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Abstract: Improvements in miniaturization and boosting the thermal performance of energy con-
servation systems call for innovative techniques to enhance heat transfer. Heat transfer enhance-
ment 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, vari-
ous components are applied to the heat transfer/working fluid flow path to improve the heat trans-
fer 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/hel-
ical/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 trans-
fer enhancement/intensification/augmentation implies the increase of thermal perfor-
mance of every heat transfer procedure, heat exchange device, piece of equipment, me-
dium, or component, provided that the overall conception of the systems is not being con-
siderably influenced. For instance, the specific heat capacity, thermal conductivity, or la-
tent 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, suc-
tion, 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 ex-
ternal 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 pro-
duce 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 dif-
ferent passive techniques for heat transfer enhancement, as they have some advantages
over other methods, such as simplicity of production, ease of installation, and cost-effec-
tiveness. 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 ex-
ample, 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, wing-
lets), extended surfaces, porous materials/surfaces, coil/helical/spiral tubes, rough sur-
faces, and nanofluids (mono and hybrid nanofluids) comprehensively. In addition, to pro-
mote better understanding and to make the current manuscript more readable, the au-
thors 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 differ-
ent systems.

2.1.1. Twisted Tape

Twisted Tapes are flat pieces of metal or twisted strips used to obtain a regular pat-
tern 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,
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and cost. The secondary flow produced by these inserts affects the fluid flowing via the
pipe and increases the turbulence and heat transfer coefficient. This swirl flow causes tur-
bulence 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 ex-
changer 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 clock-
wise 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 per-
formance 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.

Type of

Working  Type of

Author Year Study Application Fluid Twisted Tape Geometry Remarks
Protrusion side
_ [7 - Dimpled twisted
o] O Dimple side
Q < %
Zheng et g _ AlQOs/Wa-  Dimpled : taPe gavea 25'5,3 &
2017 £ Circular tubes . higher convective
al. [45] g ter twisted .
= 5 ) heat transfer coeffi-
z/lv\, ‘ cient.
- AAAAAAAY v
Hong et g Short-length ywyiﬁii{ {’g; {;{; - The heat transfer is
&% 2018 £ Plain tube Air . & increased by 2.64
al. [46] 5 helical tapes i
& e W imes.
Li g - Heatex- AlOs/Wa-  Helical - The heat transfer is
2018 g § . M enhanced up to
et al. [47] 2 changer ter twisted tape v

14.7%.
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Nakhchi
201
et al. [48] 019

Murugan

201
et al. [49] 019

Bhattach

aryya
[50]

2020

Gnanavel
2020
etal. [51]

He
202
etal. [52] 020

Bahiraei
et al. [53] 2020

Murali et
al. [54] 2020

Paneliya

et al. [55] 2020

Samruai-
sinetal. 2020

[56]

Noor-
bakhsh 2020
et al. [57]

Experimental Numerical

. . . . Experi-
Numerical Numerical Numerical Numerical b
mental

Experi-
P Experimental
mental

Numerical

Heat ex- Twisted tape
Water
changer tube (double cut)
Trapezoidal-
trough ther- Water ng—cut
mosyphon so- twisted tape
lar collector
Short-length
Solar air . and total-
Air
heater tube length
twisted tape
TiOz/water
Double pipe BeO/water, Rectangular
heatex-  ZnO/wa- cut on
changer ter, twisted tape
CuO/water
Heat ex-

changer tube CuO/water Twisted tape

Graphene .
Coaxial cross
Heat ex- nanoplate-
double-
changer tube lets twisted tape
nanofluid P
. FesOs/Wa- Trapez@dal—
Simple tube ter cut twisted
tape
Heat ex- Water X-shaped
changer tube tape
Circular . Transverse
Air .
channel twisted tape
Double-pipe
heat ex- Water Twisted tape
changer

m e

@

Tw.ed agle: 00 Degrae

>

- The heat transfer is

oss improved by 117%

using twisted tape
with a V-cut.

- The thermal perfor-
mance is enhanced
up to 137%.

{ - By using swirl gen-

erators, heat transfer
increases by 27%.

- Twisted tape en-
hanced the thermal
performance factor

by 1.55.

- The maximum effi-
ciency coefficient in
the tube with one
twisted tape is 2.18.

- Twisted tape en-
hanced the thermal
performance factor

by 1.46.

- The proposed ge-
ometry could en-
hance the heat trans-
fer rate by almost
36%.

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

- The highest heat

N transfer coefficient is

1.32.

- Increasing the num-

- ber of twisted tapes

leads to improving
the coefficient of per-
formance by 63.9%.
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Farhan
et al. [58]

Kumar
etal. [59]

2021

2021

Numerical

Numerical

- Thermal efficiencies
are 17.5 higher than
without twisted tape.

=,

Solar air . Single twisted L
Air N
heater tape

- The thermal perfor-
mance factor for

Double pipe s twisted tape with a
pPip Perforated — — . p .
heat ex- Water . < S5« V- cut insert is 1.49
twisted tape .
changer 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 numer-
ically 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 ge-
ometrical 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 fig-
ures 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. Ob-
tained numerical results revealed that the increase in the heat transfer rate and the pres-
sure drop was about 97% and 3.48 times the results for the tube without any TT, respec-
tively. 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 perfor-
mance. Parameters under consideration were the twist ratios (/W) of the square-cut TT
(three values) and the Reynolds (Re) number (between 8000-18,000). The numerical re-
sults 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 ex-
changer. 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 addi-
tional works that numerically evaluate the impact of the different types of TT shapes, in-
cluding curved type (Outokesh et al. [65]) and dual-modified TT (Afsharpanah et al. [66]),
on the thermal performance of a heat exchanger.
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Table 2. Various examples of conical strips used for heat transfer enhancement.

