et al. [254] 2019

Ex
pe

ri
m

en
ta

l

Water Al2O3; CuO 1 vol% Machining

- Al2O3/water and
CuO/water

nanofluids could
improve the thermal

performance by
19.74% and 36.21%,

respectively, compared
to the base fluid.

Teruel et al.
[255] 2019

Ex
pe

ri
m

en
ta

l

Diphenyl +
Diphenyl

oxide
MoSe2 - Concentrating

solar power

- Diffusivity and
specific heat capacity
improves by 4% and

7%, respectively.-
Thermal performance

increases by 11%
compared to the base

fluid.

Esmaeili-
Faraj et al.

[256]
2019

Ex
pe

ri
m

en
ta

l

Water

Synthesized
silica;

Exfoliated
graphene

oxide

0.02, 0.1 wt% Bioscrubber

- Synthesized silica is
better than exfoliated

graphene oxide in
improving the thermal

performance of the
bioscrubber.

Nazari et al.
[257] 2019

Ex
pe

ri
m

en
ta

l-
A

na
ly

ti
ca

l

Water Cu2O 0.08 vol% Solar still

- Exergy, productivity
and energy increases
by 92.6%, 82.4%, and
81.5%, respectively,

compared to the base
fluid.
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Author Year Type of
Study Base Fluid Nanoparticle Concentration Application Remarks

Soltani et al.
[258] 2017

Ex
pe

ri
m

en
ta

l

Water SiO2; Fe3O4 -

Hybrid
photovoltaic/
Thermoelec-

tric
system

- SiO2/water
nanofluid cooling

improves the power
production and

thermal performance
by 54.29% and 3.35%,

respectively, compared
to other cooling

methods.

Ahammed
et al. [259] 2016

Ex
pe

ri
m

en
ta

l

Water Al2O3 0.1, 0.2 vol%

Multiport
minichannel

heat
exchanger

- Thermal
performance increases
by 40% compared to

the base fluid.

Mohammadianet
al. [260] 2014

N
um

er
ic

al

Water Al2O3 -
Micro-pin-fin

heat
exchanger

- Thermal performance
and entropy

generation could
increase and decrease,
respectively, compared

to the base fluid.

Ahammed
et al.[261] 2016

Ex
pe

ri
m

en
ta

l

Water Graphene 0.1 vol%

Multiport
minichannel

heat
exchanger

- Thermal performance
and cooling capacity

increases by 72%
compared to the base
fluid.- The convective

heat transfer
coefficient improves
by 88.62% compared

to the base fluid.

Karana et al.
[262] 2018

T
he

or
et

ic
al

Water +
Ethylene

glycol
MgO; ZnO 1 vol%

Automotive
waste heat
recovery
system

- MgO/water +
ethylene glycol

nanofluid increases the
thermal performance
and power output by
10.95% and 11.38%,

respectively, compared
to the base fluid.

Duan et al.
[263] 2017

Ex
pe

ri
m

en
ta

l

Water
Carbon

nanotube;
Al2O3

-
Personal
cooling
system

- Both nanofluids
could improve the
heat density (up to

55%) compared to the
base fluid.

Javadi et al.
[264] 2020

N
um

er
ic

al

Paraffin

Cu; CuO;
Al2O3; TiO2;

SiO2;
Multi-wall

carbon
nanotube;
Graphene

5, 10, 15, 20
vol%

Borehole heat
exchanger

- Cu/Paraffin and
SiO2/Paraffin are the

best and worst
NEPCMs, respectively,

when used as
backfill/grout for

improving thermal
performance

compared to the base
fluid.
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Author Year Type of
Study Base Fluid Nanoparticle Concentration Application Remarks

Shirzad et al.
[265] 2019

N
um

er
ic

al
Water Al2O3; CuO;

TiO2
2–5 vol%

Pillow plate
heat

exchanger

- Al2O3/water at 2%
of concentration is

found to be better than
the other nanofluids in

improving thermal
performance.

Hamedani
et al. [244] 2019

N
um

er
ic

al

Water Al2O3; CuO 2–5 vol%
Convergent–

divergent
tube

- Al2O3/water at 4%
concentration

improves the thermal
performance by 9.29%
compared to the base

fluid.

