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Abstract

Nanofluids are considered to offer significant advantages as thermodynamic fluids because of their admirable properties on thermal con-
duction, thermal convection, boiling heat transfer and stability. This paper presents numerous researches focusing on the improvement of
heat transfer via facing step and corrugated channels using nanofluids and without it. Exploration on the convective heat transfer was
done through numerical modeling. It was reported that experimental studies were carried out in corrugated and facing step channels
through the application of nanofluids and conventional fluids for heat transfer enhancement. The turbulent and laminar flows along cor-
rugated and facing step channels have been presented. The numerical and experimental findings in maximizing the heat transfer rate are
in accord. Comparisons between thermal conductivity measurement methods were done. Innovative design of corrugated facing step
channel is being proposed. The heat transfer enhancements reach 60% by using facing step channel under laminar flow with nanofluid.
The dimensions of new channel such as height and width of the baffle, the height of the step, shape and height of corrugated are needed
to compare that might to provide the ideal rate of heat transfer.
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1. Introduction - )

The flow separation and succeeding reattachment phenomena that -
happen as a result of sudden compression or extension in the flow H v

passage, for instance, forward-facing (fwf) and backward-facing !
(bwf) steps are considered as important industrial situations. The s
forward- and backward-facing steps as in Figure 1 play significant

part in the design of many engineering applications wherever there ry ", YYYYYYYYYYYYYYYYYY' .'
X

is a need for cooling or heating. These heat transmission applica-

tions occur in combustion chambers, cooling system for electronic saiform beat flux

devices, chemical procedures and energy systems equipment, high

performance heat exchanger, cooling passages in the turbine blade (a) Forward

and environmental control systems. Practically, the pressure drop

and heat transfer augmentation in reattaching flow area and inside ‘
the reverse flow area is very large. For instance, there is low pres- I h

sure drop and an improvement on the heat transfer rate attained ket

near the wall channel region, while the heat transfer rate is low at "
the corner, in which the abrupt change has developed in the flow ! Outlet
region. v 1|8

Besides that, Figure 2 illustrates the corrugated channels (CC) that X YR YN YN YYANRIREN RN ,', ¥
are utilised in numerous uses to improve heat transfer. In channels, X

the enhancement of heat transfer relies upon the bulk fluid mixing
and re-initiation of the thermal boundary layer [1]. However, the
current researches present plenty of significant experimental and (b) Backward
numerical results regarding nanofluids, flow and heat transmission
features of laminar and turbulent flow over different geometry, for
example, the backward- and forward-facing steps, flat channel and
corrugated channel.

uniform heat flux

Fig. 1: Facing step channel [2]
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Fig. 2: Corrugated channel [1]

Based on authors' knowledge, the studies and investigations con-
cerning the fluid flow over corrugated and facing step channels
still require considerable effort since it is not entirely understood.
This study intends to present an inclusive review of heat transmis-
sion augmentation through facing step and corrugated channels.
This paper also provides an innovative kind of nanofluids and
flow in corrugated facing step channels for forthcoming studies.

2. Heat transfer through corrugated channel

Past studies have been done on the numerical and experimental of
the convection heat transmission for conventional fluid by means
of corrugate channel over the turbulent and laminar flow regions.

2.1. Laminar flow

In the past century, many research and experimental studies have
been done on laminar flow condition for convective heat transfer
of the conventional fluid in CC [3]. Typically, one of the complex
channels is CC, whereby it can provide a higher compactness as
well as enhance the thermal performance [4-7]. Rush et al. [8] had
carried out the heat transfer and characteristics experiment under
sinusoidal wavy laminar flow via channel. The flow field visuali-
zation methods were analyzed through the use of a water tunnel
whereas the conduction of heat transfer experiments within the
Reynolds number (Re) range of 100 to 1000 was done using wind
tunnel. It is discovered that Re and geometry of the channel have
direct influence on the position of the mixing onset. Heat trans-
mission was enhanced considerably by macroscopic mixing onset.
Fabbri [9] studied the heat transfer via the corrugated and smooth
channels at laminar flow condition. The walls of the corrugated
and smooth channels have sustained uniform and adiabatic ther-
mal flux. The finite element model was employed to find the tem-
perature and velocity profile. The increment of Reynolds (Re) and
Prandtl (Pr) numbers were in line with the increase of heat trans-

fer of the greatest corrugated shape, as demonstrated by the results.

Moreover, CC with ideal geometry is capable of offering as high
as 30% improvement in heat transfer for smooth channel while the
resultant penalty increment of pressure drop would only be 10%.

Bahaidarah et al. [10] carried out the flow phenomena and heat
transmission numerically in wavy channel over Pr = 0.7 and Re
range of 25 to 400. Arc-shaped and sinusoidal configurations were
studied for different geometry parameters. Finite element method
(FEM) was adopted on solving the mass, momentum and energy
equations. Moreover, implementation of a body-fitted grid system
was done to create the grid for computational domain. To study
the pressure field, the SIMPLE algorithm was applied in solving
the set of discretized equations, iteratively. It was seen that the
streamline contours were symmetric but the recirculation zone size
increased with Re. The heat transmission augmentation enhanced
with the increment of Re for channels configuration. The sinusoi-
dal channel experienced a scaled-down pressure drop when com-
pared to the pressure drop in arc-shaped channel. Wang and Chen
[11] hypothetically investigated the heat transmission via a sinus-
oidal-wavy channel over Re of 100-700. The utilization of simple
coordinating transformation in the governing equations has trans-
formed the Cartesian coordinate to curvilinear coordinate. Fur-
thermore, there was a minor augmentation of the heat transmission
at lesser volume of amplitude-wavelength ratio whereas at higher

value of amplitude-wavelength ratio. An admirable augmentation
in the heat transfer for greater Re was detected.