Type of ... Working
Author Year Study Application Fluid Geometry Remarks
Liuetal. 2018 8. F Heat ex Water The heert transfer is enhanFed by
[67] % g Changer tube approximately 2.54-7.63 times.
a 1)
d k)_;\///. Di Le
“pd P >
Liu et al. .g Heat ex- : - The heat transfer is significantly
[68] 2018 g Water enhanced (by 9.85 times) com-
5 changer
> pared to the smooth tube results.
. S - The maximum Nusselt number
Ibrahim £ increased by 765% compared to
etal. [69] 2019 g Circular tube  Air y ’ p
g the Nusselt number using the
Z plain geometry.
Liu et al .g Parabolic - The thermal efficiency is in-
[70] 2019 £ trough re- Air . creased by 5.04% compared to
2 ceiver - the base cases.
Ba:rll?el o s - The most significant improve-
2020 & §  Plaintube ment of the Nusselt number is
Gharago - 133.8%
zloo [71] o
. 8 Parabolic - The overall thermal-hydraulic
Amani et B . . .
al. [72] 2020 £ trough solar performance is obtained in the
’ 2 collector range of 0.679-1.107.
Mashay- E
ckhiot 2020 g Oval channel AlOs/Wa- - The highest enhar}c.emer.lt of the
ter heat transfer coefficient is 17%.
al. [73] E
E Graphene
Bahiraei 2021 5 Heat ex- nancl)D arti - The Nusselt number increases
et al. [74] § changer tube cles /\ﬁ’ater by about 40.4%.
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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).

Figure 1. The streamline through the twisted tape [57]. (Reprinted from Noorbakhsh, M.; Zaboli,
M.; Ajarostaghi, S.5.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
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 effi-
ciency. 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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295.00

v 293.00

Figure 2. The streamline with baffle [77]. (Reprinted from Mellal, M.; Benzeguir, R.; Sahel, D.;
Ameur, H. Hydro-thermal shell-side performance evaluation of a shell and tube heat exchanger
under different baffle arrangement and orientation. Int. ]. 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 grad-
ually 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 in-
vestigating 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 in-
creased heat transfer performance. In 2016, Kumar et al. [83] examined the thermal behav-
ior 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 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 perfor-
mance 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 perfor-
mance 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.
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Table 3. Various examples of baffles used in shell-and-tube heat exchangers for heat transfer en-
hancement.

Type of Working Type of

Author Year Study Fluid Baffle Geometry Remarks
Baffles
I . .
Mellal et .% - The t.hermal efficiency factor is
al. [77] 2017 £ Water Baffle cut = 3.55 times more than for a case
' 2 without the baffle.
s Screw
Zhang et 2017 gEj Water Clnqu§f01l - The heat transfer C(zeffu:lent goes
al. [87] 5 orifice up by 9.2%.
z baffles
i
g
Chen et 2018 g Water Helical - Overall heat transfer perfor-
al. [88] g baffles mance is increased by 161.3%.
&
Gu et al = .g - The heat transfer coefficient of
[89] - 2018 :c} ';G: £ Water the heat exchanger is improved by
HE 2 10.2%.
Ei
g Ladder-
Xiao et al. QE) Coal water oo | - The heat transfer coefficient is in-
e B olurry  YPefold | creased by 290.2%.
% baffles * B ) "
2 b=t
Liu et al. 5 _ Fold heli- % - The heat transfer coefficient is
<
[91] 2019 § ¢ Water cal baffles % ’ WA’ £ @ improved by 8.05%.
T‘S
Arani et 5 Segmen- - - The heat transfer performance is
2019 & S -
al. [92] g Water tal baffle < increased by 39%.
Z Q
P
7‘8 Baffle Angle=135 HM’ﬂc 1’\!\),!!('-‘)()
Abbasi et 5 Segmen- - The heat transfer performance is
al. [93] 2020 g Water tal baffles enhanced by 11.15%.
Z
s Novel
Biger et al. 2000 'q;) Water three- - The d.iff.erence in shell tempera-
[94] 5 zonal baf- ture is increased by up to 7%.
Z fle
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=
€
Chen et £ Flower vv& QQ& - The heat transfer performance is
2020 -
al. [95] QE: Water Baffles improved by 11.15%.
X ﬁ A
£ Trapezoi-
Bahiraei 5 . dal - The difference in shell tempera-
et al. [96] 2021 § Nanofluid oblique ture is increased by up to 4.04%.
Z baffles
Abbasian S
and Uo- £ Com- - The heat transfer performance is
2021 £ Water bined baf- . P
sofvad. 5 f increased by 22.4%.
[97] z. ¢
= Convex
El-Said et o S <—> - The heat transfer performance is
© - Central baflle
al. [98] 2021 5 © Water  corebaf- ) g enhanced by 51.31%.
z fles -
Uo- _ .
sofvand 'g SI;IYEZS- - The heat transfer performance is
and Ab- 2021 g Water  Sc8Me At transier pertorma
basian 5 tal-helical improved by 41%.
[99] Z baffles

Table 4. Various examples of baffles used for heat transfer enhancement.

Author Year Type of Application Working

Study Fluid Geometry Remarks
E
Hu ot al. g . - The optimum colleoctor effi—
[100] 2018 g Solar collector ~ Air ciency reached 86.83% despite
& the baffle.
28]
. kS . - The average temperature melio-
Ansari et 2018 9 Micro-com- _ rates by 6°§o and tl:})1e uniformity
al. [101] g bustor by 879
Z y 0.

Sara- i - There is an increase in the heat
vanakum g transfer rate of about 12.9%
ar and ku- 2019 g Heat sink Air when applying the baffles in-

Q. 1] stead of using the plain heat
mar [102] é AR . sink.
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Karami et
al. [103]

Hu et al.
[104]

Khanlari
etal. [105]

Olfian et
al. [106]

Promvon
geetal.
[107]

2019

2019

2020

2020

2021

Experimental = Experimental =~ Numerical

Numerical

Experimental

Micro-pin-fin
heat sink

- The heat transfer performance

A
1 is increased by 47.3%.

