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Abstract

Improving heat transfer is a critical subject for energy conservation systems which directly affects economic efficiency of
these systems. There are active and passive methods which can be employed to enhance the rate of heat transfer without
reducing the general efficiency of the energy conservation systems. Among these methods, passive techniques are more
cost-effective and reliable in comparison with active ones as they have no moving parts. To achieve further improvements
in heat transfer performances, some researchers combined passive techniques. This article performs a review of the
literature on the area of heat transfer improvement employing a combination of nanofluid and inserts. Inserts are baffles,
twisted tape, vortex generators, and wire coil inserts. The progress made and the current challenges for each combined
system are discussed, and some conclusions and suggestions are made for future research.
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List of symbols
d, D Inner diameter of tube (m)

dp Nanoparticle diameter (nm)
Dy, Hydraulic diameter (m)

e Wire diameter (m)

e Winglets—length ratio (-)

ep Winglets—pitch ratio (-)
ey Winglets—width ratio (-)
f Friction factor (-)

h Twist tape pitch (m)

H Pitch of twisted tape (m)
Longitudinal pitch (m)
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Twist length (m)

Duct length (m)

Number of tapes (-)

u Nusselt number (-)
Pitch ratio (-)
Perimeter of tube (m)
Power (W)

r Prandtl number (-)

Re Reynolds number (-)

S Tube surface (m?)

T Tape thickness (m)

Transverse pitch (m)

w Tape width (m)

Wh Wing height (m)

Wy Wing width (m)

y Twist length (m)

Y Twist ratio (-)

Yo Overlapped pitch length of tape (m)

X Axial distance (m)

Z=zH =

NS TS

Subscripts/superscripts

f Base fluid
m Bulk

nf  Nanofluid
p Particle

TA Twisted tape with alternate axis
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TT Typical twisted tape

Greek symbols
o Wing attach angle (°)

o Area modification factor (°)

f  Wing attack angle (°)

¢ Dynamic viscosity (kg m~' s™")

@ Solid volume fraction of nanoparticles (-)
Abbreviations

CNT Carbon nanotube

DWwW Delta wing

DWP Delta winglet

HL High to low

LH Low to high

MWCNT Multiwall carbon nanotubes
PEC Performance evaluation criterion
RW Rectangular wing

RWP Rectangular winglet

U Uniform

Introduction

Improving the heat transfer rate is one of the critical
challenges in various industries containing electronic
equipment, solar systems, chemical vapour deposition
facilities, heat exchangers, and so on. It is necessary to
remove the heat for avoiding the formation of hot spots
which affect the lifespan of mechanical and electronic
equipment and may lead to permanent damage. Accord-
ingly, using an efficient cooling method is essential to
disintegrate the thermal load on these devices and keep the
peak efficiency in all situations.

There are active and passive techniques for improving
heat transfer rate. An active technique employs an external
source of energy to improve the heat transfer rate, while
passive techniques employ no energy in this regard [1].
Generally, passive techniques are more affordable and
reliable in comparison with active ones as they have no
moving parts.

Researchers have already employed different passive
techniques to enhance the heat transfer rate in different
thermal devices. Some of these passive techniques apply
rough surfaces [2], porous materials [3, 4], nanofluids
[5, 6], corrugated surfaces [7, 8] or install turbulators or
swirl flow tools [9, 10].

Some researchers reviewed the techniques for improv-
ing heat transfer rate in different systems. Kaka¢ and
Pramuanjaroenkij [11] reviewed the potentials of nanoflu-
ids to improve the convective heat transfer. Their review
indicated that more studies should be performed on the
behaviour of nanofluids as a two-phase fluid because the
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slip velocity of the particles in the base liquid has a major
influence on the heat transfer efficiency of nanofluids.
Sundar and Singh [12] reviewed the correlations of nano-
fluid forced convection heat transfer and friction in a pipe
with inserts for both the laminar and turbulent regimes.
Their review only covers the papers published before 2012,
while considerable activities in this field are performed
after 2012. Their survey indicated that the significant
numbers of the correlations were presented for spherical
nanoparticles. Kareem et al. [13] reviewed heat transfer
improvement due to corrugations and more especially to
wavy tubes. They reported that helically coiled corrugated
tubes have more heat transfer improvement as they have
compound influences of curvatures and corrugations.
Sheikholeslami et al. [14] reviewed potentials of swirl flow
equipment for heat transfer improvement. They reported
that wire coil has a superior overall efficiency when con-
sidering the pressure losses. Varun et al. [15] reviewed the
activities performed on heat transfer improvement in
twisted tape inserts. Their review showed that twisted tapes
could be used in microfiltration of milk as they have a
small value of pressure drop penalty. Che Sidik et al. [16]
provided an overview of passive methods for heat transfer
improvement in microchannel heat sink. They concluded
that nanofluids as an alternative coolant technique could be
used for improving the efficiency of microchannel heat
sinks. Gallegos and Sharma [17] reviewed the potential of
flexible plates as vortex generators for enhancing the heat
transfer rate. They reported that very few experimental
investigations had been performed to study the influences
of flexible plate material parameters on their thermal
improvement abilities. Mohammed et al. [18] reviewed
activities performed for heat transfer improvement through
facing step and wavy walls with and without nanofluids.
They showed that the heat transfer improvement due to
nanofluid in the facing step channel might achieve about
60%.

The heat transfer base liquids containing water, ethylene
glycol, oil, propylene glycol, which are commonly
employed in industry, have poor thermal characteristics. To
overcome this deficiency, novel technologies are used to
enhance the thermophysical characteristics of the conven-
tional cooling liquids. One of these effective techniques
consists of adding solid particles of nanosize with high
thermal conductivity [19, 20]. In many applications, even
more enhancement in heat transfer rate is favourable to
meet the industry requirements for superior performance.
Some attempts have been already made to combine various
improvement techniques for enhancing the performance of
thermal systems. Accordingly, some researchers employed
simultaneously nanofluids and other passive techniques to
achieve this goal. This article performs a review of the
literature on the area of heat transfer improvement
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employing a combination of nanofluid and inserts. This
paper more focuses on the newer papers especially recent
papers published after 2012. Inserts are baffles, twisted
tape, vortex generators, and wire coil inserts. In the next
section, the published papers in each field are reviewed
separately. Table 1 summarizes some review papers about
the potentials of different techniques for heat transfer
enhancement. As presented in this table, there is no review
paper to collect the research about combination of nano-
fluid and inserts for heat transfer enhancement.

Nanofluids and other passive techniques
for heat transfer improvement

Combination of nanofluids and vortex
generators for heat transfer improvement

Vortex generator can be used as a passive enhancement
technique to create streamwise vortices which impose
intense turbulence in fluid stream around heat transfer
plates. Vortex generators disturb the flow field and disrupt
the boundary layer development. Also, they create swirl
flow and leads to a significant transfer of core and surface
fluid, causing an improvement in heat transfer between the
flow and the duct surfaces. Usually, they have four basic
shapes containing delta wing (DW), delta winglet (DWP),
rectangular wing (RW), and rectangular winglet (RWP).
These shapes are shown in Fig. 1. Vortex generators with
winglets are more suitable for improvement in heat transfer
in modern thermal systems as they can create longitudinal
vortices and cause disruption of the main flow field with
lower values of the pressure drop [21, 22].