Mohamed et al. [12] studied the laminar convection via entrance
section of a sinusoidal-wavy channel by means of numerical
method. The temperature of wavy channel walls was kept constant.
A finite element technique was adopted in solving the 2D govern-
ing transport equations. Under the range of Re of 100-1500, the
data collected were in the range of 0-0.5 for the amplitude of
wavy channel and 0.708-6.69 for Pr. It was found that there were
increment in the friction factor and heat transfer coefficient with
the increasing of Re.

2.2. Turbulent flow

Many researchers have studied the convective heat transfer under
turbulent flow conditions over corrugated channels [13,14]. Zhang
and Che [15] studied numerical study of the effect of corrugation
shape of corrugated plates on thermal hydraulic performance with
air as working fluid. The governing equations of momentum, mass
and energy in addition to the Lam-Bremhorst low Re turbulence
model were investigated through the finite volume method. CFD
analysis was conducted through the use of commercial software
such as CAMBIT/FLUENT. The result shows that the heat trans-
fer coefficient and the pressure drop were greater with sharp cor-
rugation than that with smooth corrugation. It is found that the
trapezoidal corrugated channel’s friction factor and average
Nusselt number (Nu) were approximately 1 to 4 times higher than
that of the elliptic CC.

For further enhancement on heat transmission in cross-corrugate
triangular channels, delta-shaped baffles are added by Zhenxing
and Yangyan [16]. Figure 3 illustrates the geometrical and sche-
matic parameters of this channel structure. Numerical studies were
done on the heat transfer and 3D turbulent flow in the channel. To
determine the turbulent flow in Re ranging from 1000 to 6000, a
standard k — ¢ turbulence model with improved wall treatment is
utilized. The effects of Re, apex angle and baffle height on heat
transmission and pressure drop were investigated. To achieve the
objective of the study, field synergy principle was utilized to in-
vestigate heat transmission augmentation in flow channels with
and without baffles. It was found that once inserts; clockwise vor-
tices and anticlockwise vortices are created, respectively, in the
backward region and the low corrugations of the baffles. It was
also observed that once the baffle height is equal to corrugation
height, the friction factor is no longer related to Re in the channel
with 90° and 60° apex angles, and will lead to an increase of Nu
by 2.1 to 4.3 times. However, as a consequence, there will be a
significant pressure loss. Furthermore, flow channel at 60° apex
angle operates optimum in heat transmission if the baffle height is
equivalent to corrugation height, however in further studies, apex
angle of 90° performed better.

a cycle

symmetry

Fig. 3: Schematic of a cross-corrugated triangular channel with delta-
shaped baffles [16]

Oyakawa et al. [17] performed experimentally the effect of chan-
nel height on the pressure drop and heat transmission augmenta-
tion in a sinusoidal-wavy channel over the range of Re of 400 to
200,000. The amplitude and wave length of wavy channel were 20
and 80 mm, respectively. The result predicts that once the ratio of
wave length to channel height was two, the optimum performance
of the wave channel could be reached. Moreover, it was noticed
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that the separation point of the flow is very reliant on the channel
height whilst the reattachment point of the flow remained inde-
pendent. Naphon [1] performed numerical study on heat transmis-
sion and flow improvements in the CC with continuous heat flux
conditions. The height channel of 12.5 mm with three distinctive
corrugated are tile angles 60°, 40° and 20° are tested. k — € stand-
ard turbulent model has been used to simulate the heat transmis-
sion and flow developments. The model was simulated for heat
flux and Re in the range of 0.5 to 1.2 kW/m? and 400 to 1600,
respectively. The structure uniform grid system with a finite vol-
ume method was utilized to work out on the model. The expected
findings then are validated through comparison with the measured
data. According to the comparison, there is reasonable agreement
between the experimental and the numerical data. The corrugated
surface highly influences the augmentation of pressure drop and
heat transmission due to destabilizing and breaking in the thermal
boundary zone.

From the literatures, there is no study done using the corrugated
facing step duct with baffle. Although there are several methods to
enhance the heat transfer, baffle is one of the heat transfer cooling
system enhancement methods and it has been applied in various
applications.

3. Heat transfer through facing step
geometry

The downstream of the step has established the separation zone
within the bwf. Furthermore, fwf, flow geometry and flow field,
which involved at least one separated region, could result in one
downstream and the other upstream from the step. Consequently,
it would be dependent on the ratio of boundary layer approaching
flow to forward-facing step height at the step. The literatures sur-
veyed show that there have been numerous studies conducted on
bwf step heat transfer phenomena establishing an impact upon the
fluid flow behaviour. Sparrow and Chuck [18] and Aung [19]
were among the first investigators to report and establish numeri-
cal and also experimental findings on the heat transmission for 2D
laminar-transient flow with air as working liquid. They utilized a
bwf step channel that was heated at constant temperature from
below. The findings revealed that Nu was not dependent of Re and
that the distribution of the local Nu starts with an appropriate val-
ue at the step. It attains the highest value when it is positioned
close to the reattachment point and reduces steadily to the com-
pletely developed value.