- The heat transfer performance

1 11 Ai
Solar collector o is improved by 16.1%.

Solar air col- - The highest efficiency of 84.30%

Air is obtained when using the baffle
lector . . .
in a single air channel.
- The pressure drop and Nusselt
Solar air Air number rise by about 316.67%
heater and 148.15%, respectively, at Re
=2000.

- The heat transfer efficiency is

Channel Water enhanced by 5.8%.

Thintikss st et Eletrical besershest

Bale

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,
itis 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 tech-
nology 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 de-
signed 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 max-
imum 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.
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A numerical investigation on the influence of using rectangular winglet pairs on the ther-
mal 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 com-
bined 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 gen-
erator 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.

Type of .
Author Year Study Application Geometry Remarks
s / /}/’A/ vy Af/? ‘ \ i \ / - Winglet vortex generator inserts
Chamoli et 2018 b Solar air A v t2s “~{  show an excellent thermal en-
al. [114] g heater g Z / \ / - hancement factor with a maximum
Z e t Ho value of 2.20.
Samadifar .g Plate-fin heat - The vortex generator increases
2018 °E" the heat transfer of the heat ex-
etal. [115] 3 exchanger chaneer by 7%
Z g y /0.
E
5
Luo et al. 2019 g Plate-fin heat - The thermal performance factor
116 5 exchanger is increased by up to 26.4%.
& y up
&
5
= - The maximum increase in the
Zhai ot al g Circular tube Nusselt number is observed, with
[117] © 2019 g the delta winglet pairs producing
:é.‘ numbers 73% higher than those
4] with the smooth tube.
Ei
: .
Sun et al. g Cireular heat - The heat transfer is improved by
2020 = exchanger .
[118] g 11.63 times.
o3 tubes
8
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Kumar et
al. [119]

Modi et al.
[120]

Promvonge
etal. [121]

Shi et al.
[122]

2020

2020

2021

2021

Experimental

Numerical Experimental

Numerical

- The Nusselt number is increased
by up to 5%.

5

Solar air
heater
Winglet
\ rib

! {
¢ I 8 (
Plate-fin heat .
exchanger F /‘ ﬂ

periodic condition

- The heat transfer is increased by
up to 57.37%.

symmetry

- The punched delta winglet pro-
vides a more significant Nusselt
number by 78.21 times.

Solar air
heater

symmetry

Plate-fin heat
exchanger

- The heat transfer is enhanced by
43.9%.

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.

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. ]. 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 enhance-
ment in the internal flow. Double-sided delta-wing tape was employed as a swirl genera-
tor. The impact of the wing-pitch ratio was analyzed. The results revealed that the pro-
posed 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-



Energies 2022, 15, 986

14 of 55

sided delta-winglet tape in a tube to experimentally study the increment in the heat trans-
fer 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 x 10-8.33 x 105 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 genera-
tors 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 experi-
mental 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 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 cre-
ated [135,136].
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Figure 4. The streamline with fins [136]. (Reprinted from Zaboli, M.; Ajarostaghi, S.5.M.; Saedodin,
S.; Pour, M.S. Thermal Performance Enhancement Using Absorber Tube with Inner Helical Axial
Fins in a Parabolic Trough Solar Collector. Appl. Sci. 2021, 11, 7423. Copyright (2021), with permis-
sion from Multidisciplinary Digital Publishing Institute (MDPI)).

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

Type of . . Working
Author Year Study Application Fluid - Geometry Remarks
E: P
3 IE
Saeidi et 5 Geothermal . | ‘ - The heat transfer of the
2018 £ Air - .
al. [137] = heat pump - system improves by 31%.
z 3
o
E
Zhang et b Plate-fin heat . - The Nusselt number ratio
2018 ir . .
al. [138] g exchanger increases by 1.5 times.
Z
Qmm
| I
.TS Internal com- : : Jrsmm
Vyas et al. 2018 g bustion en- Engine fuel ] ] - U51r.1g fins 1Tnproved the
[139] g . : ; engine cooling by 22%.
= gine : : -

78 mm
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Kim et al.
202
[145] 020

Numerical

Experimental

Numerical

Numerical

Numerical

Numerical

Spiral-fin heat
exchanger

Heat ex-
changer

Heat sink

Circular chan-

nel

Heat sink

Gas turbine

Water

Air

Air

Air

Air

1.=300um

/)

(b) Plate-fin heat si

vith fillet profile

(© Symmetrical half-round pins in_vertical

arrangement

(@ Corrugated half-round pins in vertical
armangement

Cold air stream

Cold air stream
outlet

- The spiral-fin improves the
heat transfer rate by about
56%.
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Liu et al.
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et al. [148] 2021
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al. [149] 2021
Zhang et
al. [150] 2021
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Yan et al.
[153] 2021

Numerical-

'E — Heat e Multi-waves internally spiral fin ~ External fube - The heat transfer coeffi-
&g cient is improved by 8.67
= changer .
4] times.

.g Solar concen- - Long and thin fins showed
g trator the most remarkable effi-
2 ciency improvement of 1.6%.
~8 Parabolic Nano

5 - The heat transfer is in-

£ trough solar tubes/Iron dby 37.2%

E collector Oxide creased by o7.2%.

E

5 Heat sink Air - The highest hydrothermal
g performance factor is 1.87.
Z.

Fin-and-tube
In-and-tu - The heat transfer is en-

Numerical-
Experimental

is 1.4.

heat ex- Alr hanced by 8%.
changer
Graph
s ia(lj:)r esr_w - The highest enhancement
s i y in the heat transfer rate
£ Radiator  tal/Water + o/ . .
(60%) is achieved using a
> Ethylene ‘ .
Z | louvered fin.
glycol
E
5 Helically Water - The Nusselt number is im-
g coiled tubes proved by 39%.
Z
.g - The maximum heat trans-
g Heat sink Air - fer efficiency of the heat sink
5
Z




Energies 2022, 15, 986

18 of 55

Liang et
al. [154]

2021

Numerical

Periodic

Outlet
Leading endwall / \

O - - The heat transfer is im-

. ; pe

Channel Air ” P N 4 by 16.9%
T ey Periodic prove y 16.7%.

