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Nanofluids as a combination of base fluid and a low concentration of nano-sized
particles of metal or metal oxides are used in different fields of human activity, including
engineering devices in power and chemical engineering, medicine, electronics, and others.
The main reason for such huge variety of nanofluid applications is the possibility, from
one side, to enhance the heat and mass transfer due to the low concentration of nano-sized
particles and, from the other side, to control the transport processes that can be used, e.g.,
in the drag delivery systems.

This Special Issue consists of twelve articles dedicated to nanofluid properties [1], the
influence of nanoparticles on properties of other materials [2–4], as well as the possibility
to enhance the heat transfer in different engineering devices using nanofluids, including
the cooling of heat-generating elements in electronic devices [5–8], minichannel [9] and
microchannel [10] optimization, and heat exchangers [11,12]. The objective of this Special
Issue is to demonstrate the recent studies on nanoparticles and nanofluid applications in
material treatment and engineering device optimization, which could be very useful for
various specialists in mechanical and chemical engineering, physics, and mathematics.
The following paragraphs include a brief overview of these mentioned papers with some
innovative ideas.

Thus, we begin with a paper on an artificial neural network application for the
prediction of the physical properties of nanofluids. Sadeghzadeh et al. [1] have synthesized
the TiO2-Al2O3/H2O nanofluid and experimentally measured the specific heat capacity and
thermal conductivity. After taking into account the opportunities of the neural networks,
the multilayer perceptron structure has been employed to develop a model for the analysis
of the thermal attributes of nanofluids. A good correlation can be achieved using the
neural networks. Xie et al. [2] have analyzed features of the corrosive nature of a brass
surface under the influence of nanofluids. It has been found that sodium dodecyl benzene
sulfonate (SDBS) as a dispersant allows the formation of a protective film on the brass
surface in simulated cooling water (SCW). At the same time, the addition of nanoparticles
to the SCW-SDBS system can improve or degrade the protective properties of the film on
the brass surface. Thus, an addition of negatively charged TiO2 nanoparticles does not
allow the formation of an SDBS adsorption film, while in the case of positively charged
Al2O3 nanoparticles, the properties of the protective film can be improved. García-Beltrán
et al. [3] have studied opportunities of hybrid nanosystems for the improvement of the
dynamic nonlinear optical effects. Thus, it has been revealed that the third-order nonlinear
optical nature of metal/carbon nanosuspensions can be employed for developing dynamic
nanoantennas. Zhu et al. [4] have analyzed novel opportunities to employ nanowires and
nanotubes in chemical and bio-sensing engineering devices. The authors have analyzed
the synthesis techniques for nanowires and nanotubes, sensing mechanisms of nanofluidic
devices based on nanowires and nanotubes, and some applications.

Nanofluids are widely employed in different cooling systems for effective heat re-
moval from electronics. Thus, Asadi et al. [5] have scrutinized the numerically convective
heat transfer of copper oxide/water nanosuspension in a porous I-shaped chamber with
a centered isothermal triangular block. Analysis has been performed using the Buon-
giorno nanofluid model with empirical correlations for effective viscosity and thermal
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conductivity. It has been ascertained that the orientation of an internal hot triangular block
has an essential influence on the thermal pattern and flow structures within the chamber.
Moreover, an addition of nanoparticles can enhance the heat removal from the local hot
element. Bondareva et al. [6] have numerically investigated an opportunity to enhance
the heat removal from the local heat-generating element under the influence of a heat sink
filled with a phase change material. Five different phase change materials, enhanced with
alumina nanoparticles, have been studied. It has been shown that n-octadecane, RT-80,
and lauric acid are more effective materials for cooling enhancement. At the same time,
an addition of alumina nanoparticles can slightly reduce the heat source temperature. An
interesting numerical problem on the natural convection of alumina/water nanosuspension
in a square chamber with inner solid block has been solved by Pop et al. [7] using the finite
difference schemes and non-primitive variables. Such an approach allows a reduction in the
computational time, but one of the main difficulties for such a formulation is a definition of
the stream function value at the inner block. This problem was solved in the present study
by employing the single-valued pressure along this block. As a result, a value of the stream
function has been defined. Using the experimentally based correlations for nanofluid
viscosity and thermal conductivity, the obtained outcomes have demonstrated that the
growth of nanoparticle concentration reduces the energy transference strength. Using
Fluent software, Jilte et al. [8] have numerically studied the heat transfer performance of a
concentric channel thermal sink with an additional slot for the liquid. Taking into account
the single-phase nanofluid approach with theoretical correlations for effective viscosity
and thermal conductivity, it has been revealed that a rise in the flow rate characterizes a
diminution of the maximum local temperature, while an inclusion of nanoparticles can
also enhance the cooling effect.