Various studies investigated the influence of the heat transmission
and flow on 3D backward-facing step ducts using several parame-
ters by Iwai et al. [20,21]. Various researchers [20,22-24] have
numerically simulated a low Re three-dimensional mixed convec-
tive flows over a bwf step with the aim of investigating the influ-
ence of the duct aspect ratio. Numerical data were used for Re
ranging between 125 < Re < 375 and the aspect ratio ranging be-
tween 4 < AR < 24 to examine their influence on the skin friction
and Nu. The study showed that a Re of 250 and an aspect ratio of
minimum 16 are required to secure the 2D region in the central
part of the duct.

Chen et al. [25] investigated the influence of step height on heat
transmission and turbulent separated flow using numerical simula-
tion for the turbulent forced convective flow approach to a 2D bwf
step. The duct’s height and Re were kept constant at H = 0.19m
and Re = 28,000, respectively while the expansion ratio was kept
constant at ER = 1.11, 1.24 and 1.67, respectively. The heat flux is
uniform at q,, = 270 W/m? and the downstream wall from the step

fixed whereas the rest of the walls have been arranged as adiabatic.

It was found that as the step height increased, the magnitude of the
maximum turbulent kinetic energy, primary and secondary recir-
culation regions and the bulk temperature had also increased. It
was observed that the step height had increased and the kinetic
energy became smaller below and near the step height. Further-
more, the results showed that the highest temperature increases

linearly with the step height. Kherbeet et al. [26] described the
heat transfer experiment with consistent temperature of the wall
and the outcome of the laminar flow of air that passes through a
facing-step channel with backward. It is deduced that the stream-
wise direction is able to improve the heat transfer under laminar
flow when compared with the smooth channel value while estab-
lishing the ideal heat transfer gained at the downstream reattach-
ment point.

From the literature, it is clear that the flow over the fwf step has
not attained extensive scholarly attention from researchers com-
pared to bwf step case. This is partly due to the several recircula-
tion regions in the fwf step geometry that can develop and make it
more intricate to investigate compared with the bwf step geometry,
wherein a single recirculation region can be placed behind the step.

4. Heat transfer with baffles through facing
step

Among many approaches of heat transfer enhancement in cooling
systems, some of them would be the baffles, jet impingement and
ribs. Various engineering applications have utilized this method
such as the gas turbine internal cooling systems of the blades,
electronic cooling device, turbomachinery machines, thermal re-
generators and shell-and-tube heat exchanger [2]. Habib et al. [27]
studied experimentally the flow characteristic and turbulent heat
transfer through the periodic cell among segmented baffles stag-
gered in straight channels. The previous researchers have imple-
mented the solid segmented baffles.

From the literatures, there is no study focus on corrugated facing
step with baffle, even though many previous researches showed
that by instilled baffle in the channel has significant effect on heat
transfer enhancement. Heshmati et al. [28] studied the heat trans-
fer through facing step baffle channel. They were utilizing an
inclined slotted baffle with nanofluids through backward facing
step. Different nanoparticles concentration (0 to 4%), Re in the
range of 50 to 400 and diameter of 20 to 50 were used. It was
found that SiO, with 20 nm nanoparticles and 2% volume fraction
has had the greatest performance for heat transfer augmentation.
Apart from that, it was observed that the inclined baffle has the
highest average Nu when placed with high skin friction and pres-
sure drop beside the heated wall. Nevertheless, the slotted baffle
that inclined at D = 0.5 with the increment of Re value was seen to
have retained a decent average Nu and slight charges of skin fric-
tion and pressure drop.

5. Fundamental of nanofluids

Heat transmission is largely observed in numerous engineering
structures for cooling and heating. The proper cooling is funda-
mental in countless industrial structures including HVAC, nuclear
plants, transportation, and energy generation. The improvement in
machineries to accomplish anticipated functionality and reduce
volume of products show an enhancement in heat loads that may
even surpass 25kW, thus gases and liquids have low thermal per-
formance because of their low thermal conductivity (k). Several
scholars attempted to enhance the k of the fluid through suspend-
ing micrometer- or millimetre- sized solid particles in liquids. The
first attempt to use millimetre-sized particles suspended in water
was made by Maxwell [16] but due to high density and large size,
the small particles settle out of the suspension.

Since the time that Maxwell detected settlement as a result of
particles’ density and bulkiness, various researches were conduct-
ed to separate solid particles in liquid. Choi [9] proposed the name
of nanofluid on 1995 and considered the innovative theory of dis-
persing nanometer-sized particles in to the base fluid in 1993.
Nanofluids have the quality of being very small in size. Such qual-
ity allows nanofluids to have less sedimentation, particle erosion,
pressure drop, and passage clogging compared with microfluids or
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fluid with large scaled suspensions. From the time when Choi’s
concept has been presented, the attraction of studying nanofluids
have noticeably increased, and numerous studies have been con-
ducted in several facilities and fields to study the functions, appli-
cations, structures, environmental impact, mechanisms, and addi-
tional features of nanofluids. Several researchers including but not
limited to Wen et al. [29], Wang and Mujumdar [30], Yu et al.
[29], Wong and Castillo [31], Kakac and Pramuanjaroenkij [32]
and Mohammed et al. [2] presented review papers. They stated
that nanofluids will create an innovative generation of cooling
technology, and this area requires more research to enhance the
stability and to prevent cluster phenomena in nanofluids.