Zaboli et al.
[266] 2019

N
um

er
ic

al

Water Al2O3; CuO;
SiO2

2–5 vol%
Shell and coil

tube heat
exchanger

- CuO/water could
achieve the highest

thermal performance
compared to the other

nanofluids.

Mousavi
Ajarostaghi
et al. [267]

2020

N
um

er
ic

al

Water Al2O3; Cu;
CuO; TiO2

2–5 vol%
Round

tubular heat
exchanger

- Cu/water and
CuO/water are found

to be the best and
worst nanofluids,

respectively, in
improving the thermal

performance
compared to the other

nanofluids.

Noorbakhsh
et al. [268] 2021

N
um

er
ic

al

Water Al2O3; CuO;
SiO2

2–5 vol%
Double-pipe

heat
exchanger

- CuO/water by 7%
and SiO2/water by

2.5% could obtain the
maximum and

minimum thermal
performance

improvements
compared to the

base fluid.

Zaboli et al.
[269] 2021

N
um

er
ic

al

Water Al2O3; CuO;
SiO2

1.5, 3, 4, 5
vol%

Shell and
corrugated

coil tube heat
exchanger

- CuO/water proves to
be the best nanofluid
in enhancing thermal

performance
compared to the other

nanofluids.

Shahi et al.
[270] 2020

N
um

er
ic

al

Water Cu - Cold plate

- Applying Cu/water
nanofluid as a

liquid-cooling method
for electronic

equipment is much
better than air-cooling

methods by
significantly

improving the heat
transfer rate thanks to
its higher specific heat
capacity and thermal

conductivity.
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Author Year Type of
Study Base Fluid Nanoparticle Concentration Application Remarks

Yang et al.
[271] 2021

Ex
pe

ri
m

en
ta

l-
N

um
er

ic
al

Water TiO2; Al2O3;
SiO2

0.1, 0.2, 0.3
vol%

Backward-
step structure

microchan-
nel

- With the base fluid of
water, the Nusselt
numbers of Al2O3,
SiO2, and TiO2 are
approximately 1.48,
1.25, and 1.28 times
greater, respectively,

than those using
pure water.

Niazmand
et al. [272] 2019

N
um

er
ic

al

Water Cu 0, 1, 5 vol%
Cylindrical
lid-driven

cavity

-The influence of the
volume fraction of

Cu/water nanofluid
on the thermal domain
and flow is negligible.
Nevertheless, the heat
transfer rate and the

Nusselt number can be
notably enhanced

when using the
nanofluid, but with
higher values of the
Reynolds number.

Niazmand
et al. [273] 2020

N
um

er
ic

al

Oil Al2O3 0–5 vol% Heat sink

- The usage of
Al2O3/Oil nanofluid

as the liquid
immersion cooling

process presents much
more efficient heat

transferring than with
air cooling.Energies 2022, 15, x FOR PEER REVIEW 37 of 55 
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The density of mono nanofluids:

ρNF = φρNP + (1 − φ)ρBF (1)

The specific heat capacity of mono nanofluids:

(Cp)NF =
φ(ρCp)NP + (1 − φ)(ρCp)BF

ρNF
(2)

The viscosity of mono nanofluids:

µNF =
µBF

(1 − φ)2.5 (3)

The thermal conductivity of mono nanofluids:

kNF = kBF

[
kBF + kNP + nkBF + φ(kNP − kBF)− nφ(kBF − kNP)

kBF + kNP + nkBF + φ(kBF − kNP)

]
(4)

where n indicates the shape factor of the nanoparticles (Sphere: n = 3, Brick: n = 3.7,
Cylinder: n = 4.9, Platelet: n = 5.7, Blade: n = 8.6), and φ is the volume fraction of the
nanoparticles. The NF, BF, and NP subscripts represent the nanofluid, base fluid, and
nanoparticle, respectively.