An optimal design of minichannels can improve the heat transfer performance for
various engineering devices. Thus, Ahmadi et al. [9] have studied a technique for the multi-
objective optimization of minichannels in the case of alumina/water nanosuspension. The
surface response methodology has been employed for the present analysis. Using the single-
phase nanofluid approach with temperature-dependent properties, several numerical
experiments have been performed. After, using statistical approaches, an analysis of the
results has been conducted, and optimized parameters have been defined. Computational
analysis of copper-water nanofluid flow and heat transfer in single and multi-channel heat
sink has been performed by Khan et al. [10], employing Fluent software for the single-phase
nanofluid model. The analysis has shown that the multi-channel system can increase the
heat transfer rate, while an addition of nanoparticles also illustrates the energy transport
enhancement. Alsabery et al. [11] have computationally examined the influence of a rotated
inner cylinder on convective energy transport in a wavy differentially heated chamber
filled with alumina-water nanofluid. Using the Buongiorno nanofluid model with effects
of Brownian diffusion and thermophoresis, the authors have shown a possible energy
transference enhancement with nanoparticle concentration. At the same time, the rotation
of the cylinder and the waviness of the right vertical wall can intensify the convective
heat transference. Ghalambaz et al. [12] have shown that using solid nanoadditives and
twisted tape inserts allows the enhancement of the thermal performance of the double-pipe
heat exchanger. Using Fluent software with two-phase nanofluid model, the authors have
demonstrated the average Nusselt number increment for twisted tape inserts and alumina
nanoparticles.

These published papers have shown a huge diversity of nanofluid and nanoparticle
applications based on detailed analyses using numerical and experimental techniques.
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Abstract: In this paper, an artificial neural network is implemented for the sake of predicting
the thermal conductivity ratio of TiO2-Al2O3/water nanofluid. TiO2-Al2O3/water in the role of an
innovative type of nanofluid was synthesized by the sol–gel method. The results indicated that
1.5 vol.% of nanofluids enhanced the thermal conductivity by up to 25%. It was shown that the
heat transfer coefficient was linearly augmented with increasing nanoparticle concentration, but its
variation with temperature was nonlinear. It should be noted that the increase in concentration may
cause the particles to agglomerate, and then the thermal conductivity is reduced. The increase in
temperature also increases the thermal conductivity, due to an increase in the Brownian motion
and collision of particles. In this research, for the sake of predicting the thermal conductivity of
TiO2-Al2O3/water nanofluid based on volumetric concentration and temperature functions, an artificial
neural network is implemented. In this way, for predicting thermal conductivity, SOM (self-organizing
map) and BP-LM (Back Propagation-Levenberq-Marquardt) algorithms were used. Based on the
results obtained, these algorithms can be considered as an exceptional tool for predicting thermal
conductivity. Additionally, the correlation coefficient values were equal to 0.938 and 0.98 when
implementing the SOM and BP-LM algorithms, respectively, which is highly acceptable.

Keywords: thermal conductivity; TiO2-Al2O3/water; nanofluid; artificial neural network

1. Introduction

Recently, numerous endeavors have been made in order to enhance the performance of various
applications with the help of nanotechnology [1–4]. As an illustration, it is practicable to reduce system
size or enhance the thermal performance of materials [5–8]. In this way, some investigations have been
implemented on the use of nanotechnology in thermal applications [9–19]. Additionally, some studies
have focused on the prediction of the thermal conductivity ratio associated with various nanofluids

Nanomaterials 2020, 10, 697; doi:10.3390/nano10040697 www.mdpi.com/journal/nanomaterials5
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with the help of using experiments and artificial neural networks [20–31]. Vafaei et al. [32] predicted
the thermal conductivity ratio of MgO-MWCNTs/EG hybrid nanofluids by using ANN (artificial neural
network) at the temperature range of 25–50 ◦C. According to the results, the best performance belonged
to the neural network with 12 neurons in the hidden layer. Also, an investigation has been carried
out by Afrand et al. [33] to estimate the thermal conductivity of MgO/water nanofluid. Furthermore,
by implementing an ANN, convective heat transfer of TiO2/water nanofluid has been studied by
Esfe et al. [34]. As indicated in the results, the regression coefficient of the model for the Nusselt
number’s data is 99.94%. Azizi et al. [35] employed ANN to estimate the water holdup in different
layouts of oil-water two-phase flow. In another use of ANN, Azizi et al. [36] investigated the estimation
of void fraction in pipes with different inclination. ANN-based methods have this potential to give
high precision estimation which can be beneficial in real practice since the actual experiment is not
only so expensive but also very time-consuming.