In 2012, Ahmed et al. [23] reviewed activities per-
formed on heat transfer improvement by employing
nanofluid or vortex generator. They did not focus on
combination of both techniques. In addition, the papers
published after 2012 are not reviewed in this paper.
Accordingly, the papers published about combination of
nanofluid and vortex generator for increasing the heat

transfer rate are reviewed in this section. Ahmed et al. [23]
improved numerically the heat transfer of laminar flow in a
triangular channel by employing nanofluids and vortex
generator (delta winglet pair). They used Al,O5, CuO, and
Si0, as nanoparticles and ethylene glycol as the base fluid.
They observed that the heat transfer is marginally affected
by the type of nanoparticle. Accordingly, the nanoparticle
of Si0; has the best heat transfer efficiency in comparison
with other nanoparticles. Khoshvaght-Aliabadi et al. [24]
carried out both experimental and numerical works to
investigate the combined effects of nanofluid and vortex
generator on forced convective laminar heat transfer within
a plate—fin duct. They used three models containing single-
phase, mixture, and Eulerian models to simulate the
nanofluid. Figure 2 shows the streamlines for nanofluid
flow through the duct at different values of the longitudinal
pitch, for a nanoparticle volume fraction ¢ = 0.1% and a
bulk Reynolds number Re = 400. As shown in this figure,
the number of vortex generator rises by decreasing the
longitudinal gap between them at a fixed duct length, and
accordingly, the flow is further disturbed along the duct.
Note that for larger gaps between the vortex generators, the
flow downstream of the vortex generator can recover
before touching the next throat, while the vicinity of the
vortex generators prevents the recovering of the core flow
before the next throat for smaller gaps between the vortex
generators. As a result, using vortex generators with
smaller longitudinal gap is more efficient and enhances
more the heat transfer coefficient. Moreover, they reported
that the mixture model predicts the experimental data with
more accuracy in comparison with the single-phase and
Eulerian models.

Ahmed and Yusoff [25] investigated the combined
effects of delta winglet pair of vortex generators and
nanofluids on the heat transfer and fluid flow characteristics
in a triangular duct. They simulated this problem using a
single-phase approach in the laminar regime. They reported
that the heat transfer rate improves by increasing the attack
angle in the range of 7°-30° and then decreases at 45°.
Moreover, they observed that the shear stress increases by

Table 1 Some of review papers about the potentials of different techniques for heat transfer enhancement

References

Subject of review

Kakag¢ and Pramuanjaroenkij [11]
Kareem et al. [13]
Sheikholeslami et al. [14]

Varun et al. [15]

Sidik et al. [16]

Gallegos and Sharma [17]
Mohammed et al. [18]

Potentials of nanofluids in heat transfer enhancement

Potentials of corrugations in heat transfer enhancement

Potentials of swirl flow equipment in heat transfer enhancement

Potentials of twisted tape inserts in heat transfer enhancement

Potentials of passive methods for heat transfer enhancement in microchannel heat sink
Potentials of flexible plates as vortex generators in heat transfer enhancement
Potentials of facing step, wavy walls, and nanofluids in heat transfer enhancement
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Fig. 1 Different kinds of vortex
generators: delta wing (DW), DwW RW DWP RWP

rectangular wing (RW), delta
winglet pair (DWP), rectangular
winglet pair (RWP) reprinted
from Ahmed et al. [28] with
permission from Elsevier

Fig. 2 Stream lines for
nanofluid flow through the duct
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increasing the attack angle or nanoparticle concentrations.
In another research, Ahmed et al. [26] repeated this prob-
lem and simulated it by using a two-phase model. In this
model, the nanofluid is considered as two distinct phases,
while the single-phase model lumps all the effects of
nanoparticles into the material parameters. They concluded
that assuming the nanofluid as two distinct phases is more
appropriate in comparison with considering the nanofluid
as a homogeneous single-phase liquid. Abdollahi and
Shams [27] optimized numerically the heat transfer
improvement in nanofluid flow in a duct equipped with the
winglet vortex generator. They reported that a trapezoidal
vortex generator with attack angle of 51° and 0.3% con-
centration of nanoparticles has the highest thermohydraulic
efficiency. Ahmed et al. [28] studied experimentally heat
transfer improvement in a triangle duct employing com-
bined vortex generator and nanofluid for the Reynolds
number in the range of 500-8000. They reported that a
good improvement in heat transfer rate by employing
vortex generator in pure water, while a considerable
improvement was achieved by combined employing the
vortex generator and nanofluids followed with a marginal
rise in the friction factor. Khoshvaght-Aliabadi [29] used
experimentally the vortex generator and nanofluid in a
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plate—fin heat exchanger. The findings showed that the
usage of vortex generator is more effective in comparison
with the nanofluid on the efficiency of plate—fin heat
exchangers. Khoshvaght-Aliabadi et al. [30] used experi-
mentally Cu—water and vortex generator in a tubular heat
exchanger. They used winglet vortex generator. They
found that the major benefits of the vortex generators are
their easy fabrication and great efficiency, especially at
larger Reynolds numbers. They concluded that the nano-
fluid increases the pressure drop by about 8.5% for a
winglets—width ratio of 0.6. Moreover, they reported a
maximum PEC (performance evaluation criterion) value of
1.83. Note that the PEC can be used to take into account
both heat transfer and pressure drop effects, simultaneously
[31, 32]. Ebrahimi et al. [33] investigated numerically the
combined influences of longitudinal vortex generators and
nanofluids on the thermal performance and irreversibility
in a microchannel by using a single-phase approach. They
concluded that employing the nanofluids decreases the
irreversibility level in the microchannel equipped with
longitudinal vortex generators and, accordingly, improves
the thermodynamic efficiency of the system. In another
research, Sabaghan et al. [34] repeated the simulation of
this problem by using a two-phase model. Their findings



Combination of nanofluid and inserts for heat transfer enhancement

441

indicated that the maximum normalized performance of the
microchannel equipped with longitudinal vortex generator
in comparison with the plain one is about 14%. Moreover,
employing nanofluid can enhance the normalized perfor-
mance by about 27%. Mamourian et al. [35] investigated
the effects of vortex generator position on the heat transfer
improvement and nanofluid homogeneity in a duct. They
found that the homogeneity of the nanofluid increases as
the angle of the vortex generators increases and the gap
between them. Khoshvaght-Aliabadi et al. [36] evaluated
experimentally the influence of changeable longitudinal
spacing between delta winglet vortex generators in chan-
nels. They selected both water and Al,Os;—water nanofluid
as heat transfer fluid. They considered three arrangements
for the delta winglet vortex generators as shown in Fig. 3.

They concluded that among all arrangements, the HL
one exhibits the greatest heat transfer rate, while the LH
arrangement has the largest pressure drop penalty. Hos-
seinirad and Hormozi [37] investigated numerically the
influence of vortex generator shapes on the efficiencies of
two coolant nanofluids in a miniature channel. These
shapes were rectangular, triangular, and trapezoidal. They
considered Al,Osz-water and multiwall carbon nanotubes
(MWCNT)-water-based nanofluids. Their findings indi-
cated that Al,Os;—water nanofluid has the largest value
overall efficiency in the miniature channel with triangular
vortex generator, while MWCNT-water nanofluid has the
least and highest overall efficiencies in the miniature
channel with triangular and trapezoidal vortex generators,
respectively.

Finally, vortex generators can be used to disturb the flow
field and leads to disrupt the boundary layer development.
In addition, they create swirl flow and transfer a great fluid
between the centre and the wall of the duct, causing an
improvement in the heat transfer between the flow and the
duct surfaces. Some researchers provided heat transfer
rates in various thermal systems by combining this tech-
nique and nanofluid as two passive techniques. Table 2
provides the summary of researches combining vortex
generators and nanofluid.

Combination of nanofluid and swirl flow device
for heat transfer improvement

One of the important passive methods includes swirl flow
devices that generate secondary recirculation on the axial
flow causing enhancement of radial and tangential turbu-
lent fluctuations. This leads to a superior mixing of fluid
inside the domain and subsequently decreases the boundary
layer thickness. Moreover, radial and tangential turbulent
fluctuations generated by swirl flow devices transfer the
fluid between the bulk and the near surface region. This
causes different mechanisms for heat transfer improvement
by enhancing flow speeds created by partial blockage of the
internal flow, which decreases both hydrodynamic and
thermal boundary layer thicknesses. Twisted tape and wire
coil inserts are two known swirl devices. In this section,
researches performed on these two devices are reviewed,
separately.

Combination of nanofluids and wire coil insert for heat
transfer enhancement

Some researchers combined wire coil inserts with nanofluid
to achieve a higher heat transfer rate in thermal devices.
Chandrasekar et al. [38] and Saeedinia et al. [39] investi-
gated experimentally the laminar heat transfer improve-
ment and pressure loss penalty of nanofluid flow inside a
pipe equipped with wire coil inserts. Chandrasekar et al.
[38] used Al,Os;—water nanofluid, while Saeedinia et al.
[39] employed CuO-based oil nanofluid. Saeedinia et al.
[39] performed their experiment for Reynolds numbers in
the range [10-120], while Saeedinia et al. [39] considered
Reynolds numbers up to 2300. Both of these researches
indicated that nanofluid has superior heat transfer effi-
ciency as it flows through the pipes fitted by wire coil
inserts in lieu of flowing through the ordinary pipe. The
superior thermal efficiency of nanofluid with wire coil
inserts is due to the influences of dispersion or back-mixing
that increases the temperature gradient between the liquid
and the surface.