5.1. Nanoparticle material types

Numerous materials are utilized to make nanoparticles and dis-
perse them in base liquids such as nitride ceramics (SiN), semi-
conductors (SiO,, TiO,), carbide ceramics (SiC, TiC), oxide ce-
ramics (CuO, Al,QOs), metals (Al, Ag, Fe, Cu, Au), single double or
multi wall carbon nanotubes (MWCNT, SWCNT, DWCNT) and
composites. Furthermore, new structures and materials are pre-
ferred to be used in nanofluids whenever the solid- liquid bounda-
ry is doped with several molecules. Aerogels are nanoporous light
materials consisting of an open-cell network with numerous ex-
ceptional characteristics that attract the intuition of scholars in
different areas of technology and science. Their range of applica-
tions is unlimited, tracking their way in the various fields includ-
ing thermal and acoustical insulation, and chemistry [33]. Silica
aerogel is one of the classes of aerogels, which is porous
nanostructure from silica aerogel. It demonstrates very interesting
characteristics including low k, low bulk density and optical trans-
parency in the visible spectrum (~99%) [33,34]. Such distinctive
amalgamation of features is because of the microstructures of
Silica aerogel, which consists of nanosized pores. Based on the
literature aerogel nanoparticles have not chosen as a candidate to
prepared nanofluid to enhance heat transfer.

Nowadays, many researchers work to find new nanofluid for en-
hance heat transfer, graphene has been used as nanofluid by sever-
al researchers [35-37], Ahammed et al. [35] measured the thermal
conductivity k of graphene-water nanofluid by means of a transi-
ent hot wire technique with different above and below ambient
temperatures. The results showed greater k of graphene-water
nanofluid as compared with that of the metal oxide nanoparticles,
and when compared with that of pure metallic nanoparticles, the
same is lower.

5.2. Preparation of nanofluids

There are two main methods used to produce nanofluids: single
step and double step techniques. Such techniques have been used
by employing various kinds of chemical and physical methods to
ensure the stability of the solid-liquid mixture in order to prevent
agglomeration, additional resistance of flow, probable clogging
and erosion, low k as well as low heat transmission. A double-step
process is more reliable for the synthesis of ceramic-based
nanofluids. On the contrary, single-step process is perfect for pro-
ducing metallic nanofluids [35,38].

Single-step method is done by either chemical [39] or physical [40]
method. Introduced by Akoh et al. [40], the nanoparticles pro-
duced from the direct condensation of metallic vapour involved a
contact between the single-step physical synthesis and the low
vapour pressure fluid flow [41]. In most base fluid, the single-step
method would directly synthesize nanoparticles in it (the base
fluid). Therefore, evading the processes of re-dispersion, transpor-
tation and drying storage of the metallic nanoparticles [41]. Gen-
erally, microwave-assisted route [42], physical vapour deposition
[40] and also solution chemical method [39] are implemented for
single-step synthesis of nanofluids. The advantage of such meth-
ods is minimal agglomeration which escalates the stability of the
uniform dispersion and suspensions in the base liquids. Nonethe-

less, single-step techniques present a constraint to the amounts of
nanofluid production since only low-pressure fluids are presently
compatible with these progressions [43].

Double-step methods are also normally used to produce nanofluids.
In these methods, the dry nanopowders available from various
chemical and physical methods such as mechanical alloying [44],
inert gas condensation [38] and physical vapour deposition are
dispersed into a base fluid [45]. Nowadays, two-step methods are
commonly implemented also due to the fact that it is possible and
easy to processes and control the size distribution and the concen-
tration of the solvated nanoparticles [38]. Moreover, the two-step
method is more economical process for extensive production of
nanofluids as nanopowder production methods have been mounted
up to industrial production stages. The drawback of this technique
is the greater likelihood of agglomeration of individual particles
prior to reaching of complete dispersion because of Van Der
Waals attractive forces between nanoparticles [45]. However, to
reduce the particles agglomeration Murshed et al. [46] used the
ultrasonic equipment to produce TiO, - water nanofluid. Metallic
nanofluids were made by utilizing various double-step methods,
yet because of the high agglomeration they did not succeed. Some
other techniques have also been utilized to achieve the stability of
the nanoparticles in the base liquids employing double-step meth-
ods for instance adding surfactants, or controlling PH, and disper-
sant.

5.3. Stability

The most essential issue for increasing the heat transmission is
suspension stability in nanofluids. This is generally due to the
nanoparticles’ tendency to aggregate with the time elapsed for its
great surface activity, which leads to the clogging and settlement
of channels as well as decreasing the k. Nanofluids are expected to
remain stable once the concentration of particles is kept steady.
Several approaches are utilized to define the stability of nanofluids
like absorbency method [47] and sedimentation method [48,49].
Sedimentation technique is a highly reliable yet simple technique.
It is mostly achieved by specific device that is effective to com-
pute the vibration of particle size or concentration of supernatant
particle with sediment time.

5.4. Applications

Tzenget al. [50] have studied the effects of nanofluids on the heat
transfer across the engine. The nanoparticles of Al,O; and CuO
have been applied in the oil of an automatic transmission, and
have been tested with an actual engine. Huang and Chein [51] had
employed Cu nanoparticles of different volume fractions to esti-
mate the heat sink microchannel performance. It was found that
nanofluid has a significant heat removing influence as compared
to pure water with no more penalty of pressure drop due to small
diameters and low volume concentration of nanofluids. Hussein et
al. [52] investigated operation competency of operating SiO,
nanofluid in automobile radiator as a coolant fluid. Admirable heat
transfer enhancement was included using nanofluid in the auto-
mobile radiator. Kleinstreuer and Koo [53] applied nanofluids to
eliminate the heat transfer across microwave channel.