Kristiawan et al. [274] numerically studied the influence of employing two passive
heat transfer improvement methods, including a microfin structure and nanofluids, on
thermal performance. TiO2/water was considered as the nanofluid. The results indicated
that the heat transfer rate could be augmented by the utilization of nanofluid with a volume
fraction of 0.01%. In other work, Kristiawan et al. [275] numerically analyzed the heat
transfer process of a titania-based nanofluid flow inside a circular tube under the boundary
condition of a horizontal uniformly heated wall for both laminar and turbulent flows.
The impact of the nanoparticle volume concentration and the Re number (4000–14,000)
on the hydrothermal behavior were investigated. The results showed that nanoparticles
significantly improved the heat transfer rate at the laminar and turbulent flows. Rifa’i
et al. [276] studied the heat transfer process of water/TiO2 flow in a counter-flow double-
tube heat exchanger. The results displayed that the heat transfer rate of the nanofluid
is higher than the base fluid for the same mass flow rate and inlet temperature. The
Nu number rises by increasing the Re number and the nanofluid volume concentration.
Kristiawan et al. [277] studied numerically the TiO2/water nanofluids flow and heat
transfer process in a double-tube heat exchanger equipped with a helical microfin. The
obtained numerical outcomes depicted that the Nu number augments as the turbulence
Re number increases. Moreover, the thermal performance in the case using nanofluids
was better than the case using pure water. Although some passive methods, such as using
inserts [278,279], can cause more chaotic flows and swirl flows and, consequently, a greater
heat transfer rate, the results showed that combining these methods with nanofluid could
significantly enhance the heat transfer rate.

The greater the thermophysical properties of the heat transfer/working fluid, the
more portable and compact the industrial equipment, the more cost-effective the operation,
the better the thermal performance, and the more environmentally friendly the system
could be. Figure 10 shows the factors influencing the thermophysical properties of mono
nanofluids. A mono nanofluid comprises a core made of nanoparticles, an interfacial
layer with intermediate characteristics, and the base fluid that merges these two parts.
The mixture produced acts like a multiphase system where the phase superposition is the
most crucial matter influencing the thermophysical properties of the mono nanofluids,
particularly thermal conductivity. On the other hand, there are some challenges with using
mono nanofluids, as presented in Figure 11. For instance, one of the principal problems in
creating good nanoparticle suspensions in all nanopowder technologies is the agglomerat-
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ing of nanoparticles. Accordingly, the synthesis and suspension of uniformly dispersed or
non-agglomerated nanofluids have a considerable impact on the heat transfer enhancement
of mono nanofluids. Another critical factor affecting the heat transfer specifications of
mono nanofluids is stability, i.e., a feature showing that the nanoparticles do not aggregate
at a high rate. The nanofluids’ thermophysical properties and periodic stability depend
greatly on agglomerating and clogging, which occur during the formation process of mono
nanofluids. The addition of surfactants or dispersants is one of the simplest and most
economical ways to improve the stability of mono nanofluids by decreasing the surface
tension of the base fluid and consequently increasing the nanoparticles’ solubility.
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Furthermore, the volume concentration and pH level have been considered as two
factors that considerably affect the thermal conductivity of mono nanofluids. For example,
at a certain pH level, the potential for agglomerating increases as the repulsive force
among the nanoparticles reduces to zero. Thus, thermal conductivity and the mobility
of the nanoparticles can be improved by increasing the difference in the pH level, which
generates hydration forces. In addition to the factors mentioned above, another feature,
called Brownian motion, i.e., a random thermal motion that prevents the sedimentation of
particles in a mono nanofluid, increases the effective dispersion of the nanoparticles.

2.6.2. Hybrid Nanofluids

A new type of nanofluid, called a hybrid nanofluid, has recently been developed,
attracting drawing attention because of its high stability, good chemical inertness, and
enhanced thermophysical properties. Hybrid nanofluids have a combination of various de-
sirable features of different nanoparticles combined in one single fluid, where two or more
nanoparticles are dispersed into the base fluid to obtain better rheological and thermophys-
ical properties. The shape, size, compatibility, purity, and dispersibility of nanoparticles
significantly influence the performance of hybrid nanofluids. In addition, factors such
as the volume concentration, surfactants, temperature, dispersion method, sonication
method/time, shape and size, pH level, base fluid, and the type of nanoparticles notably
affect the stability of hybrid nanofluids. As illustrated in Figure 12, hybrid nanofluids have
been widely used in numerous heat transfer enhancement applications. Various examples
of hybrid nanofluids used for heat transfer enhancement are presented in Table 10.
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Table 10. Various examples of hybrid nanofluids used for heat transfer enhancement.