Flg. 3 leferent arrangements = 55 mm | 55 mm = 55 mm | 55 mm 55 mm | 55 mm = 55 mm |
considered for delta winglet
vortex generator reprinted from Uniform arrangement
Khoshvaght-Aliabadi et al. [36]
with permission from Elsevier
-
25mm W 35mm 45mm N 55 mm 65 mm | 75 mm 85 mm |
Low to high arrangement
i 85 mm - 75 mm i 65 mm o 55 mm - 45mm W 35mm 425 mm"

High to low arrangement
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Table 2 Researches combining vortex generators and nanofluid

References Type of Type of Solid Particle ~ Reynolds Type of modelling Type of vortex
research nanofluid volume diameter/ number generator
fraction/% nm

Ahmed et al. Numerical Al O3, CuO, and 1-6 25 100-800 Single-phase approach Delta winglet pair

[101] SiO,—ethylene
glycol

Khoshvaght-  Experimental/ Cu-water 0,0.1,0.2, 40 200-1800 Single-phase approach/ Rectangular wings
Aliabadi numerical and 0.3 two-phase mixture and
et al. [24] Eulerian models

Ahmed and Numerical Al,Oz—water 1-4 25-85 100-2000 Single-phase approach Delta winglet pair
Yusoff [25]

Abdollahi Numerical Al,O3—water 0.5-3 100 250-1000 Euler-Lagrange approach  Delta winglet
and Shams
[27]

Ahmed et al. Experimental Al,O3 and SiO,— 1 25 500-8000 - Delta winglet pair
(28] water

Khoshvaght-  Experimental =~ Cu-—water 0.2 - 5200-12,200 - Corner delta
Aliabadi winglets
et al. [30]

Khoshvaght-  Experimental =~ Cu-water 0.1-0.4 30-50 1850-4560 - Rectangular wings
Aliabadi
[29]

Ebrahimi Numerical Al,O3 and CuO- 0.5-3 28.6-47  50-250 Single-phase approach Delta winglet pair
et al. [33] water

Ahmed et al. Numerical Al,O3, CuO, and 14 25 100-800 Two-phase mixture model Delta winglet pair
[26] SiO,—ethylene

glycol

Sabaghan Numerical TiO,—water 1, 1.6, and 21, 40, 100-250 Two-phase mixture model Delta winglet pair
et al. [34] 2.3 and 60

Mamourian Numerical Al,O5—water 14 100 50-250 Euler-Lagrange approach ~ Rectangular shape
et al. [35]

Hosseinirad Experimental/ MWCNT and 1-3 38 300-2100 Two-phase mixture model Rectangular,
and numerical Al,O5—water trapezoidal, and
Hormozi triangular shapes
[37]

Khoshvaght-  Experimental ~ Al,Oz—water 0.1 and 30 4000-10,000 - Delta winglet
Aliabadi 0.3 and
et al. [36] 100-800

Saeedinia et al. [39] reported a maximum increment in
friction factor of 22% when nanofluid with solid volume
fraction of 0.3% is employed for a plain tube. An increase
of 52.8% is achieved when using a coil with largest
diameter for the pure oil case. In another research, Akha-
van-Behabadi et al. [40] repeated this problem by using
MWCNT-water nanofluid in the turbulent regime. They
showed that geometrical parameters of coil wires have a
significant influence on the thermal efficiency of this
combined thermal system. Fallahiyekta et al. [41] investi-
gated experimentally the turbulent heat transfer improve-
ment in carbon nanotube (CNT)-water nanofluid flow
through a pipe with wire coil inserts. They carried out their
tests for Reynolds numbers between 5000 and 22,000 and
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concluded that wire coil inserts enhance the heat transfer
rate of pure water in the pipe up to 102%.
Chandrasekar et al. [42] repeated this problem by using
Al,Os—water nanofluid in the transitional regime
(2500 < Re < 5000). The heat transfer rate is improved by
up to 34% by using the nanofluid as compared with the
case of pure water for the case of the plain pipe. Kulkarni
and Oak [43] used nanofluid and helical wire coil inserts to
improve the heat transfer inside a tube heat exchanger.
They concluded that the heat transfer rate enhances up to
140.98% by using copper oxide—water nanofluid with a
solid volume fraction of 0.25% in comparison with the case
of pure water. Moreover, they increase the heat transfer
improvement from 140.98 to 249.45% by combining the
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use of helical coil and nanofluid. For a circular tube fitted
by wire coil inserts at Re = 2290, Chougule et al. [44]
reported a heat transfer enhancement of 30.63% by
employing CNT-water nanofluid with a solid volume
fraction of 0.15% in comparison with the case of pure
water. Moreover, they showed that the pressure loss does
not increase significantly by using the nanofluid with small
solid volume fraction. Mirzaei and Azimi [45] used
experimentally grapheme oxide—water nanofluid and wire
coil inserts to improve the heat transfer rate in a circular
pipe. They showed that the heat transfer rate in this com-
bined thermal system could be improved by up to 77% for
a solid volume fraction of 0.12%. The heat transfer rate
improvement also increases by increasing the volumetric
flow rate of the nanofluid. Safikhani et al. [46] investigated
numerically the influence of coiled wires on the thermal
efficiency of nanofluids inside pipes. Their findings indi-
cated that the heat transfer rate improves by increasing the
coil diameter. They showed that the secondary flow is more
intense by using a coiled wire with a larger diameter, which
leads to a bigger improvement in the heat transfer rate.
Goudarzi and Jamali [47] used simultaneously an Al,O3—
ethylene glycol nanofluid and wire coil inserts to improve
the heat transfer inside a car radiator. They found that the
heat transfer improves by up to 9% with coil inserts.
Moreover, the coupled usage of the nanofluid and the coil
inserts improves the thermal efficiency by up to 5% in
comparison with the case with coil inserts but without
nanofluid. They showed that the thermal efficiency factor is
greater than unity for all cases, which means that this
combined method can be employed successfully for car
radiators to enhance heat transfer rate. Sundar et al. [48]
investigated nanofluid heat transfer in a pipe equipped with
wire coil inserts and returned bend. They used the return
bend in their system to enhance the effective liquid mixing
and, accordingly, the heat transfer rate. The wire coil
inserts used by Sundar et al. [48] with different values of
the ratio p/d (the ratio of wire coil pitch p to inner diameter
d of the pipe) are disclosed in Fig. 4. Smaller p/d ratios are
beneficial for the heat transfer enhancement.

Finally, wire coils as turbulent promoters can be used to
modify hydrodynamics and enhance the turbulence of the
working liquid causing larger values of the heat transfer
rate. They operate as artificial roughness at larger values of
the Reynolds number. Their performances depend mainly
on the wire coil geometry and the considered flow regime.
Their main drawbacks are their very diverse persistence
and reliability in regard to hot spots and corrosion effects.