On the other hand, the sol–gel process involving hydrolysis and condensation reactions of alkali
precursors is an appropriate method for the synthesis of ultra-fine metal oxide [37]. Different researchers
have used the sol–gel method in different conditions. Li et al. [38] added tetra-n-butyl titanate to
deionized water and hydrochloric acid or ammonia. After milling and drying the gel at different
temperatures, TiO2 nanopowder was obtained. Zhang et al. [39] used the sol–gel microemulsion method.
They synthesized TiO2 nanoparticles by hydrolysis of tetraizo titanium Prop Oxide with 80 Tween-Span
in a microemulsion and then calcined it is at different temperatures. The results show that the particles
are spherical. In some cases, the surfactant is used in the sol–gel process. Pavasupree et al. [40]
synthesized semi-porous TiO2 nanoparticles by adding hydrochloride clarinylamine (LAHC) as a
surfactant to the precursor solution. The resulting powders were calcined for 4 h at 400 ◦C. In the same
way, Colon et al. [41] increased the specific surface area of the particles by adding activated carbon to the
solution. The XRD results showed only the presence of the anatase phase in the powders. Li et al. [37]
aged the gel for 12 h at 100 ◦C after drying it. The results showed that aging help to remove organic
compounds and influence atomic penetration and crystalline anatase. In 2014, SiO2 nanoparticles were
synthesized by Oliveira et al. They used the polypropylene matrix in their research. Their results
showed that the production of inorganic nanoparticles in a polymer solution does not require solvent
through the reaction in the molten phase [42]. Moreover, the influence of adding Al2O3 and TiO2

nanoparticles into the drilling mud was studied by Ghasemi et al. [43]. The size of Al2O3 and TiO2

nanoparticles were 20 and 60 nm, respectively, and a concentration of 0.05 wt. %. Based on the obtained
results of temperature and pressure effects, the drilling mud rheological properties such as plastic
viscosity are decreased by increasing the temperature, nonetheless, the pressure rise augments these
properties. Additionally, the influences of pressure in low temperature outweighs in high temperatures.
Also, the effective electrical conductivity of Al2O3 nanoparticles was experimentally measured by
Ganguly et al. [44]. For examining the influences of temperature variations and volume fraction on
the electrical conductivity of Al2O3 nanofluids, experiments have been carried out as a function of
these parameters. As indicated in the results, the electrical conductivity increases significantly with
augmenting volume fraction and temperature. Nonetheless, the effective conductivity’s reliance on the
volume fraction is much higher than the temperature. Furthermore, some investigations have been
intensively carried out for increasing the nanofluids’ thermal conductivity with the help of applying
different kinds of nanoparticles [45,46].

The aim of this study is to investigate the thermo-physical properties of TiO2-Al2O3 nanoparticles
in water that can be employed as a coolant fluid with its improved thermal properties. This is
accomplished by conducting experiments on various volumes of nanoparticles in water. In this study,
special attention has been paid to the temperature effect on the nanofluid’s thermal conductivity.
The temperature’s influence on the thermal conductivity of TiO2 nanofluid has not been reported
yet. Furthermore, the current investigation discloses the influence of temperature and nanoparticle
concentrations on the thermal properties of hybrid nanofluids. With the help of the experimental results
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obtained by this study, researchers can acquire exceptional information regarding the displacement of
nanofluid and its properties, in which appropriate theoretical models can be achieved in the future.

2. Test section

Synthesis of TiO2-Al2O3 Nanoparticles and Characterization

In this study, the sol–gel method was used to synthesize TiO2-Al2O3 nanoparticles prepared in
various percentages of Al2O3 (10–60). Two different solution samples were prepared for this nanofluid.
In the first sample, 0.1105 mol (2 g) of TiCl4 was dissolved in a solution that contains 10 mL of methyl
acetate, 10 mL of ethanolamine and 100 mL of ethanol, and stirred for one hour at room temperature.
Finally, a uniform suspension was produced. Then, AlCl3 was added to the solution in various
weights (0–100%) and the resulting solution was stirred for one hour at 80 ◦C. The second sample
solution was made up of 30 mL of n-hexane, 20 mL of ethanol, 4 mL of methyl acetate and 5 mL of
ammonium hydroxide. The second sample was added to the first sample and the solution was mixed
simultaneously to obtain the hydrogel. By adding the second sample, the viscosity of the hydrogel
increased. After the addition of the sample was complete, the solution was stirred at room temperature
for 48 h and then kept at room temperature for 12 h. After 12 h, with the help of water, the obtained gel
was washed to remove the chloride salts and then separated solids from it. The solids were washed
three times with distilled water and then placed in an oven for 3 h at 900 ◦C. Figure 1 shows the
schematic of nanocomposite synthesis.

Figure 1. Schematic of nanocomposite synthesis.

The preparation of nanofluid is the first step in changing the heat transfer efficiency. The preparation
of nanofluid by adding the nanoparticles to the base fluid should not be considered as a solid–liquid
mixture. Because the preparation of nanofluid requires special conditions. Some of these special
conditions include uniform and stable suspension, aggregation of particles and the lack of change
in the nature of the base fluid. Different methods are used to achieve these specific properties.
Various concentrations of nanofluids are prepared by using the equation below:

ϕ (Volume concentration%) =

wnp
ρnp

wnp
ρnp

+ wwater
ρwater

(1)

where ρnp and ρwater represent the nanoparticles’ density and water density, respectively. w is their
mass [5].

Nanofluids that are prepared by the two-step method should be stable and the particle should not
be sedimented in the fluid. Therefore, the nanofluid’s stabilization should be considered.