\ - Trailing endwall

.3—0 pot

2.3. Porous Materials

Metal foams (MFs), porous metal structures with an extraordinarily high thermal
conductivity and a large surface area in a relatively small volume, have attracted research-
ers’ 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 trans-
fer. Because of the high heat transfer area and the high thermal diffusion capacity, incor-
porating MFs produces excellent conductive heat transfer that augments the heat transfer
rate considerably. 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. Consequently, 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 perfor-
mance. In redesigning a thermal system equipped with MF, the port density and porosity
are vital factors that could significantly influence effective thermal conductivity. The po-
rous materials used include various kinds of material, which the most common and effi-
cient 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 conduc-
tivity 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 conductiv-
ity. 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 dou-
ble-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 stud-
ied 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. Results showed that an increase in the inlet Reynolds number causes aug-
mentation 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 im-
pinging gas flow rate were evaluated. Results indicated that finned copper foam is supe-
rior 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
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inch and porosities have been considered for the porous media. The obtained experi-
mental 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 ap-
plications. 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.

Finned copper foams (10 PPI) with the height of 60, 45, 30, 15 mm. respectively

W G W <

Finned copper foams (20 PPI) with the height of 60, 45, 30, 15 mm, respectively

-

(b)

Figure 5. Various utilization of copper foams for heat transfer enhancement: (a) a double-pipe heat
exchanger equipped with porous fins [160]; (b) different heat sinks as test specimens [161]; (c) a
picture of pore density on the foam structure [162]. (Reprinted from Hamzah, J.A.; Nima, M.A. Ex-
perimental 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 Else-
vier).

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)
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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 mate-
rial 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 help-
fulness 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 charg-
ing 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 bet-
ter thermal performance than the case with 50 PPL. 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 stor-
age. 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 em-
ploying metal foam on the charging behavior of a nano-enhanced PCM (NEPCM) compo-
site. 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
and the location of the cooper foam. The numerical outcomes showed higher thermal per-
formance 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 po-
rous materials and nanoparticles, led to the best charge process compared to each method
individually.
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Figure 6. Partial use of metal foams (copper foams) for heat transfer enhancement: (a) rectangular
enclosures partially filled with metal foam in different locations [177]; (b) LHTES system partially
filled with metal foam [178]. (Reprinted from Meng, X.; Yan, L.; He, F. Filling copper foam partly on
thermal behavior of phase-change material in a rectangular enclosure. ]. Energy Storage 2020, 32,
101867. Copyright (2020), with permission from Elsevier.); (Reprinted from Zadeh, SM.H.;
Mehryan, S.A.M.; Ghalambaz, M.; Ghodrat, M.; Young, J.; Chamkha, A. Hybrid thermal perfor-
mance 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 Else-
vier).

Aluminum Foam

As material other than copper that also exhibits high thermal conductivity, alumi-
num 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 ther-
mal systems has been investigated in several works. Chen et al. [179] studied the useful-
ness 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 pro-
posed 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 improve-
ment in both the charge and discharge processes. Accordingly, by employing open-cell
aluminum foam, the melting rate of the PCM augmented by about 100%; however, a lower
augmentation rate (20%) was observed for the solidification rate.
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Figure 7. A thermal storage unit with metal foam [181]. (Reprinted from Fleming, E.; Wen, S.; Shi,
L.; da Silva, A.K. Experimental and theoretical analysis of an aluminum foam enhanced phase
change thermal storage unit. Int. ]. Heat Mass Transf. 2015, 82, 273-281. Copyright (2015), with per-
mission 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 nu-
merical 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. Ac-
cording to the obtained outcomes, the optimum case in terms of the highest heat transfer
augmentation belonged to the aluminum porosity of 84% at 25 um 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 com-
posite reduced 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 ex-
periments 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 investi-
gated 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 improve-
ment in the effective thermal conductivity compared to the plain PCM. The optimum en-
hancement 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 par-
affin/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 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.
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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 ther-
mal 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 aug-
mentation 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 character-
istics of a salt PCM. The outcomes showed that 9% wt EG has the best thermal perfor-
mance. 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 sys-
tems [197], thermal systems [198], etc., has been studied. The review of the previous re-
lated works is listed in detail in Table 7.

Table 7. Various examples of works related to utilizing coil/helical/spiral tubes for heat transfer
enhancement.
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exchanger was evaluated in
the charging process of an ice
storage system with a vol-
ume 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%, respec-
tively.

Pakzad et al. [205]

2019

Numerical

Tube Inner Wall
Cold

Serpentine
Tube

~

Water/Ice Storage

Water/Eth-

Ice Storage ylene Gly- b
col h

- An ice storage system was
equipped with a serpentine
tube heat exchanger.

- The ice formation rate for
the highest distance between
serpentine tube rows com-
pared 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 di-
ameter.

Saydam et al. [206]

2019

Experimental

—

"*"’4"04 !

}
d

Vil

\

TES Water

- A prototype PCM heat ex-
changer with a helical coil
tube was designed, fabri-

cated, and experimentally an-

alyzed 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 in-
creasing the flow rate from

0.5 to 4 L/min.
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- Increasing the coil pitch by
200% decreases the melting
rate by 4.7%.

/ - By increasing the coil diam-

© eter by 37.5%, the melting
Water/Eth- . rate decreases by 31.0% after
Ice Storage ylene Gly- 266.7 min.
' - The coil height has an oppo-

PCM Storage

2019

Numerical

col

site effect on the melting rate

DSIIL‘II

WR\RIYIAN so that by increasing it by

‘ v ‘ﬂ‘ 7777777 75%, at t = 160 min, the melt-

ing rate is increased only by
1.32%.