Some researchers used simultaneously wire coil inserts
and nanofluid to achieve larger values of the heat transfer
rate. Table 3 provides the summary of researches com-
bining these two approaches.

pld =1

id

Fig. 4 Wire coil inserts reprinted from Sundar et al. [48] with
permission from Elsevier

Combination of nanofluids and twisted tape inserts for heat
transfer improvement

Some researchers combined twisted tape inserts with
nanofluid to achieve a higher heat transfer rate in thermal
systems. Sharma et al. [49] and Sundar and Sharma [50]
computed the friction factor and heat transfer coefficient
for a transitional nanofluid flow inside a circular pipe
enhanced by twisted tape inserts. They increased the heat
transfer rate by about 23.69 and 44.71% by using the
nanofluid and twisted tape insert, respectively, at
Re = 9000. Moreover, they reported that the highest fric-
tion factor with twisted tape at 0.1% nanoparticle volume
fraction is 1.21 times higher than the friction factor
obtained for pure water flow through a plain pipe. Pathi-
pakka and Sivashanmugam [51] investigated numerically
the combined effects of nanofluid and helical tape inserts
on the laminar heat transfer in a uniformly heated circular
tube. The heat transfer improvement is about 5-31% by
combining these two techniques. Note that the enhance-
ment is a function of the nanoparticle volume fraction and
twist ratio. Wongcharee and Eiamsa-Ard [52] improved the
heat transfer rate in a pipe by combining twisted tape with
alternated axis and nanofluid. The twisted tapes with
alternated axis used by Wongcharee and Eiamsa-Ard [52]
are disclosed in Fig. 5. The results of previous researches
confirmed that the usage of twisted tapes with alternated
axis has a great heat transfer rate and thermal efficiency
[53, 54]. This may be justified by the fact that the alter-
nated axis on twisted tapes alters the flow pattern. This
causes a disordered mixing between the fluid at the centre
and the fluid around the pipe surface. Accordingly, this
leads to a better interruption of the thermal boundary layer
in comparison with the case of ordinary twisted tape, in
which merely rotating flow is created. Wongcharee and
Eiamsa-Ard [52] showed that twisted tape with alternated
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Table 3 Research on the combination of wire coil inserts and nanofluid

References Type of Type of Solid volume Particle Reynolds Type of modelling
research nanoparticle fraction diameter number
Chandrasekar et al. [38] Experimental — Al,Os;—water 0.1 43 550-2300 -
Chandrasekar et al. [42] Experimental — Al,Oz;—water 0.1 43 2500-5000 -
Saeedinia et al. [39] Experimental ~CuO-oil 0.07-0.3 50 10-120 -
Fallahiyekta et al. [41] Experimental =~ CNT-water 0.015-0.1 10-20 5000-22,000 -
Kulkarni and Oak [43] Experimental ~CuO-water 0.25 40 10,000-35,000 -
Akhavan-Behabadi et al. Experimental MWCNT-water 0.05,0.1, and 0.2 - 10,000-20,000 -
[40]
Mirzaei and Azimi [45]  Experimental = Graphene Oxide— 0.02, 0.07, and - 600-7000 -
water 0.12
Safikhani et al. [46] Numerical Al,Oz-water 1.5 and 3 20, 40, and 100-500 Two-phase mixture
100 model
Chougule et al. [44] Experimental MWCNT-water 0.15 10 600-2280 -
Sundar et al. [48] Experimental ~ Fe;O4—water 0.005-0.06 - 16,000-30,000 -
Goudarzi and Jamali [47] Experimental — Al,Os;—ethylene 0.08, 0.5 and 1 40 18,500-22,700 -
glycol

Fig. 5 Twisted tape with alternated axis reprinted from Wongcharee
and Eiamsa-Ard [52] with permission from Elsevier

axis has a larger value of heat transfer (about 89%) as
compared with the case of ordinary twisted tape.

Suresh et al. [55, 56] compared the thermal behaviours
of the steady-state flows of aluminium oxide and copper
oxide—water nanofluids inside a circular channel equipped
with helical screw tape inserts displayed in Fig. 6. Note
that Y represents the twist ratio (the ratio of pitch of the
helical screw tape insert to the insert diameter). Their
findings indicated that helical screw tape inserts have
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Fig. 6 Helical screw tape inserts reprinted from Suresh et al. [55]
with permission from Elsevier

superior thermal efficiency as employed with copper
oxide—water nanofluid.

Sundar et al. [57] investigated the combined influences
of full-length twisted tape inserts and magnetic nanofluid
on the turbulent flow and thermal fields in a pipe. The heat
transfer rate is improved by about 30.96% by using this
type of nanofluid with a volume fraction of 0.6% at
Re = 22,000 for plain tube. An enhancement of 18.49% is
obtained by using full-length twisted tape inserts in com-
parison with the plain pipe at Re = 22,000 and ¢ = 0.6%.
Under the same conditions, the friction factor is only 1.122
times higher. Eiamsa-Ard and Wongcharee [58] used
nanofluids in a microfin pipe enhanced with single and dual
twisted tapes as shown in Fig. 7. They reported that the
microfin pipe enhanced by dual twisted tapes has a sig-
nificantly better thermal efficiency (up to 45.4%) in com-
parison with one enhanced by a single tape.

Wongcharee and Eiamsa-Ard [59] improved the heat
transfer in a wavy pipe by combining nanofluid and twisted
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Micro-fin
pipe
enhanced
with
single
twisted
tape

Micro-fin |
pipe
enhanced
with dual
twisted
tapes

Fig. 7 Microfin pipe enhanced with single and dual twisted tapes
reprinted from Eiamsa-Ard and Wongcharee [58] with permission
from Elsevier

tapes. They stated that the twisted tape along the wavy pipe
in counter-flow provides larger values of the thermal effi-
ciency compared to an ordinary pipe in parallel flow. Raja
Sekhar et al. [60] improved the heat transfer rate in a pipe
with the combined use of nanofluid and twisted tape. Their
system can be used in solar thermal systems. For a given
performance level, the size of the heat exchanger can be
then reduced. Moreover, they reported that this combined
method is efficient as the energy achieved with heat
transfer is higher in comparison with the energy lost for
pumping power. Esmaeilzadeh et al. [61] studied the
influences of twisted tape thickness on the thermohydraulic
characteristics of the nanofluid flow within a circular pipe.
They found that the heat transfer and friction increase with
increasing the twisted tape thickness. Moreover, they
reported that nanofluid has superior heat transfer efficiency
when employed with thicker twisted strips. Maddah et al.
[62] investigated experimentally the influence of twisted
tape inserts and nanofluid on the heat transfer enhancement
in a double pipe heat exchanger. They increased the heat
transfer rate by about 25% using this combined method.
Moreover, they concluded that twisted tape inserts have
slightly larger values of friction factor and pressure loss as
compared with the case of plain pipe without inserting the
twisted tape. Salman et al. [63] used simultaneously para-
bolic-cut twisted tape inserts and nanofluid to improve the
laminar heat transfer in a tube.

Their findings indicated that the heat transfer and fric-
tion enhance by reducing the cut depth of the twisted tape
insert. This can be justified by the combined influences of
usual swirling flow created by the insert and turbulence
created by the intermittent cuts along the edge of the insert.
This influence destructs the thermal boundary layer and
generates a greater flow mixing between the fluid at the
pipe centre and the fluid along the heated walls. In another
research, Prasad et al. [64] used simultaneously the helical
tape inserts and nanofluid inside a U-shaped tube heat
exchanger. They stated that the pressure loss in the internal

Fig. 8 a Twisted tape insert, b wire coil insert reprinted from
Naik et al. [67] with permission from Elsevier

pass of the heat exchanger increases as the nanoparticle
concentration and aspect ratio of the inserts increase. They
reported a maximum value for the PEC equal to 1.13.
Prasad et al. [65] used trapezoidal-cut twisted tape insert
and nanofluid in a double pipe U-shaped tube heat
exchanger. The findings of these studies showed that the
heat transfer improvement created by combining these two
techniques is higher in the tube outlet region compared to
what happens at the inlet as a result of the influence of the
swirl flow. Naik et al. [66, 67] investigated experimentally
the thermal efficiency of the wire coil and twisted tape
inserts (Fig. 8) in a tube nanofluid flow.

They reported that the thermal efficiency of nanofluid
with wire coil inserts is higher in comparison with the
twisted tape inserts under the same conditions. Azmi et al.
[68] used experimentally TiO,—water nanofluid in a pipe
equipped with twisted tapes. They observed a maximum
improvement in the heat transfer rate of 81% by using this
nanofluid with a solid volume fraction of 1.0% and twisted
tape insert with twist ratio of 5. In another research,
Azmi et al. [69, 70] repeated this problem by comparing
two nanofluids, namely TiO, and SiO,—water nanofluids.
They concluded that SiO,—water nanofluid has a higher

Fig. 9 Modifications on the twisted tape reprinted from Maddah et al.
[72] with permission from Elsevier
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Fig. 10 Twisted tapes with /

different lengthes reprinted
from Khoshvaght-Aliabadi and
Eskandari [75] with permission
from Elsevier

Twisted length No.