5.5. Viscosity

Nanofluids are normally utilized under flow conditions and the
flow suspension that can be considered largely different from that
most mutual heat transmission fluid with Newtonian features. As
such, it is highly important to have the rheological characteristics
of nanofluids to utilize practically. Rheological features give the
information about the microstructure for both dynamic and static
situations that are essential for understanding the procedure of
heat transmission augmentation by nanofluids. The fluids can be
either non-Newtonian or Newtonian, depend on the viscosity.
Newton suggested that the share force acting on the liquid is rela-
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tive to the resulting flow velocity. Newtonian fluids called to the
fluid which their viscosity remains stable with a rise in share rate.
However, when the viscosity varies with a rise in share, it is re-
ferred to as non-Newtonian fluid. It is observed that the viscosity
of nanofluids is essentially dependent on temperature, volume
concentration, and nanoparticles size [54-56]. It is stated that the
viscosity decrees with the increase in temperature. Nanofluids
with large size nanoparticles and high concentration have high
particle interaction and may produce in particle agglomeration and
therefore, decrease the heat transfer augmentation and increase the
flow resistance. The shape of nanoparticles has an essential part as
throughout the share process, particles revolve while they move.
Cube-shape particles occupy further volume while revolving com-
pared with spherical particles.

6. Experimental investigation on nanofluids

6.1. Thermal conductivity

There are numerous experimental works conducted on the k of
nanofluids since it is a key valuation of the heat transmission per-
formance. The physical mechanism of the k augmentation of
nanofluids needs further studies. Maxwell [57] is known to be a
prominent researcher who suspended particles k. Through disre-
garding the connections between the particles they suggested an
equation that is merely applicable for mixture with low particle
concentrations and employed a really dilute suspension of spheri-
cal particles. The gab of particle connections attracts the research-
er to improve or extend the Maxwell equation with different fac-
tors that influence the k for instance volume concentration [58-60],
particle distribution and dispersion [61], particle shape [62], con-
tact resistance [63,64] and particle-shell structure [65,66]. Never-
theless, these researches attempted to develop equations to expect
k. However, the comparison between the theoretical predictions
and experimental findings for nanofluids is mostly inadequate.
Several new approaches to studying the mechanism were em-
ployed to enhance prediction of nanoscale such as nanoparticle
cluster [67,68], nanoparticle browning motion [69-71] and also
nanoparticle-matrix [72-75].

It is essential to know that the influence of k on nanofluids relies
on base fluids, solid particles k, shape of particles, thickness and k
of nanolayer and volume fraction. Yu et al. [29] presented a com-
prehensive research of experimental studies on the efficient heat
transfer augmentation and k of nanofluid. Wang et al. [76] and
Lee et al. [77] illustrated the influence of volume concentration
with 23nm and 24nm CuO particles in the host fluid of water. It
was observed that, by increasing the particles volume concentra-
tion the k enhancement increased, k ratio was enhanced by 34% at
10% volume fraction. The influence of particle volume fraction
with CuO nanoparticles with ethylene glycol as host fluid has been
experimented by Wang et al. [76] and Lee et al. [77]. It was no-
ticed that the volume fraction of CuO particles with 15% Kk ratio
augmented by 50%. Numerous investigations settled on the extent
of augmentation with the same test parameters for CuO in water,
CuO in ethylene glycol [76,77] and Al,O3 in water [78,79]. Figure
4 illustrates that the increasing in volume fraction leads to increase
in the heat transmission augmentation. In addition, it is clear that
increasing of particle volume concentration encountered with
penalty of skin friction and pressure drop coefficient increment
[28]. The influence of particles shape on k augmentation in
nanofluid is studies by Xie et al. [80]. The results of the study
were compared with consider to the geometry shape, base fluid
and material. It was observed that outspread particles are better
augmentation of the k.
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Fig. 4: (a) Local Nusselt number, (b) pressure drop, (c) Skin friction
coefficient, along the heated wall for nanofluid with dp =20 nm and u =
4% [28]

The influence of particle size has been examined by Das et al.
[78,79], Xie et al. [80,81], Wand et al. [76] with single particle-
water combination over a variety of spherical particle diameter
from 60 nm to 20 nm. According to some theories, a uniform dis-
tribution of small particles results in higher heat transmission
augmentation. On the other hand, it is generally believed that the
large particle diameters generate high augmentation in k. However,
the particle size has a significant role in heat transfer and k en-
hancement in base fluids. The influence of the base fluid material
on the k augmentation has been examined by Xie et al. [81]. En-
hanced k augmentation of the host fluid that has slight k was ob-
served in the study. These findings are essential for the design of
heat exchanger equipment, where heat transmission augmentation
is required.

Li and Peterson [82], Wen and Ding [83,84] and Das et al. [85]
investigated the influence of temperature on the k augmentation.
The findings of their studies show that the k augmentation increas-
es with the increase in temperature. To avoid agglomerating of
nanoparticles fluid additives are utilized through the experimenta-
tion. Countless studies on work containing additives such as the
thioglycolic acid indicate augmentation in k [32]. Various kinds of
metallic and non-metallic liquids are utilized as base fluid in order
to create nanofluid. Metallic liquids such as Sodium has greater k
compared with non-metallic liquids such as organic and water
liquids (oil and ethylene glycol). However, water is considered as
the best conventional liquid owing to its great k and being friendly
to the environment and low cost.