Mousavi Ajarostaghi et al. [207]

- The optimal structures of
the LHTES system with sin-
gle and double coil tubes
were determined using the
quasi-steady state method.

- The heat storage perfor-
mance of the LHTES system
with a double coil tube is bet-

2018 TES Water

Zheng et al. [208]
Numerical

ter than that of a single coil
tube.

- A new type of helical
ground heat exchanger (triple
helix) was introduced.

- The effects of various geo-
metric parameters on heat ex-
changer performance were
studied.

- Helical coil length is the
most influential parameter in
heat exchanger performance.
- Proposed equations are ca-
pable of predicting the ther-
mal properties of the heat ex-
changer.

Borehole Heat

2019 Exchanger

Water

Numerical

Javadi et al. [209]

» Sandy Clay

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 systems
[209-214]. Table 8 shows various examples of rough surfaces for heat transfer enhance-
ment. 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
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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 corruga-
tion that directly impact heat transfer and pressure drop rates of the thermal systems are
the rectangular corrugated channel, trapezoidal-shaped corrugated channel, sharp corru-
gated channel, triangular-shaped corrugated channel, arc-shaped corrugated channel,
and sinusoidal 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 maxi-
mum thermal performance is achieved at a phase shift of 180° and with lower space vari-
ation 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 ex-
amined 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, 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 en-
hanced by increasing the relative waviness. Sarkar et al. [220] performed a numerical sim-
ulation to evaluate the heat transfer and fluid flow inside a furrowed wavy channel (si-
nusoidal corrugated channel) considering various wave amplitudes and wavelengths un-
der a constant 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 tem-
perature was examined experimentally and numerically by Tokgoz et al. [222]. It was con-
cluded 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 chan-
nel 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, includ-
ing sinusoidal, trapezoidal, and triangular, were compared numerically under constant
wall heat flux in terms of heat transfer, entropy generation, and pressure drop by Akbar-
zadeh et al. [224]. Based on the results, a sinusoidal-shaped corrugated channel was cho-
sen as the best one to provide the minimum entropy generation and the maximum ther-
mal performance. Huang and Pan [225] numerically studied the heat transfer enhance-
ment of microchannels with various configurations, including a microchannel with ribs
and a microchannel with cavities, compared to a smooth microchannel. According to the
entransy method, i.e., assessing the thermal performance based on irreversibility, the sec-
ondary heat transfer enhancement design, which interrupts the growth of thermal and
hydrodynamic boundary layers, creates superior convective heat transfer performance
and lower entransy dissipation in the microchannel heat sinks.
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Table 8. Various examples of rough surfaces used for heat transfer enhancement.

Type of ... Working
Author Year Study Application Fluid Remarks
_ - Thermal performance
Soon- *r-'é could improve between
. _ ] _ _ 0, . _
tarapirom- ., £ Plate heat ex R-134a 4.16.12 102.20% by increas
sook et al. ) changer ing the surface roughness
[226] 2 compared to the smooth
surface.
= - The maximum thermal
Akbarza- = .
deh and 5 Parabolic performance enhancement
. 2020 £ trough collec- Water is 107.2% using the corru-
Valipour 3
[227] =% tor gated tube compared to the
= smooth tube.
_ . - Thermal performance im-
S Concentric roves up to 60% by apply-
Begag et 5 mini-tube P P Y abply
2021 £ Water - ing the corrugated surface
al. [228] = heat ex-
> changer compared to the smooth
surface.
- The pipe with a corru-
AL-Obaid 2 Pipe heatex ceves a betes thrma
and Alha- 2021 g pe hea Water achieves a 2
mid [229] 5 changer performance —about 1.3
Z times better than the
smooth pipe.
_ - The thermal performance
"E is enhanced by 1302% and
. 5} o o . .
Ashouri et 2001 g Pool boiling Water 19.8 /0,. respectlvely, in the
al. [230] o heat transfer rotating and stationary
2“ modes, compared to the

plain surface.
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Mazhar et
al. [231] 2021

Dong et al.

[232] 2021

Cruz et al.
2021
[233]

Khosh-
vaght-Ali-
abadi and 2020
Feizabadi
[234]

Numerical

Numerical

Experimental- Numeri-

Numerical

-
(o}

]

Pipeina
PCM

Solar air
heater

Helical tube

Helical chan-
nel with a
square cross-
section

Water

Water

- The thermal performance
is enhanced by 2.4 and 3.1
= times in the solidification
/" and melting modes, respec-
tively, compared to the
smooth tube.

- The thermal performance
improves by 94% using in-
clined grooves compared
to the plain surface.

- The maximum thermal
performance (up to 5
times) can be obtained us-
ing a tube with the lowest
pitch when compared to
the smooth tube.

structure on lower wall
(Case of lower)

Corrugated structure on outer wall \
(Case of outer)

structure on upper wall
(Case of upper)

Corrugated structure on inner wall
(Case of inner)

Corrugated structure on inner
and outer walls
(Case of inner-outer)

Corrugated structure on upper
and lower walls
(Case of upper-lower)

I Low corrugation-amplitude \
/ Medium corrugation-amplimde‘
) High corrugation-amplitude ‘

Low?

w

- 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 corruga-
tion amplitude.
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Zontul et

al 235] 202

Qingchan

et al. [236] 2021

Shirzad et

al 237] 20V

Khosh-
vaght-Ali-
abadi et al.

[238]

2021

Hu et al.

[239] 2021

Talib and

Hilo [240] 2021
Al-Obaidi
and Jassim 2021
Alhamid

[241]

Yang et al.