In this study, a magnetic stirrer was used for nanofluid stability. The agitation intensity is crucially
important for the nanoparticles’ dispersion. The particles are connected to each other through bonds
and the weak bonds are broken with force. However, there is a forceful propensity in nanoparticles for
agglomerating because of the van der Waals force. We used the TEM analysis to evaluate the produced
nanoparticles (Electro Microscopy) (PHILIPS EM 208, FEI, Hillsboro, Oregon, USA). SEM analysis
was used to evaluate the morphology of synthesized nanoparticles. Figure 2 shows the SEM of pure
nanoparticles and nanocomposites.
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Figure 2. SEM images of nanoparticles after dispersion (20% alumina and 80% titanium).

According to the above, 20% alumina and 80% titanium were selected as samples for heat transfer
analysis (the main objective of this study is to improve the properties of TiO2). Therefore, adding more
alumina will keep TiO2 away from its main. With the help of the TCi Thermal Conductivity analyzer
made by Canada’s C-Therm, the thermal conductivity of the nanocomposite has been calculated
experimentally. Also, the Brookfield Viscometer was used to measure the viscosity of prepared
nanofluid. Based on the manufacturer and the obtained results, the proposed approach for measuring
thermal conductivity brings an uncertainity of ±2% with the deviation of 4% for each measurement.
The repeatability and accuracy of the viscometer used are ±0.2% and ±1% in the full-scale range
(FSR) of measurements, respectively. One noteworthy approach in the field of thermal analysis is
differential scanning calorimetry (DSC). This approach can be found in ASTM E1269. The ASTM E1269
is the standard defined procedure for measuring specific heat capacity through DSC approach. In this
research, the improved modulated-DSC approach is used to obtain the specific heats. In modulated-DSC,
a sinusoidal temperature fluctuation is employed instead of a linear ramp. This novel technique is
capable to calculate the heat capacity and the heat flow of the samples, simultaneously.

3. Results and Discussion

As shown in Figure 3, the specific heat capacity of the nanocomposite varied linearly within the
range 300–360 K. For temperatures of 300 K, the nanocomposite has a higher thermal capacity than its
components. At this temperature, the nanocomposite’s average heat capacity was 0.75 J/gK. In the
range of 300–360 K, the average heat capacity was 0.78 J/gK. Since the temperature of the heat transfer
analysis was mainly in this range, this number was chosen as the basis for our calculation.

Figure 3. The results of the specific heat capacity of the nanocomposite.
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Based on the results, it can be said that in the initial intervals, the thermal conductivity of the
nanocomposite was within the range of its components. Because of the large number of Al2O3 particles
in the nanocomposite, the thermal conductivity of the nanocomposite was very close to that of Al2O3.
Based on Figure 4, the thermal conductivity coefficient was calculated to be 11.7 W/mK within the
range of 300–360 K.

Figure 4. The results of the thermal conductivity coefficient of the nanocomposite.

The variations in the thermal conductivity of the nanofluid with respect to concentration are shown
in Figure 5. According to Figure 5, with increasing nanofluid concentration, thermal conductivity also
increased. It should be noted that overconcentration may be due to the agglomeration of particles
and the reduction of the thermal conductivity of the nanofluid. Increasing the temperature leads
to enhanced thermal conductivity. This is due to Brownian motion and an increase in the collision
of the particles with each other. Since the presented equations are not based on nanocomposite in
nanofluid, or the base fluid is not combined, it is not possible to match the data with this equation.
Here, the experimentally measured data is fit on the basis of temperature and concentrations to be
employed in heat transfer analysis.

Figure 5. Variations in thermal conductivity coefficient of nanofluid with temperature and concentration
of nanoparticles.
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The relationships among the temperature, concentration, and thermal conductivity of the nanofluid
were obtained on the basis of the experimental data. In Figures 5 and 6, the 3D contour illustrates the
predicted data resulting from the experimental data. In the equations, x represents the concentration,
y represents the temperature, and z is the thermal conductivity coefficient.

(a) 

(b) 

 
(c) 

Figure 6. (a) Contour plots, (b) 3D, and (c) proposed model for the thermal conductivity coefficient
(Temperature is in ◦C and phi (Volumetric Concentration (%)).

Linear model Poly55:

F(x, y) = p00 + p10 × x + p01 × y + p20 × x2 + p11 × x × y + p02 × y2 + p30 × x3 + p21 × x2

× y + p12 × x × y2 + p03 × y3 + p40 × x4 + p31 × x3 × y + p22 × x2*y2 + p13 × x × y3 + p04
× y4 + p50 × x5 + p41 × x4 × y +p32 × x3 × y2 + p23 × x2 × y3 + p14 × x × y4 + p05 × y5