Author Year Type of
Study

Base
Fluid Nanoparticle Concentration Application Remarks

Hussien
et al. [280] 2017

Ex
pe

ri
m

en
ta

l

Water

Multi-wall
carbon

nanotubes
and

Graphene
nanoplatelets

0.075, 0.125,
0.25 wt%

Mini circular
tube with
constant
heat flux

- Thermal performance
increases by 33.5%, with an
increase of 11% in pressure

drop compared to the
base fluid.
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Table 10. Cont.

Author Year Type of
Study

Base
Fluid Nanoparticle Concentration Application Remarks

Hamid
et al. [281] 2018

Ex
pe

ri
m

en
ta

l
Water +

Ethylene
glycol

TiO2–SiO2 1 vol%
Circular tube
with constant

heat flux

- Thermal performance
increases by 35.3%, while the
friction factor also increases
compared to the base fluid.

Nabil et al.
[282] 2017

Ex
pe

ri
m

en
ta

l

Water +
Ethylene

glycol
TiO2–SiO2 0.5–3 vol%

Circular tube
with constant

heat flux

- Thermal performance
increases by 80.9%, while the
friction factor also increases
compared to the base fluid.

Hussien
et al. [283] 2019

Ex
pe

ri
m

en
ta

l

Water

Multi-wall
carbon

nanotubes
and

Graphene
nanoplatelets

0–0.125 wt%

Circular
micro tube

with constant
heat flux

- Thermal performance
increases by 58.2%, with an

increase of 12.4% in pressure
drop compared to the base

fluid.

Bahiraei
et al. [284] 2018

N
um

er
ic

al

Water
Carbon

nanotubes–
Fe3O4

-

Double-pipe
counterflow
minichannel

heat
exchanger

- The maximum thermal
performance improvement is
53.8% compared to the base

fluid.

Singh et al.
[285] 2018

N
um

er
ic

al

Water

Al2O3–Multi-
wall carbon
nanotubes;
Al2O3–Ag;
Al2O3–Cu;

Al2O3–TiO2

0–1 vol%
Shell-and-

tube
condenser

- Al2O3–Ag/water could
achieve the maximum
thermal performance

improvement of about 3.2%
compared to the base fluid.

Anitha et al.
[286] 2019

N
um

er
ic

al
-

Ex
pe

ri
m

en
ta

l

Water Al2O3–Cu 0–0.2 vol%
Shell-and-
tube heat
exchanger

- Thermal performance
increases by 139% compared

to the base fluid.

Hung et al.
[287] 2017

Ex
pe

ri
m

en
ta

l

Water
Hybrid
carbon

nanofluid
0.005–0.02 wt%

Air-cooled
finned-tube

heat
exchanger

- Thermal performance
increases by 11.7% compared

to the base fluid.

Sahoo et al.
[288] 2017

N
um

er
ic

al

Water

Al2O3–Ag;
Al2O3–Cu;

Al2O3–CuO;
Al2O3–
Fe2O3;

Al2O3–TiO2

-

Louver-
finned

flat-tube heat
exchanger

- Al2O3–Ag/water could
obtain the maximum thermal
performance improvement of
3%, with an increase of 7.3%

in pressure drop compared to
the base fluid.

Sahoo et al.
[289] 2017

N
um

er
ic

al

Ethylene
glycol

Al2O3–Ag;
Al2O3–Cu;
Al2O3–SiC;

Al2O3–CuO;
Al2O3–TiO2

-

Louver-
finned

flat-tube heat
exchanger

- Al2O3–Ag/Ethylene glycol
could obtain the maximum

thermal performance
improvement of 5.4%, while
the pressure drop increases
compared to the base fluid.
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Table 10. Cont.

Author Year Type of
Study

Base
Fluid Nanoparticle Concentration Application Remarks

Huminic
et al. [290] 2018

N
um

er
ic

al

Water

Multi-wall
carbon

nanotubes–
Fe3O4; ND–

Fe3O4

0–0.3 vol%

Flattened-
tube

automobile
radiator

- Multi-wall carbon nanotubes
and Fe3O4/water could

achieve the maximum thermal
performance improvement of

about 21%, followed by
ND–Fe3O4/water with 15%,
compared to the base fluid.

Huminic
et al. [291] 2019

N
um

er
ic

al

Ethylene
glycol

MgO–Multi-
wall carbon
nanotubes

0–0.4 vol%

Flattened-
tube

automobile
radiator

- Thermal performance
increased by 16.3% compared

to the base fluid.