L
5 6 7 8 9 10 11 ‘

Type 1 (Uniform)

8 9 10 11

Type 2 (Low to High)
4 5 6 7 8 9 10 11

Type 3 (High to Low)

Type 4 (Low to High to Low)
4 5 6 7 8 9 10 11

Type 5 (High to Low to High)

Procedure twist length variations (mm)

Type no. Twist length no.
1 2 3 4 5 6 7 8 9 10 11
1 (Uniform) 100 100 100 100 100 100 100 100 100 100 100
2 (LtoH) 50 60 70 80 90 100 110 120 130 140 150
3(HtoL) 150 140 130 120 110 100 90 80 70 60 50
4(LtoHtoL) 55 75 95 115 135 150 135 115 95 75 55
5(H to L to H) 145 125 105 85 65 50 65 8 105 125 145
L=Low
H=High

heat transfer rate (about 27.9% at a solid volume fraction of
3% and twist ratio of 5) in comparison with the TiO, one.
Eiamsa-Ard and Kiatkittipong [71] studied numerically the
influence of multiple twisted tape inserts on the heat
transfer improvement in nanofluid pipe flow. The heat

Protrusion side

Fig. 11 Dimpled twisted tape reprinted from Zheng et al. [82] with
permission from Elsevier

@ Springer

transfer efficiency of a multiple twisted tape insert is higher
in comparison with the single one. This may be justified by
consecutive multiple rotating flow and multilongitudinal
re-circulating flow along the pipe created by multiple
twisted tape inserts. Moreover, they showed that a higher
number of twisted tape inserts causes an improvement in
the heat transfer efficiency, which increases the contact
surface region, liquid mixing, residence time, and rotation

1.0E-04 1.5E-04 2.0E-04 2.5E-04 3.0E-04 3.5E-04 4.0E-04 45E-04 5.0E-04 55E-04 6.0E-04

Smooth case

HRELHLEE

Dimple case

Fig. 12 Turbulence kinetic energy at different sections and
Re = 5000 for smooth and dimple cases (flow direction is from left
to right) reprinted from Zheng et al. [82] with permission from
Elsevier
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intensity. Maddah et al. [72] performed some modifications
on the twisted tape used to improve the heat transfer in the
double pipe. In their modifications, twisted tapes were both
shortened and lengthened along their length. Figure 9
discloses the modifications on the twisted tapes performed
by Maddah et al. [72]. Case (a) is an ordinary twisted tape,
while cases (b) and (c) are modified by lengthening and
shortening along the twisted tape length.

Maddah et al. [72] showed that employing a shorted
twisted tape along its length coupled with nanofluid leads
to maximum enhancement in the heat transfer and friction
factor by about 52 and 28%, respectively, in comparison
with the pipe with ordinary twisted tape coupled to nano-
fluid. The efficiency decreases by using a lengthened
twisted tape in comparison with the pipe with an ordinary
twisted one. Moreover, they concluded that PEC reduces as
the Reynolds number increases. Safikhani and Eiamsa-Ard
[73] used simultaneously multiple twisted tape inserts with
various arrangements and nanofluid in a tube. They used
the Pareto multiobjective optimization method to obtain the
best condition, which means both the maximum heat
transfer and the lowest pressure loss within the system.
Aghayari et al. [74] studied the combined effects of per-
forated twisted tapes and nanofluid on the heat transfer of a
double pipe heat exchanger. The twisted tapes can be
fabricated with holes to decrease the pressure drop. They
improved the heat transfer by about 132.2% by combining
both techniques as compared with the case of pure water
without inserting the twisted tape.

Khoshvaght-Aliabadi and Eskandari [75] studied
experimentally the effects of twist length on the heat
transfer enhancement of a nanofluid flow in a pipe. The

Co-swirl flow

Counter-swirl
flow

flows

counter-swirl
Hosseinnezhad et al. [83] with permission from Springer

Fig. 13 Co-swirl and reprinted  from

twisted tapes with different lengths considered by Khosh-
vaght-Aliabadi and Eskandari [75] are shown in Fig. 10.
They showed that the twist length has a significant influ-
ence on the thermo hydraulic characteristics of twisted
tapes. The twisted tape of case 2 has a better thermo
hydraulic efficiency compared to the other cases.
Safikhani and Abbasi [76] investigated numerically the
nanofluid heat transfer in a flat pipe equipped with multiple
twisted tapes. Indeed, they combined three heat transfer
improvement techniques containing nanofluid, insert of
twisted tapes, and use of flat pipes. They showed that the
heat transfer improvement created by the insert of twisted
tapes is higher in comparison with the two other tech-
niques. Eiamsa-Ard et al. [77] studied both numerically
and experimentally the nanofluid heat transfer in a heat
exchanger pipe enhanced by an overlapped dual twisted
tape. They showed that the heat transfer rate, pressure drop,
and thermal efficiency increase as the overlapped twist
ratio reduces or nanoparticle volume fraction increases.
Chougule and Sahu [78] performed a comparison between
the thermal efficiencies of Al,Os;—water and CNT-water
nanofluids flows through a tube fitted by helical screw tape
inserts. They concluded that for all conditions, the CNT-
water nanofluid with helical screw tape inserts has larger
values of thermal efficiency in comparison with Al,O3—
water one. They found that the Al,Os;—water nanofluid with
helical screw tape inserts has larger values of pressure drop
penalty in comparison with CNT-water one. Moreover,
they showed that PEC increases when decreasing the twist
ratio of inserts. Sadeghi et al. [79] investigated numerically
the effects of nanoparticle shapes containing cylindrical,
spherical, and platelets on the heat transfer of nanofluid
flow inside a circular pipe enhanced by the helical tape
inserts. Their results showed that cylindrical nanoparticles
have the largest heat transfer improvement and PEC among
the three nanoparticle shapes considered. Prasad and Gupta
[80] used simultaneously nanofluid and twisted tape inserts
in a U-shaped pipe. They carried out their tests for Rey-
nolds numbers within the range [3000; 30,000]. They
reported a maximum thermal efficiency factor of 1.25 by
combining the use of aluminium oxide—water nanofluid
(¢ = 0.03%) and twisted tape with twist ratio of 5 in the
U-shaped pipe. Buschmann [81] investigated experimen-
tally the nanofluid laminar flow in an inserted tube with
twisted tape. This research was arranged based on three
distinct scaling approaches containing experiments based
on the Reynolds number, the Prandtl and Reynolds num-
bers, and the Prandtl and Reynolds numbers and nanopar-
ticle volume fraction. Note that the nanoparticle volume
fraction is a feature of two-phase flow, which affects the
thermophoretic force and Brownian motion in nanofluid
flows. Buschmann [81] concluded that performing the
experiment for nanofluid laminar flow in an inserted tube
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Table 4 Research on the combination of twisted tapes inserts and nanofluid
References Type of research ~ Type of Solid volume Particle Reynolds number Type of
nanofluid fraction diameter modelling
Sharma et al. [49] Experimental Al,Oz—water 0.1 47 3500-9000 -
Pathipakka and Numerical Al,Osz—water 0.5,1 and 1.5 30 200-2000 Single-phase
Sivashanmugam [51] approach
Sundar and Sharma [50] Experimental Al,Os—water 0.02, 0.1, and 47 10,000-22,000 -
0.5
Wongcharee and Eiamsa- Experimental CuO-water 0.3-0.7 30-50 830-1990 -
Ard [52]
Sundar et al. [57] Experimental Fe;04—water 0.02-0.6 36 3000-22,000 -
Wongcharee and Eiamsa- Experimental CuO-water 0.3, 0.5, and 30-50 6200-24,000 -
Ard [59] 0.7
Eiamsa-ard and Experimental CuO-water 0.3-1.0 - 5650-17,000 —
Wongcharee [58]
Suresh et al. [55] Experimental Al,O3 and 0.1 Al,O3 (43)  Peclet number -
CuO-water CuO (30) (5000-13,500)
Suresh et al. [56] Experimental Al,O3 and 0.1 Al,O3 Peclet number -
CuO-water (40-50) (16,000-33,000)
CuO
(27-37)
Sekhar et al. [60] Experimental Al,Osz—water 0.02, 0.1, and - 800-2200 -
0.5
Naik et al. [66] Experimental CuO-water 0.025, 0.1, and < 50 1000-10,000 -
0.5
Azmi et al. [68] Experimental TiO,—water 0.5-3 50 8000-30,000 -
Azmi et al. [69] Experimental— SiO,—water 14 - 3000-100,000 -
mathematical
Azmi et al. [70] Experimental SiO, and 1-3 SiO; (30) 5000-25,000 -
TiO,—water TiO, (50)
Maddah et al. [62] Experimental TiO,—water 0.01 30 10,000-27,500 -
Maddah et al. [72] Experimental Al,Os;—water 0.3, 0.5, and 20-22 5000-21,000 -
0.7
Esmaeilzadeh et al. [61] Experimental v-AlL,Oz—water  0.5-1 10-20 150-1600 -
Salman et al. [63] Numerical CuO-water 2 and 4 29 200-2400 Single-phase
approach
Naik et al. [67] Experimental CuO-water 0.1 and 0.3 <50 4000-20,000 -
Eiamsa-ard and Experimental- TiO,—water 0.07, 0.14, and 15 5400-15,200 Single-phase
Kiatkittipong [71] numerical 0.21 approach
Prasad et al. [64] Experimental Al,Os—water 0.01-0.03 <50 3000-30,000 -
Prasad et al. [65] Experimental Al,Oz—water 0.01 and 0.03 <50 3000-30,000 -
Eiamsa-ard et al. [77] Experimental- TiO,—water 0.07, 0.14, and 15 5400-15,200 Single-phase
numerical 0.21 approach
Khoshvaght-Aliabadi and Experimental Cu-water 0.1 and 0.3 30-50 7500-15,000 -
Eskandari [75]
Safikhani and Abbasi [76]  Numerical Al,Oz—water 3 40 100-2000 Two-phase
mixture model
Aghayari et al. [74] Experimental Fe,Os—water 0.12-0.2 15 2500-20,500 -
Safikhani and Eiamsa-Ard  Experimental TiO,—water 0. 13 and 0.21 - 5400-15,200 -
[73]
Chougule and Sahu [78] Experimental Al,O3 and 0.15, 0.45, Al,O3 2400-5600
CNT-water 0.60, and 1 (100)
Prasad and Gupta [80] Experimental Al,Oz—water 0.01-0.03 <50 3000-30,000 -
Sadeghi et al. [79] Numerical Al,05 and 0.5-2.0 20-50 150-2000 Single-phase
SiO,—water approach
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Table 4 (continued)