(2)
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Coefficients (with 95% confidence bounds):

p10 = 3.494 × 10−1 (1.966 × 10−1, 5.022 × 10−1)
p01 = 7.815 × 10−3 (−1.715 × 10−2, 3.279 × 10−2)
p20 = −3.843 × 10−1 (−8.201 × 10−1, 5.145 × 10−2)
p11 = −1.749 × 10−2 (−2.926 × 10−2, −5.721 × 10−3)
p02 = −1.736 × 10−4 (−1.623 × 10−3, 1.276 × 10−3)
p30 = 4.467 × 10−1 (−2.094 × 10−1, 1.103)
p21 = 8.337 × 10−3 (−1.159 × 10−3, 1.783 × 10−2)
p12 = 4.972 × 10−4 (7.729 × 10−5, 9.171 × 10−4)
p03 = 1.163 × 10−6 (−3.839 × 10−5, 4.071 × 10−5)
p40 = −3.24 × 10−1 (−7.665 × 10−1, 1.186 × 10−1)
p31 = −4.751 × 10−3 (−1.065 × 10−2, 1.146 × 10−3)
p22 = −4.931 × 10−5 (−2.011 × 10−4, 1.025 × 10−4)
p13 = −7.265 × 10−6 (−1.401 × 10−5, −5.195 × 10−7)
p04 = 1.758 × 10−8 (−4.95 × 10−7, 5.302 × 10−7)
p50 = 8.486 × 10−2 (−2.493 × 10−2, 1.946 × 10−1)
p41 = 2.198 × 10−3 (5.41 × 10−4, 3.855 × 10−3)
p32 = −2.4 × 10−5 (−6.092 × 10−5, 1.293 × 10−5)
p23 = 5.426 × 10−7 (−5.136 × 10−7, 1.599 × 10−6)
p14 = 3.898 × 10−8 (−1.76 × 10−9, 7.971 × 10−8)
p05 = −2.131 × 10−10 (−2.756 × 10−9, 2.33 × 10−9)
p00 = 4.794 × 10−1 (3.199 × 10−1, 6.388 × 10−1)

Figure 7 shows the effect of the increase of nanoparticles on the viscosity of the base fluid. As shown
in Figures 7 and 8, as the nanofluid concentration increases, the viscosity increases. These solid particles
in the base fluid increased the collision of particles, leading to an increase in viscosity. The equation
and the corresponding graph for viscosity are presented below.

Figure 7. Viscosity variations of nanofluid with temperature and nanoparticle concentrations.

Linear model Poly55:

f(x, y) = p00 + p10 × x + p01 × y + p20 × x2 + p11 × x × y + p02 × y2 + p30 × x3+ p21 × x2

× y + p12 × x × y2 + p03 × y3 + p40 × x4 + p31 × x3 × y + p22 × x2 × y2+ p13 × x × y3 + p04
× y4 + p50 × x5 + p41 × x4 × y + p32 × x3 × y2 + p23 × x2 × y3 + p14 × x × y4 + p05 × y5

(3)

Coefficients (with 95% confidence bounds):
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p00 = 1.043 × 10−3 (1.442 × 10−4, 1.941 × 10−3)
p10 = −1.066 × 10−4 (−9.675 × 10−4, 7.544 × 10−4)
p01 = 4.699 × 10−5 (−9.37 × 10−5, 1.877 × 10−4)
p20 = −5.178 × 10−4 (−2.973 × 10−3, 1.937 × 10−3)
p11 = 4.561 × 10−5 (−2.071 × 10−5, 1.119 × 10−4)
p02 = −3.333 × 10−6 (−1.15 × 10−5, 4.832 × 10−6)
p30 = 4.982 × 10−4 (−3.198 × 10−3, 4.195 × 10−3)
p21 = 2.274 × 10−5 (−3.076 × 10−5, 7.625 × 10−5)
p12 = −2.283 × 10−6 (−4.649 × 10−6, 8.235 × 10−8)
p03 = 6.58 × 10−8 (−1.57 × 10−7, 2.886 × 10−7)
p40 = −2.457 × 10−4 (−2.739 × 10−3, 2.248 × 10−3)
p31 = −1.03 × 10−5 (−4.352 × 10−5, 2.292 × 10−5)
p22 = −3.773 × 10−7 (−1.233 × 10−6, 4.781 × 10−7)
p13 = 4.347 × 10−8 (5.466 × 10−9, 8.147 × 10−8)
p04 = −4.355 × 10−10 (−3.324 × 10−9, 2.453 × 10−9)
p50 = 4.998 × 10−5 (−5.686 × 10−4, 6.685 × 10−4)
p41 = 1.876 × 10−6 (−7.46 × 10−6, 1.121 × 10−5)
p32 = 6.451 × 10−8 (−1.435 × 10−7, 2.725 × 10−7)
p23 = 2.166 × 10−9 (−3.785 × 10−9, 8.116 × 10−9)
p14 = −2.81 × 10−10 (−5.105 × 10−10, −5.151 × 10−11)
p05 = 1.276 × 10−13 (−1.42 × 10−11, 1.445 × 10−11)
Goodness of fit:
SSE: 2.306 × 10−9

R-square: 0.9991
Adjusted R-square: 0.9979
RMSE: 1.24 × 10−5

(a) 

(b) 

Figure 8. Cont.
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(c) 
 

Figure 8. Contour graphs (3D) describing the model’s (a to c) viscosity (Vis) distribution.
(T (temperature) and phi (Volumetric Concentration (%)).