Returi et al.
[292] 2019

N
um

er
ic

al

Water Al2O3–CuO;
Al2O3–TiO2

2–4 vol%
Spiral plate

heat
exchanger

- Al2O3–CuO/water could
obtain a thermal performance

enhancement of about 10%
better than

Al2O3–TiO2/water.

Bhattad
et al. [293] 2020

Ex
pe

ri
m

en
ta

l

Water

Al2O3–SiC;
Al2O3–AlN;
Al2O3–Mg;

Al2O3–CuO;
Al2O3–Multi-
wall carbon
nanotubes

0.1 vol% Plate heat
exchanger

- Al2O3–Multi-wall carbon
nanotubes/water could

obtain the maximum thermal
performance improvement of
31.2% compared to the base

fluid.

Bhattad
et al. [294] 2019

Th
eo

re
ti

ca
l

Ethylene
glycol–
Water;
Propy-

lene
glycol–
Water

MgO–Ag;
Al2O3–Ag 0–2 vol% Plate heat

exchanger

- Al2O3–Ag/Propylene
glycol–water could obtain the

maximum thermal
performance improvement of

9.3% compared to the base
fluid.

Uysal et al.
[295] 2019

N
um

er
ic

al

Water Diamond–
Fe3O4

0.05–0.2 vol% Rectangular
minichannel

- Thermal performance
increases by 30% compared to

the base fluid.

Kumar et al.
[296] 2018

N
um

er
ic

al

Water
Al2O3–Multi-
wall carbon
nanotubes

0.01 vol% Minichannel
heat sink

- Thermal performance
increases by 15.6% compared

to the base fluid.

Bahiraei
et al. [297] 2019

N
um

er
ic

al

Water Ag–
Graphene 0–0.1 vol% Microchannel

heat sink

- Thermal performance
increases by 17% compared to

the base fluid.

Kumar et al.
[298] 2019

Ex
pe

ri
m

en
ta

l-
N

um
er

ic
al

Water Al2O3–Cu 0.1 vol% Minichannel
heat sink

- Thermal performance
increases by 12.8% compared

to the base fluid.

Javadi et al.
[299] 2021

N
um

er
ic

al

Water

Ag–MgO;
TiO2–Cu;

Al2O3–CuO;
Fe3O4–Multi-
wall carbon
nanotubes

5, 10, 15, 20
vol%

Borehole heat
exchanger

- Ag–MgO/water could
obtain the maximum thermal
performance improvement of
37.02% while pressure drop
increases, compared to the

base fluid.
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Table 10. Cont.

Author Year Type of
Study

Base
Fluid Nanoparticle Concentration Application Remarks

Zaboli et al.
[135] 2021

N
um

er
ic

al

Water

Multi-wall
carbon

nanotubes–
Fe3O4;

Ag–
Graphene

1–4 vol% Solar
collector

- Multi-wall carbon
nanotubes– Fe3O4/water

could improve the thermal
performance by 18.5%

compared to the base fluid.

Mousavi
Ajarostaghi
et al. [300]

2021

N
um

er
ic

al

Water

Multi-wall
carbon

nanotubes–
Fe3O4;

Ag–
Graphene

1, 3, 5, 7 vol%
Pipe with

vortex
generator

- Multi-wall carbon
nanotubes– Fe3O4/water
could increase the thermal

performance by 11.3%
compared to the base fluid.

Hashemi
Karouei

et al. [301]
2021

N
um

er
ic

al

Water

Multi-wall
carbon

nanotubes–
Fe3O4;

Ag–
Graphene

-
Double-pipe

heat
exchanger

- Ag–Graphene/water could
obtain higher thermal

performance than the other
nanofluids.