References Type of research ~ Type of Solid volume Particle Reynolds number Type of
nanofluid fraction diameter modelling

Buschmann [81] Experimental TiO,—water 5 and 10 30-80 300-1300 -

Zheng et al. [82] Numerical Al,Osz—water 1-4 30-50 1000-10,000 Single-phase
approach

Hosseinnezhad et al. [83] Numerical Al,Oz—water 14 100 10,000-30,000 Single-phase
approach

Rashidi et al. [84] Numerical Al,Oz—water 1-5 60 200 Single-phase
approach

Fig. 14 Schematic of double

pipe heat exchanger equipped 1 111 1111

with helical baffles reprinted

from Saeedan et al. [96] with

permission from Elsevier

with twisted tape based on the Prandtl and Reynolds
numbers is adequate as the thermophoretic force and
Brownian motion in nanofluids have less significance on
this type of flow. Zheng et al. [82] investigated numerically
the combined effects of dimpled twisted tapes and
nanofluids on the thermal efficiency of a circular pipe. The
dimpled twisted tape used by Zheng et al. [82] is displayed
in Fig. 11.

Figure 12 discloses the turbulence kinetic energy (in
J kg™") for the smooth and dimple cases. As shown in this
figure, the turbulence kinetic energy considerably enhances
particularly near the centre flow area in the case with
dimples. This enhances the overall rotating flow intensity
and causes more improvement in the turbulent mixing and
heat transfer rate.

Hosseinnezhad et al. [83] investigated numerically the
turbulent nanofluid flow through a tubular heat exchanger
enhanced with twin twisted tape inserts. They considered
two states for the twisted tape inserts containing co-swirl
and counter-swirl flows as shown in Fig. 13. Their results
indicated that the heat transfer rate enhances as the twist
ratio reduces or the nanoparticle concentration increases.
Moreover, they showed that the value of PEC enhancement
in the counter-swirl flow state is significantly higher in
comparison with the co-swirl one.

Recently, Rashidi et al. [84] numerically modelled the
nanofluid flow through a square duct enhanced by a
transverse twisted tap inserts. They performed both first
and second laws of thermodynamic analysis. They found
that the thermal (resp. viscous) irreversibility reduces (resp.

VARV,

increases) as the nanoparticle concentration increases or
using the transverse twisted tap within the duct.

Finally, twisted or helical screw tapes can be widely
employed in ducts due to their great ability to enhance the
heat transfer and thermal performance. It can be justified
by several reasons including a reduced hydraulic diameter,
an increased length of the flow route as a result of the
helical shape of this device, and an increase in the shear
stress close to the duct surface, which enhances mixing. It
should be pointed out that the combined usage of twisted or
helical screw tapes and nanofluid has a great potential to
achieve the combined advantages of improving thermal
conductivity created by adding nanoparticles to base fluid
and enhancing liquid mixing and growing the heat transfer
length created by employing twisted or helical screw tapes.
Some researchers performed various numerical and
experimental works to achieve higher values of heat
transfer rate by coupling these techniques. Table 4 pro-
vides the summary of researches on the combination of
twisted tapes inserts and nanofluid.

Combination of nanofluids and baffles for heat
transfer enhancement

Another passive technique for heat transfer improvement is
to employ baffles to change the flow path. Generally, these
devices shift the flow orientation and can be employed in
several processes containing water cooling, clarifying,
clear wells, and reservoirs water treatment equipment [85].
In thermal science, the usage of baffles interrupts both the
hydraulic and thermal boundary layers and, accordingly,
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causes enhancement of the heat transfer rate [86]. Indeed,
the flow passing around the baffles impacts the duct sur-
face, which can enhance the local heat transfer rate. Some
researchers combined this technique with nanofluid to
achieve a higher heat transfer rate in thermal devices.
Khorasanizadeh et al. [87] studied numerically nanofluid
natural convection inside a cavity equipped by a conduc-
tive baffle. Their results showed that for larger values of
Rayleigh number, due to the enhancement of convection,

Nanoparticle concentration
level

0.0400464
0.0400446
0.0400082
0.0400015
0.0399251
0.0398588
0.0398219
0.0392024
0.0375

| | 0.0355

0.0335

| l

Fig. 15 Nanoparticle concentration contours between the sixth and
seventh baffles at Re = 400, d, = 10 nm, and ¢ = 4% reprinted
from Fazeli et al. [97] with permission from Elsevier

Table 5 Research on the combination of baffles and nanofluid

the average Nusselt number augments when one increases
the concentration of nanoparticles and one relocates the
baffle towards the core of the cavity. Elias et al. [88] used
segmental baffles and nanofluid in a shell and tube heat
exchanger. They investigated the influences of various
nanoparticle shapes including cylindrical, bricks, platelets,
and blades and baffle angles on the performance of this
system. They stated that the cylinder-shaped nanoparticles
have the best efficiency in comparison with all shapes for
all baffle angles. Moreover, the 20° baffle angle has the
best efficiency in comparison with other angles.
Mohammed et al. [89] investigated numerically the mixed
convection heat transfer of nanofluids on a backward fac-
ing step in a rectangular channel with a baffle. They found
that a small displacement of the baffle leads to an intense
change in the flow and temperature fields. The optimized
location of the baffle insert for heat transfer improvement is
related to the specific flow and thermal conditions. In
another research, Heshmati et al. [90] repeated this prob-
lem for a slotted and inclined baffle. Their findings indi-
cated that the heat transfer enhances by about 167 and
255% by combining nanofluid and a slotted baffle in
comparison with employing pure water for the cases with