The data were obtained from the experiment that were necessary to find a favorable relation
between output and input data, and these were the volumetric concentration and temperature of the
fluid, respectively. Table 1 presents the range of each of these input parameters.

Table 1. Input parameters’ range.

Parameter Range

Temperature (◦C) 10–70
Volumetric Concentration (%) 0.25–6

The nanofluid’s thermal conductivity with respect to the base fluid is considered to be its thermal
conductivity ratio, which is an appropriate measurement of nanoparticles with respect to thermal
conductivity. As an illustration in SOM, competitive learning methods were developed based on
particular properties of the human brain and were used for training. The arrangement of the human
brain’s cells in a distinct area is precise and meaningful. As an example, the sensory inputs of hearing
or touch can contribute to an important geometric arrangement in distinct regions. Furthermore,
processor units are located in nodes in SOM. By considering input patterns, units are arranged in a
competitive learning approach. The units’ position is arranged so that a useful coordinate system is
created. Thus, a topographic map of the input patterns is created by the SOM in which units’ position
is associated with the input patterns’ intrinsic characteristics. As illustrated in Figure 9, the base
fluid’s hexagonal arrangement leads to the prediction of the nanofluid’s thermal conductivity ratio.
The arrangement of the number of neurons is implemented in 9 × 9 shapes. The overall number
associated with the neurons used is 81, with a neuron winner of 9 data. Thus, here, the neuron number
76 is the winner.

Radial basic networks are another kind of neural network. The comparison of baseline radius and
post back networks indicates that the former requires a greater number of neurons, and the design of
the latter requires more time. The performance of the former is exceptional under conditions in which
there are very large educational vectors. Meanwhile, the input layer does not perform any processing.
On the other hand, the hidden or second layer performs a significant part in converting nonlinear
patterns to linear separation patterns. Finally, in order to find an approximation, a summation function
with a linear output is produced by the third layer. Based on Figure 10, the correlation coefficient value
was equal to 0.93875, which is auspicious.
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Figure 9. The structure of the neurons used and the quantity of assigned data.

Figure 10. Correlation coefficient data based on investigating the predicted and experimental thermal
conductivity ratio.

A BP-LM network training algorithm with a two-layered neural network was used for modeling.
In this way, the nanoparticle size, volumetric concentration, and temperature were chosen as input
data. Furthermore, the thermal conductivity ratio coefficient was employed as the target parameter.
The sensitivity analysis is required for the number of neurons in the hidden layer. To achieve this
purpose through application of the trial and error method, the quantity of neurons associated with
the hidden layer was studied. As indicated in the Figure 10, the best performance belonged to the
network with 76 neurons in the hidden layer. The reason for which numbers of neurons greater than
76 are not more attractive is that augmentation of the number of neurons increases the runtime as well
as intensifying the possibility error in the model, even though exceptional outcomes are sometimes
achieved by augmenting the number of neurons. According to Figure 11, the quantity of 0.98 expresses
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the achieved correlation coefficient of the thermal conductivity ratio. The overall obtained data are
placed within the circumference of the diameter line. The correlation coefficient can be enumerated as
the most crucial predictive factor, such that better predictions can be made when this value is closer to
1. It can be clearly observed that the predicted and experimental data can be easily fitted, which is
evidence of exceptionally favorable network prediction using 76 neurons.

 

(a) (b) 

 
(c) (d) 

Figure 11. Results based on the correlation coefficient of thermal conductivity ratio. (a) Training,
(b) Validation, (c) Test, (d) totally).

4. Conclusions

Firstly, the TiO2-Al2O3 nanocomposite was synthesized. For the synthesis of nanocomposites,
the sol–gel method and TiCl4 and AlCl3 compounds were used. The results of the analysis showed that
all synthesized samples had dimensions in the nano range. After the synthesis of the nanocomposites,
they were characterized by TEM. Adding alumina had a significant effect on the TiO2 crystal size.
The main reason for this is the formation of a homogeneous mixture of Ti-O-Al bonds during the
sol–gel process. DSC (differential scanning calorimetry) was used to measure the specific heat capacity
of the nanofluid. The nanocomposite showed a higher thermal capacity than its components at