The equations related to the thermophysical properties of the hybrid nanofluids are
given below [135,299–301]:

The density of a hybrid nanofluid:

ρHNF = φNP1ρNP1 + φNP2ρNP2 + (1 − φNP1 − φNP2)ρBF (5)

The specific heat capacity of a hybrid nanofluid:

(Cp)HNF =
φNP1(ρCp)NP1 + φNP2(ρCp)NP2 + (1 − φNP1 − φNP2)(ρCp)BF

ρHNF
(6)

The viscosity of a hybrid nanofluid:

µHNF =
µBF

(1 − φNP1 − φNP2)
2.5 (7)

The thermal conductivity of a hybrid nanofluid:

kHNF =
2(φNP1kNP1 + φNP2kNP2)− 2kBF(φNP1 + φNP2) + 2kBF +

[
φNP1kNP1+φNP2kNP2

φNP1+φNP2

]
−(φNP1kNP1 + φNP2kNP2)− kBF(φNP1 + φNP2) + 2kBF +

[
φNP1kNP1+φNP2kNP2

φNP1+φNP2

] (8)

The subscripts of HNF, BF, NP1, and NP2 represent the hybrid nanofluid, the base
fluid, nanoparticle 1, and nanoparticle 2, respectively.

The number breakdown of the published papers concerning mono nanofluids and hy-
brid nanofluids from 2011 to 2021 (according to ScienceDirect) is demonstrated in Figure 13.
It can be seen that the number of published papers concerning mono nanofluids was 92%
higher than those dealing with hybrid nanofluids in 2011. From 2012 to 2017, the difference
in the number of published papers regarding mono nanofluids and hybrid nanofluids
remained constant (almost 88% on average). Then, the number of published papers re-
garding hybrid nanofluids increased by 42% from 2017 to 2019, while the corresponding
number regarding mono nanofluids was nearly fixed. After that, it can be seen that there
was an increase of 25% in articles concerning mono nanofluids for the following two years,
whereas the number papers dealing with hybrid nanofluid experienced a growth of 50%
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during this period. Nevertheless, the difference between the corresponding numbers of
published papers for these two types of working fluids is still considered high through
2021.
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3. Conclusions

Given the several advantages of the heat transfer enhancement methods in various
applications, many studies have examined their influence on the thermal performance of
the energy conversion systems. Amongst the three types of heat transfer enhancement
methods, this paper studied passive techniques thoroughly since they are reliable, cost-
effective, and they do not require any extra power to promote the energy conversion
systems’ thermal efficiency when compared to the active and compound methods. The
passive heat transfer enhancement methods considered were inserts (twisted tapes, conical
strips, baffles, winglets), extended surfaces (fins), porous materials/surfaces, coil tubes,
rough surfaces (corrugated/ribbed surfaces), and nanofluids (mono and hybrid nanofluids).
The main conclusions derived are given as follows:

• The height, pitch, arrangement, and shape of rough surfaces are considered the geo-
metrical parameters that considerably affect thermal performance. Among the various
types of channel corrugation influencing the heat transfer and pressure drop of the
systems, the sinusoidal corrugated channel is the most-studied type compared to the
rectangular corrugated channel, trapezoidal-shaped corrugated channel, sharp corru-
gated channel, triangular-shaped corrugated channel, and the arc-shaped corrugated
channel.

• Concerning the application of various types of foam for heat transfer augmentation,
copper foams have been selected as an efficient method for electronic cooling applica-
tions and can be a great alternative to finned heat sinks. Moreover, the copper foam
and the PCM composite remarkably increase the heat transfer rate and keep the phase



Energies 2022, 15, 986 49 of 60

transition steady. The maximum reduction percentage in the charging time reported
in the reviewed research works was approximately 89%.

• The reviewed literature on the enhancement technique of metal foam use exhibited
that copper foam is the most-investigated thermal conductivity enhancer. Another
type of foam is aluminum foam which showed superior potential in decreasing the
melting rate when mixed with a PCM (up to 100%), thanks to its high conductivity.
Furthermore, nickel foam is suitable for high-temperature uses because its thermal
conductivity is relatively lower than copper and aluminum. Nevertheless, the effective
thermal conductivity of a mixture of nickel foam and PCM increases, but the latent
heat decreases. It should be noted that the balance should be considered, and it
was shown here that the impact of metal foam on the thermal storage capacity has
been less considered than its effect on the phase change process. Moreover, for
high-temperature PCM applications, expanded graphite is known for its ability to
considerably enhance the PCM composites’ effective thermal conductivity (up to 183%)
because of its durability and compatibility with high temperatures, without a notable
decrease in thermal energy storage capacity.

• Nanofluids, including mono and hybrid nanofluids, have rheological and thermo-
physical properties superior to those of the conventional heat transfer/working fluids,
notably leading to an enhanced heat transfer rate. In contrast, the increase in pressure
drop caused by hybrid nanofluids should be considered.
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