6.2. The measurement methods of thermal conductivity

There are several techniques to measure k of nanofluids, such as
steady state techniques, transient methods and the thermal com-
parator method [86]. Transient methods contain thermal constants
analyzer [38], transient hot-wire method [46,87], the 3w method
[88] and temperature oscillation [85]. Cylindrical cell [89] and
steady state parallel plate [76] can be instead considered as steady-
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state methods. However, transient hot-wire method is known to be
the most implemented solution. Noticeably, Li et al. [90] com-
pared the findings and data from transient and steady state k
measurements in Al,Og/water nanofluid. According to the findings,
both approaches provide similar k rates at room temperature while
through raising the temperature, an admirable contradiction be-
tween the approaches was obvious. This was because of the onset
of natural convection in the hot wire setup [91]. Figure 5 shows
the comparison between k measurement methods based on the
literature survey.

persentage of Published literature

: H B

Steady-state 3w
Parallel Plate

Thermal
Constant
Analyzer

Transient Hot- Thermal

Wire comparator

Measurment Methods

Fig. 5: Comparison of thermal conductivity measurement methods

7. Nanofluids heat transfer

Laminar and turbulent flows are some of the two types of flow
inside a channel. The experimental findings of the convective heat
transfer with the nanofluids showed that it varied with the volume
fraction and flow velocity, while being higher than the base fluid
under laminar flow conditions as in Table 1. In addition, various
nanoparticle types and concentration levels under several thermal
boundary conditions have been examined. This table reports the
amount of heat transfer augmentation duo to the use of nanofluids.

Table 1: The laminar forced convection heat transfer enhancement

Under laminar flow conditions, the Darcy correlation of friction
factor are used as given by Eqn. 5.

f=2 ®)

~ Re

This equation is used for pure water to validate the simulation
results.

According to the findings of their numerical and experimental
studies, Kherbeet et al. [92] reveal the heat transfer and flow char-
acteristics of nanofluid laminar flow through microscale back-
ward-facing step. The experiment is conducted at Re range of 280
to 470 with diameter of 30 nm and two types of nanoparticles
Al,O5 and SiO,. It was noticed that the fraction factor of Al,O3 /
water was greater than SiO2 / water mixture. Also, it was observed
that Nu rises with growths in volume fraction. It was deduced that
the numerical results conform to the measurement results. Table 2
tabulates the convection heat transfer under turbulent flow within
the range of Re up to 4000 of the nanofluid. This table reports the
amount of heat transfer augmentation duo to the use of nanofluids
types and the volume concentration.

Table 2. The turbulent forced convection heat transfer enhancement

References Nanoflu- Tvoe Concentra- Enhance-
id yp tion wt% ment %
Al, 04
Pak and Cho - water Circular
[100] TiO, tube = 2l
- water
Vajjha and Al, 04
Das [98] et Flat tube 6 36
Al, 04
Togun et al. - water Facing )
[101] CuO step 14 it
- water
Corrugat-
Pandey and Al, 05 -y 2.4 40
Nema [102] - water nel
Duangthong-
STENY 0t Annulus 0.2-2 25
Wongwises - water
[103]
Chandrasekar .
T STeeh Al, 04 Circular 0.1, 0.15, 33,38, 51
[97] - water tube 0.2

. Concentration | Enhancement
Reference Nanofluid Type wi% %
Lionand Liu CNTs Circular
[93] — water tube a2 e
Chen et al. TNT
[94] — water U 2%
Hwang et al. Al,0, Circular )
[95] - water tube DL e
. Vertical
He et al. [96] TiO, pipe 0.2-1.2 26
Bahiraei and Magnetic
Hangi [7] Jrtear Annulus 5) 18
Eastman et CuO Circular
al. [41] — water tube 03 g
Chandrasekar .
and Suresh Al Cirelar |64 015,02 | 17,24,34
— water tube
[97]
Vajjha and Al,0, Flat 6 28
Das [98] - water tube
Abu-Nada Cu0 Facing
[99] — water step 0.2 2

Heat transfer coefficient or Nu signifies the heat transfer of the
system and correlation of London and Shah equations were ap-
plied under laminar flow condition as [92]:

1
Nug, = 4364 + 0.0722(Repy, Pror)s Q)
(Repn Prot) < 3333 @)
Dh1
Nug, = 1.953(Repy, PrT)s (3)

(Repn Pr2t) = 3333 @)

Many researchers use the Dittus-Boelter correlation in Eqgn. 6 for
pure water.

Nu = 0.023Re®8pr04 (6)

Researchers are adopting this equation to validate the results from
an experimental setup before adding nanoparticles. The correlation
of fraction factor has been used in many predictions that are accu-
rate and might be determined by Blasius as shown in Eqgn. 7 under
turbulent low condition .

0.316 (7)

f = Re0:316

8. Convective heat transfer of nanofluids

Convective heat transfer is defined as the phenomenon of macro-
scopic motion of the fluid relative to the surface due to the heat
transfer between them. Two main types of convective heat transfer
are forced convective heat transfer where the fluid is forced to
flow through a boundary region and natural convective heat trans-
fer where fluid motion is induced by buoyancy. Convective heat
transfer of medium depends on its thermo physical properties like
thermal expansion coefficient, thermal conductivity, density, vis-
cosity and specific heat capacity.
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8.1. Forced convection

Forced convection using nanofluids are very few and they have
diverged results from each other. The researcher of forced convec-
tive heat transfer using nanofluids observed that there is convec-
tive heat augmentation such as Xuan and Roetzel [104], Li and
Xuan [105], Jang and Choi [106], Xuan and Li [69], and Lee and
Choi [107]. Several studies reported that heat transfer can be en-
hanced under particular conditions by Lee and Murdawar [108],
Chein and Chuang [109], and Pak and Cho [100]. A very limited
studies found that decrease in the convective heat transfer coeffi-
cient when nanoparticles are added to the base liquids like Yang et
al. [110].