15



Nanomaterials 2020, 10, 697

300 K. A TC-Thermal Conductivity Analyzer (C-Therm Canada) was used to measure the thermal
conductivity of the nanofluid-containing nanocomposite. The results showed that the average thermal
conductivity was 11.7 W/mK. It should be noted that as the concentration of nanofluid increases,
the agglomeration of particles also increases; as a result, the thermal conductivity of the nanofluid
decreased. An increase in temperature also increases the thermal conductivity coefficient. Based on
the experimental data, the relationships among concentration, temperature, thermal conductivity and
viscosity were obtained. Finally, neural networks were used to predict the electrical properties of the
nanofluid. For this purpose, a neural network with a multilayer perceptron structure was used to
develop a model for estimating the thermal properties of nanofluids. In the end, the neural network
was able to predict thermal properties by a correlation coefficient of 98%.
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Abstract: The corrosion behavior of brass in TiO2 and Al2O3 nanofluids using a simulated cooling
water (SCW) as the base solution and sodium dodecyl benzene sulfonate (SDBS) as the dispersant was
studied by electrochemical measurements and surface analysis in this paper. It was found that SDBS
could be adsorbed on the brass surface to form a protective film and have a corrosion inhibition effect
on brass in SCW. In the SCW-SDBS-TiO2 nanofluid, some negatively charged TiO2 nanoparticles were
attached to the brass surface and no obvious SDBS adsorption film was found, and the SDBS in this
nanofluid had almost no corrosion inhibition on brass. In the SCW-SDBS-Al2O3 nanofluid, the brass
surface was covered by a uniformly distributed SDBS film containing some Al2O3 nanoparticles
which were positively charged, and the corrosion inhibition of brass was significantly improved in
this nanofluid. It is concluded that the adsorption of SDBS on the brass surface in nanofluids is related
to the charge status of the nanoparticles, which makes brass have different corrosion resistance in
various nanofluids.

Keywords: TiO2 nanofluid; Al2O3 nanofluid; sodium dodecyl benzene sulfonate; brass; corrosion

1. Introduction

Nanofluids are a new type of energy-saving cooling medium, which refer to a uniformly dispersed
medium formed by adding nanoparticles to a base solution. The addition of nano-sized particles can
enhance the heat and mass transfer performance of the fluid [1,2]. Nanofluids have a good application
prospect, such as in automobiles [3], solar energy [4] and air conditioners [5]. Replacing a traditional
coolant with nanofluids in heat transfer systems can reduce energy consumption, decrease the size of
the equipment and improve the working efficiency of systems [6]. However, the direct contact between
the nanofluids and equipment may affect the corrosion behavior of metals. Some researchers have
found that the addition of nanoparticles to the solution can promote metal corrosion [7,8]. The results of
Fotowat et al. [9] indicated that alumina nanofluids had significant corrosive effects on both aluminum
and copper, and the corrosion of copper was more severe. Bubbico et al. [10] found that the abrasion
corrosion of the nanoparticles on the metal was not obvious, but the electrochemical corrosion on
the metal surface under static conditions was relatively serious. The Brownian motion of nanoparticles
in media can enhance the mass transfer process and accelerate the corrosion of metals in nanofluids [7].
However, other studies suggest that nanoparticles can inhibit metal corrosion. Nithiyanantham et
al. [11] pointed out that nanoparticles can be incorporated into the oxide layer of the metal to reduce
the corrosion rate of carbon steel.

In order to evenly disperse nanoparticles in the base solution, a certain amount of dispersants
(surfactants) is often added to the nanofluids during the preparation [12–14]. Different dispersants
not only have different influences on the stability and dispersibility of nanofluids, but also affect
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the corrosion behavior of metals to some extent [15]. The piperine surfactants which were synthesized
by Tantawy et al. [16] can be chemically adsorbed on the steel surface, and have a corrosion inhibition
effect on C1018 steel in a 3.5% NaCl solution. Sodium dodecyl benzene sulfonate (SDBS) is a common
surfactant used in nanofluids, and it also exhibits a corrosion inhibition effect on metals at appropriate
concentrations [17].

As a corrosion medium, a nanofluid contains both liquid and solid phases which can impact
the corrosion behavior of metals. In this paper, TiO2 and Al2O3 nanoparticles with opposite charging
properties were selected to prepare a TiO2 nanofluid and Al2O3 nanofluid, respectively, with simulated
cooling water and commonly used SDBS as the base solution and dispersant. TiO2 and Al2O3

nanoparticles are both cheap and commonly used in nanofluids. In order to determine the effect of
the nanoparticles’ charging properties on the aggressiveness of the nanofluids, the corrosion behavior
of brass in these two kinds of nanofluids was studied and compared by electrochemical and surface
analysis methods in this paper.

2. Experimental

2.1. Materials

The brass used in the experiments were type ASTM B111-C44300, and the composition is shown
in Table 1. Brass plates were machined into 1 × 1 cm test pieces for the electrochemical experiments.
Copper wire was welded onto the back of the working surface of the test piece, and the non-working
surface was sealed with epoxy resin. Before each measurement, the working surface was ground step
by step with emery papers ranging from 400 to 2000 mesh and rinsed with alcohol and distilled water.

Table 1. The composition of brass (ASTM B111-C44300) (wt %).

Elements Cu Sn Fe Pb As Bi P Zn

Contents 69.9 0.90 0.10 0.05 0.04 0.002 0.01 the rest

2.2. The Experimental Medium

The base solution used for preparing the nanofluids was a simulated cooling water (SCW) which
was composed of 7.5 mmol/L NaCl, 2 mmol/L NaHCO3, 3.5 mmol/L Na2SO4, 0.25 mmol/L MgSO4 and
0.5 mmol/L CaCl2. The pH value of SCW was adjusted to 8.0 with 0.01 mol/L HNO3 or 0.01 mol/L
NaOH. The experimental TiO2 and γ-Al2O3 nanoparticles had an average particle size of 20 nm.
The nanoparticles and dispersant SDBS were all from Aladdin Industries of China.