References Type of Type of Solid Particle Reynolds Type of modelling
research nanoparticle  volume diameter/ number
fraction/% nm
Khorasanizadeh Numerical Cu 2-8 - - Single-phase approach
et al. [87]
Elias et al. [88] Analytical y-AIOOH 0.001-0.01 - - -
Heshmati et al. Numerical Al,O3, CuO, 1-4 20-50 50-100 Single-phase approach
[90] Zn0O, and
SiO,
Targui and Numerical Cu, Ag, 2-10 - 300 Single-phase approach
Kahalerras [91] AlL,O3
TiO,, and
CuO
Shahmohammadi  Numerical Al,O; 1 and 1.6 45 600-3000 Single-phase approach and various multiphase
and Jafari [85] models containing mixture, Eulerian, and volume
of fluid models
Mohammed et al. Numerical Al,05, CuO, 1-4 25-80 - Single-phase approach
[89] Si0,, and
ZnO
Bahiraei et al. Numerical Al,O3 1-5 40 700-2500 Single-phase approach
[92]
Bahiraei et al. Numerical Al,O3 1-5 - - Two-phase mixture model
[93]
Fazeli et al. [97]  Numerical Al,O3 1-5 10-90 100-400 Two-phase mixture model
Saeedan et al. Numerical Cu, CuO, 1-5 40 1000-2500  Single-phase approach
[96] and CNT
Armaghani et al.  Numerical Al,O3 2-6 100 1000-15,000 Single-phase approach
[98]
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y = Pitch length of twisted tape (m)
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¥, = Overlapped pitch length of twisted tape

(m)

See [Eiamsa-ard and Kiatkittipong [70]]

Safikhani and Eiamsa-Ard ST, Co-DTs, Co-TTs, and Co-QTs:

0.437Re™023(1 + N)' (1 + )8
Nu = 0.103ReCO8PrO4(1 4 N)* T8 (1 4 )04

f =
CC-QTs:

[72]

0.416R€40'234(1 + N)l.221 (] + (0)0.262
Nut = 0.096RS18PO4(1 4 N)P5H(1 4 )46

ST, C-DTs, and PC-QTs:

f=

0.468R€40'234(1 + N)I.217(l + @)().266
Nu = 0.104Re*S'SPrO4(1 4+ N)*7(1 + )"+

f=

Helical pitch (m)

H
D

)0.01734

H
D

Nu = 09589Re* S Pro4(1 + ¢)** (1 +

Prasad and Gupta [79]

Diameter (m)

)0.01824

H
D

0.3038Re 23 (1 + ¢)* (1 +

f=

baffle and without baffle, respectively. Targui and
Kahalerras [91] used simultaneously porous baffles and
nanofluid in a double pipe heat exchanger and investigated
the effects of them on the performance of this system.
Their results showed that in order to reach to the best
thermal efficiencies, the nanofluid should be employed in
the annular gaps attached to the porous baffles where the
cold liquid is circulated. Shahmohammadi and Jafari [85]
evaluated various multiphase models to simulate and study
the influences of nanoparticles and baffles on the heat
transfer improvement. They used both single-phase model
and various multiphase models containing mixture, Eule-
rian, and volume of fluid models to simulate this problem
for Reynolds numbers between 600 and 3000. They con-
cluded that multiphase models are more accurate for pre-
dicting the heat transfer of nanofluids. Moreover, they
showed that the baffle has a higher influence on the heat
transfer improvement in comparison with the nanofluid for
larger values of the Reynolds number (e.g., 2100-3000).
Babhiraei et al. [92, 93] investigated numerically the com-
bined effects of nanofluid and helical baffles on the ener-
getic performance of a tube heat exchanger. Most of the
baffles are segmental types that compress the shell-side
flow for moving along a zigzag pass to improve the heat
transfer rate. Employing this kind of baffles causes some
critical problems containing creating dead areas in each
portion between two tandem baffles, and as a result, it
augments the fouling resistance. Another problem is the
risk of vibration failure on the tube surface as a result of
intense zigzag flow structure. Accordingly, helical baffles
are introduced as a replacement for segmental types
[94, 95] that almost decreases the above issues. They rec-
ommended that to obtain a great heat transfer rate and a
small pressure loss, it is better to employ helical baffles
with small helix angle. Moreover, a high solid volume
fraction of nanoparticles can even be used without
increasing too much the pressure drop. Bahiraei et al. [92]
reported that the pressure drop increases by about 150% as
the volume fraction increases in the range from 0 to 5%.
Saeedan et al. [96] used numerically nanofluid and helical
baffles in a double pipe heat exchanger. A schematic of the
double pipe heat exchanger with helical baffles simulated
by Saeedan et al. [96] is shown in Fig. 14.

Saeedan et al. [96] used Cu, CuO, and CNT nanoparti-
cles and considered water as the base fluid. They concluded
that increasing the nanoparticle volume fraction has the
most significant influence on the heat transfer for Cu
nanoparticles in comparison with CuO and CNT nanopar-
ticles. Fazeli et al. [97] investigated numerically the com-
bined effects of baffles and nanofluid on the forced
convection in the entry area of a duct. They considered the
nanoparticle migration in their simulation. Figure 15 shows
the nanoparticle concentration contours between the sixth
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Table 7 Correlations to compare the contributions of nanofluids and inserts on the friction factor and Nusselt number

References Type of method

Correlations

Khoshvaght-Aliabadi et al. [29]

Naik et al. [66] Nanofluid + twisted tape

Sundar et al. [47] Nanofluid + coil insert

Nanofluid + vortex generator

Nityater = 0.029R81A08Pr704s4(ep)—o,zzﬁ(el)0A179(€W)0A553
Nucy—water = 0.03Rel-073pr*0.418(ep)*0-218(61)0.178(ew)0,612
Frvater = 0~01Re’°"77Pr2'4"5(ep)70'237(e1)°'255 ()"
Fou—water = 0.01Re—0-18 py2511 (ep)70,24l(61)0.266(6\”)03
Nutyarer = 0.019R80.83Pr0_4(1 + 3)0.03 (1 n 5>0.1
Nitnanofiuia = 0.019 Re®83 Pr04(1 - (p)osg(l T g)
fater = 0.3345Re™025 (1 +s>o.o3s(1 +§)0_1
Jnanofluid = 0-3345Re’0'25(1 + <p)0'19(1 +§)().038(1 +5)0_1
Nityaer = 0.05650Re”3Pr04 (1 + 5)0»06759

0.03 0.1
(

1+9)

Nitnanofiuia = 0.03650Re*SPrO4(1 4 )>! (1 4-2)*7

fwater = 0.2891R€70'24(1 +§
fnanufluid = 0-2891R€70'24(1 —+ q))l'535 (1 +IL_;

)0.04143

)0.04143

Table 8 Correlations for the PEC

References Type of method

Correlation for performance

Khoshvaght-Aliabadi et al. [29]
Wongcharee and Eiamsa-Ard [53]

Nanofluid + vortex generator

Nanofluid + twisted tape

PEC = 0'037R60.1Pr1.901(ep)—O.IS(el)O.N (€W)0.742
PECTA — 4.487R€_0'297(1 + (p)().l()l PECTT — 3.234Re‘0'308(1 + ¢)0.082

and seventh baffles at Re = 400, d, = 10 nm and ¢ = 4%.
As shown in this figure, the nanoparticle volume fraction
reduces near the walls due to the thermophoresis phe-
nomenon. Note that the nanoparticles migrate from the
region with higher temperature to the region with lower
temperature. Accordingly, a substrate with large values of
nanoparticle volume fraction appears over the baffles. They
showed that the influence of the nanoparticle diameters on
PEC depends mainly on the value of the nanoparticle
volume fraction.

Armaghani et al. [98] studied the combined effects of
nanofluid and baffles on the natural convection inside an
L-shaped cavity. They found that the effects of nanofluid
on the cooling cavity decrease as the baffle length increa-
ses. They reported that placing baffle in the cavity has a
significant effect on flow field and it has a potential to
disrupt the flow order.

Finally, usage of baffle leads to interrupt both hydro-
dynamic and thermal boundary layers and accordingly
causes a superior heat transfer performance. The fluid,
flowing around the baffles, strikes the duct surfaces, which
has a capability to improve the positional heat transfer rate.
Some researchers studied the simultaneous influence of
baffles and nanofluid on the thermal efficiencies of

different thermal systems. Table 5 provides the summary
of researches on the combination of baffles and nanofluid.