[242] 2021

Experi-

Experi-

mental-
Numerical

Numerical

Numerical

Numerical

mental- Numerical

Numerical

Numerical

Numerical

Channel

Plate heat
exchanger

Pillow plate
heat ex-
changer

Miniature
heat sink

Intermediate
heat ex-
changer

Backward-
facing step
channel

Pipe

Coaxial heat
exchanger

Water

Water

Water

Water

Water

= ,/{ SEIo = = - Thermal performance in-
&7 /’, " iﬁ‘;:"_%;'i&ﬁ% ][ - creases by 2.5 times com-

2y

Wavy wall(,=293.15K. u=0)*”

/1\{ ¥ = Asin(2x/po)
P

Ej/Tfr:;///T7§35W“

¥ = Asin(2ux/p, +6)

Fluid velocity

R

Corrugation v

pared to a plain channel.

- Thermal performance
could increase considera-
bly (about 280 times) by
applying a wavy wall com-
pared to the plain wall.

- Thermal performance
could increase (about four
times) by increasing the
height of the pillow plate
channel compared to a
plain channel.

- Thermal performance can

length
e?c?) ’ be enhanced by 34% using
' the corrugated surface
3 Route . .
deep Where the cross-section di-
P = verges.
- A helically corrugated

Constant Heat Flux
I Adisbatic

'
LA L

Helically Corrugated Tube
Section

2
Toet docten

+

tube increases the thermal
performance up to 1.69
times compared to the
smooth tube.

| - Thermal performance im-

[ |-
'TI‘"IVL_!'WH

| proves by almost 40% com-

pared to a plain channel.

- A corrugated configura-
tion increases the thermal
performance up to 1.65
times compared to the
smooth tube.

- A hybrid smooth and spi-
rally corrugated tube could
increase the thermal per-

formance (about 1.7 times)
compared to the smooth
tube.
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Chaura-
siya et al.
[243]

Hamedani
et al. [244]

Chen et al.
[245]

2021

2020

2021

Numerical

Numerical

Numerical

\ / \ / \ / \ Al N.L: - An externally corrugated
117 ™ inner tube could achieve a

1
Double pipe J
PP better rate of thermal per-
heat ex- Water PO— ;
formance (about 1.17 times)
changer — )
“/\ /\ /\ /\ /oo o compared to the internally
NS N " -Tim NIW corrugated inner tube.
- A higher large diameter

of the cone, lower small di-
ameter of the cone, and

Double pipe lower pitch and high
heat ex- . roughness of the conver-
changer :tctt i P . gent-divergent tube could

d it - enhance the thermal per-

formance compared to the
smooth tube.

- A corrugated configura-
tion increases the thermal
performance up to 1.01
times compared to the
smooth tube.

Helical tube ~ Water

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.

Temperature
31

2

H 311
310

[ 308
307
306
305
304
302
301
300

(K]

Figure 8. Streamlines of the air flowing through the inclined grooves [232]. (Reprinted from Dong,
Z.; Liu, P.; Xiao, H.; Liu, Z.; Liu, W. A study on heat transfer enhancement for solar air heaters with
ripple surface. Renew. Energy 2021, 172, 477-487. Copyright (2021), with permission from Elsevier).



Energies 2022, 15, 986

32 of 55

2.6. Nanofluids

Another enhancement of the passive heat transfer techniques can be achieved by al-
tering the thermophysical properties of the heat transfer/working fluid [246,247].

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 out-
standing performance in heat transfer enhancement applications. Table 9 indicates vari-
ous examples of mono nanofluids used for heat transfer enhancement. Prominent specifi-
cations 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 proper-
ties of the mono nanofluids, which can be obtained as follows [237,244]:

The density of mono nanofluids:

Py = 8w + (1=9) Py 1)

The specific heat capacity of mono nanofluids:

C 1- C
(CP)NF:¢(,0 p)NP +’f P(p p)BF 2

The viscosity of mono nanofluids:

__ Mg
(1-¢)*

The thermal conductivity of mono nanofluids:

kBF + kNP + nkBF + ¢(kNP — kBF) — n¢(kBF — kNP)
kBF + kNP + nkBF + ¢(kBF - kNP)

Hyr 3)

kyp = kpp )

where 1 indicates the shape factor of the nanoparticles (Sphere: n = 3, Brick: n = 3.7, Cyl-
inder: n=4.9, Platelet: n =5.7, Blade: n = 8.6), and #is the volume fraction of the nanopar-
ticles. The NF, BF, and NP subscripts represent the nanofluid, base fluid, and nanoparticle,
respectively.
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Table 9. Various examples of mono nanofluids for use in heat transfer enhancement.

Author

Year

Type of
Study

Base Fluid

Nanoparti-
cle

Concentration Application

Remarks

Muruganandam et
al. [248]

2020

Experimental

Water

Multi-wall

0.1,0.3,0.5
carbon

vol%
nanotube

Internal com- - Thermal performance
bustion en-
gine

increases by 18% com-
pared to the base fluid.

Rasheed et al. [249]

2021

Experimental-
Numerical

Water

AlLOs3; ZnO 1,1.5,2 vol%

Shell and heli- - Al:Os/water could

cal microtube achieve a higher rate of
heat ex- thermal performance
changer than ZnO/water.

Tong et al. [250]

2019

Experimental

Water

AlQOs; CuO  0.1-1.5 vol%

- ALOs/water and
CuO/water nanofluids
could improve the ther-
Solar collector mal performance by
21.9% and 16.2%, respec
tively, compared to the

base fluid.

Ahmed et al. [251]

2021

Numeri-
cal

Water

Al0O3 1, 4 vol%

- Thermal performance
Mini channel increases by 32% com-

pared to the base fluid.

Lari et al. [252]

2017

Numerical

Water

Ag 0.5 vol%

- Thermal performance
increases by 18% com-
pared to the base fluid.
- Energy cost decreases
by 82% compared to the
regular price.

Photovol-
taic/Thermal
system

Nithyanantham et
al. [253]

2020

Experimental

Eutectic
salt

AlOs 1 wt%

- Thermal performance
increases by 20% com-
pared to the base fluid.
TES g .
Specific heat capacity
improves by 6% com-

pared to the base fluid.