8.2. Natural convection

The natural convection studies using nanofluids are very limited.
Even though the research is limited, the available results are di-
verged. Wen and Ding [111] and Putra et al. [112] made an exper-
imental investigation for natural convective of TiO, and Al,O;
nanofluids, respectively. It was observed that the presence of the
nanoparticles in water systematically decreased the natural con-
vective heat transfer coefficient. Moreover, it was found that the
decrease was due to the influence of sedimentation and particle /
fluid slip of nanoparticles. In contrast, Khanafer et al. [113] pre-
dicted that nanofluids augment natural convective heat transfer by
using numerical technique. However, the natural convictive heat
transfer is not well understood, so it requires more research to get
a clear view for such phenomena.

9. Convective of nanofluids in backward and
forward facing step channels

It is observed in the literatures that there are limited numerical and
experimental studies done to investigate heat transfer and flow of
nanofluids in different geometries with different regimes. Engi-
neering geometry such as annuli and tubes were the first geometry
that have been used to investigate nanofluids augmentation. Many
studies show that nanofluids have higher thermal transport than
any ordinary fluids and their augmentation decreases or increases
depending on the change of characteristics and parameter. Some
studies have been done to apply nanofluids for systems, micro-
channels and different geometry shapes. It was noticed that an
improvement in thermal transport augmentation.

There are a few papers that investigate the heat transfer and flow
effect of nanofluids through bwf step channel. Abu-Nada [99]
performed numerically the heat transfer and flow effect through a
bwf step using nanofluids. Different types of nanoparticles and
volume fraction were used in the based fluid, which was water and
flowed through bwf step channel with an expansion ratio ER = 2.
The Prandtl number for the five types of nanofluids was kept con-
stant at 6.2, which are Al,O3;, CuO, TiO,, AG and Cu. The nano-
particles volume fraction and Re used were in range of 0 < ¢ <
0.2 and 200 < Re < 600, respectively. It was found that at the
top wall and for Re = 200, an augmentation in the Nu was regis-
tered by increasing the volume fraction of the nanoparticles. How-
ever, significant enhancement in Nu was at the top wall for Re =
300 expected in the secondary recirculation zone. The same au-
thors [114,115] investigated numerically the mixed convection
assisting flow and the laminar forced through vertical and horizon-
tal bwf step in the channel using nanofluids such as Au, Ag, SiO,,
Al, O3, Cu, TiO; and diamond. It was noticed that a primary recir-
culation section developed downstream of the reattachment point.
Also, it was found that low density nanofluids have higher abso-
lute velocity compared to high density nanofluids. Moreover, one
minimum and two maximum peaks in Nu were observed along the
heated downstream wall. It is inferred that the diamond nanofluid
has the highest minimum peak in the recirculation region while
Au nanofluid has the highest maximum peak of Nu. Moreover,

nanofluids with higher Pr have higher maximum peak of Nu after
the recirculation and separation flow is vanished.

Kherbeet et al. [92] performed a numerical investigation on the
laminar mixed convection flow through a 2D horizontal micro
scale bwf step MBFS placed in a duct. The straight wall of the
duct is maintained at a constant temperature that is higher than the
inlet fluids temperature. Different types of nanoparticles such as
SiO,, CuO, ZnO and Al,03, with volume fractions in range of 1%
to 4% are used. The step height was 0.96 um and the expansion
ratio was 2. The nanoparticles diameter was in the range of 25nm
< dp < 70 nm. The Re was in the range of 0.05 < Re < 0.5. The
result showed that the Nu increases with increasing volume frac-
tion and Re. It is also observed that the Nu increase with the de-
crease of nanoparticle diameter. However, there is no recirculation
region was found at the step and along the duct. The same authors
also performed a numerical study of heat transfer and nanofluid
flow of laminar mixed convection flow over 3D by using horizon-
tal micro scale fwf step channel [116]. The influences of different
inclination angle and step height on fluid flow and heat transfer
have been discussed. EG - SiO, nanofluid is used with 4% volume
fraction and 25nm particle diameter. The results show that the Nu
is increased with the step heights increasing. Moreover, the duct
inclination angle has no significant effect on the fluid flow and
heat transfer rate. There are limited researchers who have used the
microscale facing step with mixed convection and most of them
showed admirable result in heat transfer enhancement. However,
there is no study in this literature that is focused on the natural
convection and turbulent flow over microscale facing step using
different nanofluids.

10. Nanofluids in corrugated channels

There are so limited studies presented in the literature on nanoflu-
ids flow in CC and all of them reflected the sinusoidal-corrugated
channel. Esmaeili et al. [117] studied the alumina nanofluid in
sinusoidal wavy channel. The boundary condition was applied as a
constant heat flux on the channel walls. The finite volume method
(FVM) was used to solve the governing equations. The results
show that, at a given nanoparticle fractions, the Nu values at high
Re was higher than those at low Re. It was also found that the
nanoparticles addition to the base fluid may significantly increase
the heat transfer augmentation but the wall share stress will also
increase. Heidary and Kermani [118] have performed the heat
transfer and laminar flow of nanofluids in sinusoidal-wall channel
using finite volume approach. In the simulation, the SIMPLE al-
gorithm was used for the velocity-pressure coupling as well as the
collocated grid arrangement has been adopted to store all physical
variables. It was found that the heat transfer is enhanced by 50%
with the increasing of nanoparticles volume concentration of cup-
per as compared to water. Moreover, there was a slight influence
of nanoparticles suspension on the skin friction coefficient.