Table 6 presents the correlations of heat transfer and
friction factor for various inserts which are useful for
engineering applications. Note that there is no correlation
for the researches performed on the combined system of
nanofluids and baffle. Accordingly, this should be consid-
ered for future works.

Table 7 presents some correlations to compare the
contribution of nanofluids and inserts on the friction factor
and Nusselt number. Cases with pure water highlight the
contribution of inserts on the friction factor and Nusselt
number without considering the nanofluids.

Table 8 presents the correlations for the PEC in two
cases including the combination of nanofluid and vortex
generator and of nanofluid with twisted tape insert.

Table 9 presents some data about the thermal conduc-
tivity and cost of various nanoparticles. As presented in this
table, although some nanoparticles have a great thermal
conductivity, their cost remains high, and accordingly, they
are not affordable to use in thermal systems. As a result, the
considered nanoparticles with high thermal conductivity
and reasonable cost are suitable to be applied in real
industrial applications.

@ Springer
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Table 9 Thermal conductivity

and cost of various S. no. Nanopowders Thermal conductivity/W m ' K™! Quantity Cost/Rs

nanoparticles reprinted from 1 Aluminium oxide (AL,Os) 40 25 ¢ 2000

Elango et al. [102] with . K

permission from Elsevier 2 Zinc oxide (ZnO) 29 100 g 1500
3 Tin oxide (SnO,) 36 25¢g 1500
4 Iron oxide (Fe,O3) 7 25¢g 1750
5 Gold nanopowder (Au) 315 lg 35,029
6 Titanium dioxide (TiO,) 3.5 100 g 12,359
7 Copper oxide (CuO) 76 S5¢g 3111
S Carbon nanotubes 3000-6000 250 mg 19,521
9 Zirconium (IV) oxide (ZrO,) 2 100 ml 10,611
10 Silicon nitride (Si3Ny) 29-30 25¢g 11,434
11 Boron nitride (BN) 30-33 50g 4911
12 Aluminium nitride (AIN) 140-180 50g 5193
13 Diamond nanopowder (C) 900 lg 8755
14 Silver nanopowder (Ag) 424 5¢g 12,917

Conclusions and recommendations
for future works

Some researchers used simultaneously nanofluids and
inserts to achieve further improvements in heat transfer
performances of different thermal systems. This article
performed a review of the literature on these researches.
Inserts were baffles, twisted tape, vortex generators, and
wire coil inserts. The main findings of these researches
along with some recommendations for future studies are
provided in this section.

Conclusions

The following findings can be drawn from this literature
review:

Vortex generators A good improvement in the heat
transfer rate was obtained by employing vortex generator
in pure water, while a considerable improvement was
achieved by employing the vortex generator and nanofluids
simultaneously followed with a moderate rise of the fric-
tion factor. Generally, vortex generators with winglets are
more suitable to improve the heat transfer in modern
thermal devices as they have the ability to create longitu-
dinal vortices and cause disruption of the main flow field
with lower values of the pressure drop. Using vortex gen-
erators with a smaller longitudinal gap is more efficient
from the heat transfer coefficient enhancement viewpoint.
The main benefit of the vortex generators is their easy
fabrication and great efficiency, especially at larger values
of the Reynolds number. The usage of vortex generator is
more effective in comparison with the nanofluid on the
efficiency of plate—fin heat exchangers.

@ Springer

Wire coil inserts The geometrical parameters of coil wires
have a significant influence on the thermal efficiency of the
combined thermal system. The heat transfer rate enhances
by increasing the coil diameter. Generally, the secondary
vectors have higher strength by using a coiled wire with a
larger diameter and this leads to more improvement in the
heat transfer rate. The heat transfer enhances as the ratio of
wire coil inserts (the ratio of wire coil pitch to the inner
diameter of the pipe) reduces. A wire coil with sharp-edged
shoe has superior heat transfer efficiency in comparison
with the circular one.

Twisted strip inserts The heat transfer improvement cre-
ated by combining the use of nanofluid and twisted tapes is
higher at the pipe outlet (compared to what happens at the
inlet) as a result of the influence of the swirl flow. The
device performance can be enhanced without increasing
the size of the heat exchanger. Nanofluid has superior heat
transfer efficiency when employed with thicker twisted
strips. The use of twisted tapes with alternated axis
improves the thermal efficiency compared to the base case
with twisted tapes. The microfin pipe enhanced by dual
twisted tapes has a significantly better thermal efficiency
compared to the case with a single tape. Generally, the
twisted tapes are more efficient in comparison with the
wire coils to enhance heat transfer, while the wire coils
lower penalty of pressure drop in comparison with twisted
tapes.

Baffles Helical baffles are introduced as a replacement for
segmental types. A small displacement of the baffle leads
to an intense change in the flow and temperature fields.
When one wants to achieve high heat transfer rates and
small pressure drops, it is better to employ helical baffles
with small helix angle.



Combination of nanofluid and inserts for heat transfer enhancement

457

Recommendations for future studies

The following proposals are provided as a direction of
future studies.

In terms of systems:

Using these combined techniques in microscale thermal
systems should be more evaluated in future studies as
the demands for thermal systems with microscale sizes
are increasing in chemical analysis, microfluidics, and
biomedical diagnostics.

The swirling influences created by twisted tapes are
transferred from the pipe core towards the wall by using
transverse or eccentric twisted tapes [1, 4]. Creation of
the swirling flow adjacent to the surfaces causes greater
mixing and centrifugal force in these regions, which is
more efficient for enhancing the heat transfer rate.
Combination of nanofluids and transverse or eccentric
twisted tapes can be a good option for future studies
since most of the researches in this field are performed
for axial or concentric twisted tapes.

Trapezoidal and triangular ducts have some advan-
tages: easy to manufacture, superior compactness,
affordable fabricating, superior mechanical strength,
and lower friction factor [2, 99]. These ducts are widely
used in solar collectors and heat exchangers. However,
most of the previous studies for these combined
systems are performed for circular and square ducts.
More researches should be performed for trapezoidal
and triangular ducts in these combined systems.
Graphene as nanoparticle has excellent thermal, elec-
trical, mechanical, and optical properties. Though
having a prohibitive production cost, this material has
good potential to enhance even more the performance
of all these combined systems.

Future researches could focus on porous inserts such as
perforated inserts as they increase the effective surface
for heat transfer and create a lower blockage against the
flow.

There is no correlation for the researches performed on
combined system of nanofluids and baffle. Accordingly,
this should be considered for future works.

From a methodological point of view:

The careful preparation and dispersion of the nanopar-
ticles in the base fluid is a key step for the long-term
stability of a nanofluid in these combined systems. For
each couple nanoparticle-based fluid, it includes the
control of pH, the use of the appropriate surfactant at an
optimal concentration, and a sufficient dispersion by
ultrasound.

Most of the researches for the combined system of wire
coil inserts and nanofluid are experimental. More

numerical researches can be performed in this area to
prepare a comprehensive qualitative and quantitative
evaluation that is toughly available in experimental
studies. Future numerical models should include the
real distribution of nanoparticles in terms of size and
more physical phenomena like particle—particle inter-
actions directly in the conservative equations (not
through correlations for their thermophysical proper-
ties). Population balance model is a necessary further
step towards a more realistic simulation of nanofluid
flows.

e Combined usage of nanoparticle and inserts improves
the heat transfer rate, but may also intensify the
sedimentation of nanoparticles. Sedimentation can
affect the performance of the systems, and accordingly,
their long-term operation should be considered as a key
parameter before recommending the use of nanoparti-
cles for industrial applications.

e The performance of these systems should include more
systematically the evolution of the four criteria recently
used by Sekrani et al. [100]: the ratio C/Cx, relating
the dynamic viscosity and the thermal conductivity of
the nanofluid, the Mouromtseff number Mo, which
gathers all the relevant thermophysical properties of the
nanofluid, the overall energetic efficiency m, which
combines the normalized Nusselt number and pressure
drop and the performance evaluation criterion (PEC),
which is the ratio of heat transferred to the requiring
pumping power.

e New criteria including the life cost of the systems have
to be developed and integrated in combined energetic/
economical optimization studies. For this purpose, the
artificial neural network method coupled to a multiob-
jective algorithm like genetic algorithm appears to be a
promising way for the design of combined systems,
which could be integrated in industry.
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