Chaudhari et al.
[254]

2019

Experimental

Water

AlO3; CuO

1 vol%

- AlOs/water and
CuO/water nanofluids
could improve the ther-
mal performance by
19.74% and 36.21%, re-
spectively, compared to
the base fluid.

Machining
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- Diffusivity and specific

s heat capacity improves
g Diphenyl + . by 4% and 7%, respec-
Teruel et al. [255] 2019 g Diphenyl = MoSe: - Cs(;rllacfnt;:f;g tively.
éﬂ oxide P - Thermal performance
= increases by 11% com-
pared to the base fluid.
— - Synthesized silica is
*g Synthesized better than exfoliated
Esmaeili-Faraj et al. 2019 é Water silica; Exfoli- 002,01 wt% Bioscrubber graPhene oxide in im-
[256] 3] ated gra- proving the thermal per-
L% phene oxide formance of the bi-
oscrubber.
= - Exergy, productivity
;&; g and energy increases by
Nazari et al. [257] 2019 £ :Z‘ Water Cu0 0.08 vol% Solar still  92.6%, 82.4%, and 81.5%,
E; é respectively, Compared
22 to the base fluid.
- SiOz2/water nanofluid
'c;g Hybrid pho- cooling improYes the
) - power production and
Soltani et al. [258] 2017 g Water  SiOz; FesOs - . tovo thermal performance by
2. taic/Thermoe- s, 2o, and 3.35% re-
5 lectric system tivel dt
spectively, compared to
other cooling methods.
Multiport
Ahammed et al. 'é g minlilchgr(:nel - Thermal performance
[259] 2016 & 5 Water Al0Os 0.1, 0.2 vol% heat ex- increases by 40% com-
A & pared to the base fluid.
changer
- Thermal performance
. E Micro-pin-fin and en'tropy generation
Mohammadian g could increase and de-
2014 = Water ALO:s - heat ex- .
et al. [260] 5 changer crease, respectively,
Z compared to the base
fluid.
- Thermal performance
_ and cooling capacity in-
-*g Multiport creases by 72% com-
Ahammed et al. £ minichannel pared to the base fluid.
[261] 2016 'é Water  Graphene 0-1vol% heat ex- p— The convective heat
E changer transfer coefficient im-
proves by 88.62% com-
pared to the base fluid.
- MgO/water + ethylene
glycol nanofluid in-
'?:3 Water + Automotive Creases the thermal per-
Karana et al. [262] 2018 % Ethylene MgO; ZnO 1 vol% waste heat re- Ofﬁim;n; ¢ ?835}1/00:5;
é glycol covery system 11.58%, Zesp'ectively,

compared to the base
fluid.
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- Both nanofluids could

LR Carbon Personal cool-improve the heat densit
Duanetal. [263] 2017 8 g Water  nanotube; - . P o y
X g ing system (up to 55%) compared to
=8 AlOs i
the base fluid.
- Cu/Paraffin and
Cu; CuO; SiO2/Paraffin are the best
Tai ALLOs3; TiOz; and worst NEPCMs, re-
= i02; Multi- 10, 15,20 Borehole h ively, wh
Javadietal. [264] 2020 g Paraffin SiO2; Multi- 5, 10, 05, 0 orehole heat spectlve.z y, when us.ed as
5 wall carbon vol% exchanger backfill/grout for im-
Z nanotube; proving thermal perfor-
Graphene mance compared to the
base fluid.
— - AlOs/water at 2% of
© . . .
2 ALOs CuO: Pillow plate concentration is found to
Shirzad et al. [265] 2019 g Water 2 T31’O " 2-5vol% heat ex-  be better than the other
2 ’ changer  nanofluids in improving
thermal performance.
_ - AlOs/water at 4% con-
Hamedani et al .g Convergent— centration improves the
[244] ©2019 g Water ALOs;; CuO  2-5vol% divergent thermal performance by
é’ tube 9.29% compared to the
base fluid.
_ - CuO/water could
' .% ALOs; CuO; Shell and coil achieve the highest ther-
Zaboli et al. [266] 2019 £ Water SO 2-5 vol% tube heat ex- mal performance com-
2 ? changer pared to the other
nanofluids.
- Cu/water and CuO/wa-
_ ter are found to be the
Mousavi .g ALOs: Cu: Round tubu- best and worst nanoflu-
Ajarostaghi etal. 2020 g Water Py 2-5vol% lar heat ex-  ids, respectively, in im-
CuO; TiO2 .
[267] :2 changer proving the thermal per-
formance compared to
the other nanofluids.
- CuO/water by 7% and
_ SiOz/water by 2.5% could
s . . .
Noorbakhsh et al. .5 ALO3; CuO; Double-pipe Obt.all"l the maximum and
[268] 2021 £ Water SO 2-5 vol% heat ex- minimum thermal per-
2 ’ changer formance improvements
compared to the base
fluid.
- t t
= Shell and cor- CuO/water proves to be
2 ALOs: CuO: rueated coil the best nanofluid in en-
Zaboli et al. [269] 2021 g Water N "1.5,3,4,5v0l% & hancing thermal perfor-
g 5i02 tube heat ex-
mance compared to the
Z changer

other nanofluids.
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Shahi et al. [270]

2020

Numerical

- Applying Cu/water
nanofluid as a liquid-
cooling method for
electronic equipment is
much better than air-

Water Cu - Cold plate  cooling methods by sig-
nificantly improving the
heat transfer rate thanks
to its higher specific heat

capacity and thermal
conductivity.

Yang et al. [271]

2021

Experimental- Numeri-
cal

- With the base fluid of

water, the Nusselt num-

Back 4 bers of Al2Os, SiO2, and

TiO; ALO5;  01,02,03 ac twart " TiO» are approximately

Si0: vol% ~ SCPSIUCHUI® g g 125 and 1.28
microchannel |
times greater, respec-
tively, than those using

Water

pure water.