A numerical investigation on the convective heat transfer of
nanofluid flow in sinusoidal-wavy channel under constant heat
flux has been done by Rostami [119]. The momentum, energy
governing equation and continuity were discretized using the finite
volume approach and then solve using SIMPLE algorithm. Nu-
merical results were obtained for nanoparticles volume fraction
range of 0 to 10% and Re range of 100 to 250. The two types of
the base fluid such as ethylene glycol and water with Al,O3; nano-
particles were considered. Friction factor and Nu increased with
the increase of nanoparticles volume and Re. Furthermore, the
friction factor and Nu of Al,Os - ethylene glycol nanofluids were
higher than those of the Al,O; - water nanofluids. The thermal
flows of Al,O; in eight wave channels have been studied by Oz-
bolat and Sahin [120]. The amplitude and the wavelength of the
wavy channel were 3.5 and 28 mm, respectively. The lower and
upper walls of the wavy channel were maintained at uniform wall
temperature condition. The numerical data was introduced under 0
to 8% nanofluid concentrations and Re range of 400 to 1600. The
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two-dimensional governing equations of momentum, energy and
continuity were solved using finite volume approach based on the
SIMPLE algorithm. It was found that the heat transfer augmenta-
tion increases when the ratio of the channel height decreases. Fur-
thermore, it was noticed that the augmentation in the heat transfer
increased with increase in nanoparticles volume fraction and Re.

The optimization of particle volume fraction of various nanofluids
have been studied by Tiwari [121] based on experimentation in the
commercial plate heat exchanger (corrugated channel) for wide
range of nanoparticle volume fraction (0 to 3%). It was found that
for maximum augmentation of heat transfer characteristics, differ-
ent nanofluids work at different optimum volume concentration.
For SiO,/water, TiO,/water, CeO,/water and Al,Os/water nanoflu-
ids, the optimum volume concentration are 1.25%, 0.75%, 0.75%
and 1%, respectively. At the volume rate of 3 Ipm, the correspond-
ing maximum heat transfer augmentations are about 13.9%, 24.1%,
35.9% and 62.35%, respectively. Moreover, it was observed that
the optimum concentration for maximum performance index is
lower that for maximum heat transfer rate. The influence of na-
nomaterial in more predominant than that of heat transfer volume
flow rate or heat transfer temperature. Furthermore, the optimum
concentration depends predominantly on volume flow rate, base
fluids, nanoparticle materials and temperature.

Khoshvaght-Aliabadi [122] analyzed by a 2-D numerical simula-
tion the flow characteristics and heat transfer of sinusoidal-
corrugated channel with Al,O; nanofluid. A parametric study
method is used to analyze the performance of sinusoidal-
corrugated channel. The influence of channel length, channel
height, phase shaft, wave length and wave amplitude at different
nanoparticle volume fraction of 0 to 4% and Re of 6000 to 22000
are evaluated. Darcy friction factor and Nu are considered as per-
formance parameters. It is observed that the wave amplitude and
channel height have the highest effect on the friction factor and Nu
values. Moreover, the results show that the nanofluid flow inside
the sinusoidal-corrugated channels offers higher values of Nu as
compared to the base fluid while the friction factor of both the
base fluid and nanofluid are almost the same values. An investiga-
tion experiment by the same author [123] to investigate the hydro-
thermal performance of corrugated/performance fins. The same
fluids applied with different considered factors such as waviness
aspect ratio, flow rate, concentration and perforation diameter.
The result showed that the heat transfer coefficient of CPFs is
more than that of typical once while the pressure drop of CPFs is
lower. The maximum performance factor of 1.95 is recorded for
the CPF with the waviness aspect ratio of 0.51 and perforation
diameter of 6 mm at the flow rate of 0.117 x 10° m%s. Further-
more, higher values of pressure drop and heat transfer coefficient
are detected for Al,Os/water nanofluids compared with base fluid.
Finally, the maximum enhancement of 9.5% and 14.1% are de-
tected, respectively, for the pressure drop and heat transfer of 0.3
wt% nanofluids flow.

11. Conclusion

The literature survey shows that nanofluids have significant im-
pact on heat transfer improvement. The understanding of the fun-
damentals of wall fraction and heat transfer is prime importance
for developing nanofluids for a wide range of heat transfer appli-
cation. However, there are recent developments in the study of
heat transfer with nanofluids, more experimental and theoretical
studies of the particle movement are needed to understand the
fluid flow behaviour and heat transfer of nanofluids. Moreover, in
this review paper there are five significant findings as follow:

1. There is no study has focused on convective heat transfer by
nanofluid through corrugated facing step. The facing step
channels have significant applications for cooling and heating
systems in the industrial and engineering field.

2. The comparisons between smooth and corrugated channels
show that there was a significant enhancement in heat trans-

fer by using corrugated channels. Additionally, the heat trans-
fer has been enhanced by insertion of baffle in channels of a
cooling system.

3. Although there are several types of nanoparticle used to pre-
pared nanofluids, Aerogel nanoparticle have never used to
prepared nanofluids.

4. There is no previous experimental study discussed the flow
and heat transfer over the microscale forward-facing step us-
ing different types of nanoparticle. So that, further numerical
and experimental works of the flow over microscale back-
ward and forward-facing step is needed.

5. The review also summarized the recent researches of heat
transfer enhancement using nanofluids the effect of several
parameters such as particle size, particle shape, concentration
volume, etc., on enhancing heat transfer were presented.
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