Niazmand et al.
[272]

2019

Numerical

-The influence of the vol-

ume fraction of Cu/water

nanofluid on the thermal

domain and flow is neg-

Cylindrical ligible. Nevertheless, the
Water Cu 0,1,5vol% lid-driven heat transfer rate and the

cavity Nusselt number can be

notably enhanced when

using the nanofluid, but

with higher values of the

Reynolds number.

Niazmand et al.
[273]

2020

Numerical

- The usage of Al20s/Oil
nanofluid as the liquid
Oil ALOs 0-5 vol% Heatsink oooon cooling pro-
cess presents much more
efficient heat transferring

than with air cooling.
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High

specific

surfacearea  Prominent

A Specifications
( of Mono

Nanofluids

Figure 9. Prominent specifications of mono nanofluids.

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. TiOz/water was considered as the nanofluid. The results indicated
that the heat transfer rate could be augmented by the utilization of nanofluid with a vol-
ume 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 bound-
ary 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 sig-
nificantly improved the heat transfer rate at the laminar and turbulent flows. Rifa’i et al.
[276] studied the heat transfer process of water/TiO: 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 TiOz/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 en-
hance 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 opera-
tion, the better the thermal performance, and the more environmentally friendly the sys-
tem could be. Figure 10 shows the factors influencing the thermophysical properties of
mono nanofluids. A mono nanofluid comprises a core made of nanoparticles, an interfa-
cial 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 us-
ing mono nanofluids, as presented in Figure 11. For instance, one of the principal prob-
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lems in creating good nanoparticle suspensions in all nanopowder technologies is the ag-
glomerating of nanoparticles. Accordingly, the synthesis and suspension of uniformly dis-
persed or non-agglomerated nanofluids have a considerable impact on the heat transfer
enhancement of mono nanofluids. Another critical factor affecting the heat transfer spec-
ifications 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 sta-
bility 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 sim-
plest and most economical ways to improve the stability of mono nanofluids by decreas-
ing the surface tension of the base fluid and consequently increasing the nanoparticles’
solubility.

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.

Additives

Sonication pH control

Influential
Factors on
Thermophysical
Properties of
Mono
Nanofluids

— -

Aggregation

Particle
loading,
material,
shape,
size

Figure 10. Factors influencing the thermophysical properties of mono nanofluids.
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Figure 11. Challenges of mono nanofluids.

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
desirable 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 ther-
mophysical properties. The shape, size, compatibility, purity, and dispersibility of nano-
particles significantly influence the performance of hybrid nanofluids. In addition, factors
such as the volume concentration, surfactants, temperature, dispersion method, soni-
cation 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.

Table 10. Various examples of hybrid nanofluids used for heat transfer enhancement.

Typeof Base

Author Year Study  Fluid Nanoparticle Concentration Application Remarks
-‘g cell\flljlol:r‘/;arﬂ)- Mini circular - Thermal performance increases by
Hussien % 0.075, 0.125, . 33.5%, with an increase of 11% in
2017 -8 Water  tubes and o tube with con-
et al. [280] ) 0.25 wt% pressure drop compared to the base
S Graphene na- stant heat flux fluid
K noplatelets '
v(—(“ .
= -Th 1 perf
. £ Water + Circular tube erma Per orme.lnc?e increases by
Hamid et g . . . 35.3%, while the friction factor also
2018 -5 Ethylene TiO2-5iO: 1 vol% with constant
al. [281] g increases compared to the base
8, glycol heat flux .
5 fluid.
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Figure 12. Heat transfer applications of hybrid nanofluids.

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

Py = Op1Prer + Bup2Pupr T (L= Bypy = Bup2) Pyr )
The specific heat capacity of a hybrid nanofluid:

_ ¢NP1(pCp )NPl +¢NP2(pCp )NP2 +(1_¢NP1 _¢NP2)(pCp )BF
€ = (6)

Punr

The viscosity of a hybrid nanofluid:

0 = Hpr
iy
(1=yp1 =P, )2'5

The thermal conductivity of a hybrid nanofluid:

@)

ko + k
(¢NP1kNP1 +¢NP2kNP2)_2kBF (¢NP1 + ¢NP2)+2kBF +|:¢NP1 - Prr N2 }
¢NP1 +¢NP2

8)
koo + k
_(¢NPlkNP1 + ¢NP2kNP2)_kBF (¢NP1 +¢NP2)+2kBF +|:¢NP1 AL ¢NP2 NP2 :|

¢NP1 + ¢NP2

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
hybrid nanofluids from 2011 to 2021 (according to ScienceDirect) is demonstrated in Fig-
ure 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 regarding hybrid nanofluids increased by 42% from 2017 to 2019, while the corre-
sponding 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
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two years, whereas the number papers dealing with hybrid nanofluid experienced a
growth of 50% 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.

S\

2388 1332

® Mono Nanofluids ® Hybrid Nanofluids

1791

1786

1785

S PN R MR 1Fﬂg;y39§a
¢
™

Year

Figure 13. The number breakdown of the papers published concerning mono nanofluids and hybrid
nanofluids in ScienceDirect from 2011 to 2021.

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 sys-
tems’ thermal efficiency when compared to the active and compound methods. The pas-
sive 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 nanoflu-
ids). The main conclusions derived are given as follows:

e  The height, pitch, arrangement, and shape of rough surfaces are considered the geo-
metrical parameters that considerably affect thermal performance. Among the vari-
ous 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
corrugated channel, triangular-shaped corrugated channel, and the arc-shaped cor-
rugated channel.

e  Concerning the application of various types of foam for heat transfer augmentation,
copper foams have been selected as an efficient method for electronic cooling appli-
cations 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
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phase transition steady. The maximum reduction percentage in the charging time
reported in the reviewed research works was approximately 89%.

e 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 effec-
tive 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 consid-
erably enhance the PCM composites” effective thermal conductivity (up to 183%) be-
cause 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 flu-
ids, 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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