The TiO2 and Al2O3 nanofluids were prepared using sodium dodecyl benzene sulfonate (SDBS) as
the dispersant [18]. First, the 500 mg/L nanoparticles and 500 mg/L SDBS were added into the prepared
SCW. Then, the medium was stirred for 30 min by a magnetic agitator and further dispersed by
ultrasound at a frequency of 45 kHz for 30 min, and finally a uniformly dispersed nanofluid was
obtained. The zeta potential (ζ) was determined by a Melvin zeta potential analyzer (Nano—ZS90,
Worcestershire, UK) to analyze the dispersion stability of the nanofluids.

The experiments were performed in the following four media: simulated cooling water (SCW),
simulated cooling water with 500 mg/L SDBS (SCW-SDBS), TiO2 nanofluid containing 500 mg/L
SDBS (SCW-SDBS-TiO2 nanofluid) and Al2O3 nanofluid containing 500 mg/L SDBS (SCW-SDBS-Al2O3

nanofluid).

2.3. Electrochemical Measurements

The electrochemical measurements were conducted in a three-electrode system by using a CHI604E
electrochemical workstation. A saturated calomel electrode (SCE) was used as the reference while
a platinum plate was used as the auxiliary electrode. All tests were performed in an open system
at 30 ± 1 ◦C. Electrochemical impedance spectroscopy (EIS) measurements were run at the open
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circuit potential. The test frequency range was from 100 kHz to 10 mHz, and the ac amplitude was
10 mV. The results of the EIS were fitted by the ZSimpWin software (ZSimpWin 3.60, EChem software,
Michigan, MI, USA). The scanning rate for the measurement of the polarization curves was 1 mV/s.
All tests were repeated more than three times for reliable results.

2.4. Characterization of the Metal Surface

The surface morphology of brass was observed by a JSM-7800 scanning electron microscope, and
the composition of the brass surface was analyzed by EDS.

3. Results and Discussion

3.1. Stability Analysis of TiO2 and Al2O3 Nanofluids

The stability of a nanofluid mainly depends on the charging state of the nanoparticles’ surface, and
the repulsive or attractive force between the nanoparticles determines the dispersion or agglomeration
of nanoparticles in the medium [19]. Surfactants can achieve a stable dispersion of nanofluids by
altering the charging state of the nanoparticles [20–22]. Zeta potential (ζ) is usually used to judge
the stability of nanofluids. When the absolute value of the zeta potential (|ζ|) of a nanofluid is higher
than 30 mV, it can be considered that the nanofluid is stably dispersed [23,24].

Table 2 shows the zeta potentials of the TiO2 and Al2O3 nanofluids. The pH of the simulated
cooling water for the experiment was about 8.0 and the surface of the TiO2 nanoparticles is negatively
charged at this pH [25]. The ζ value of the TiO2 nanofluid without the surfactant was −19.8 mV.
The Al2O3 nanoparticles are positively charged at this pH and the ζ value of the surfactant-free Al2O3

nanofluid was 3.28 mV. As a kind of anionic surfactant, the dissolved SDBS in the water solution
can ionize and release in the form of anionic DBS−. In the SCW-SDBS-TiO2 nanofluid, SDBS can be
adsorbed onto the TiO2 nanoparticles by van der Waals force, which makes the ζ value of the nanofluid
more negative and increases the electrostatic repulsion between the TiO2 nanoparticles [26]. The |ζ|
value of the SCW-SDBS-TiO2 nanofluid was 46.4 mV when the SDBS concentration was 500 mg/L. In
the SCW-SDBS-Al2O3 nanofluid, the SDBS anions can be adsorbed on the surface of the positively
charged Al2O3 nanoparticles by electrostatic adsorption, which improved the electrostatic repulsion
between the nanoparticles as well. When the SDBS concentration was 500 mg/L, the |ζ| value of
the SCW-SDBS-Al2O3 nanofluid was 40.9 mV. SDBS can disperse TiO2 and Al2O3 nanoparticles well in
simulated cooling water.

Table 2. The zeta potential (ζ) (mV) of the different nanofluids.

CSDBS (mg/L) 0 500

SCW-SDBS-TiO2 nanofluid −19.8 −46.4
SCW-SDBS-Al2O3 nanofluid 3.28 −40.9

3.2. EIS Analysis

The corrosion behavior of brass in different media was analyzed by EIS. Figure 1 shows the Nyquist
plots of brass after five days of immersion in SCW, SCW-SDBS, the SCW-SDBS-TiO2 nanofluid and
the SCW-SDBS-Al2O3 nanofluid. All the Nyquist plots of brass in the four media showed capacitive
arcs, indicating that the brass corrosion in these media was mainly controlled by the charge transfer
process. The Nyquist plots showed depressed capacitive arcs, which was mainly attributed to
the dispersion effect caused by the uneven electrode surface roughness [27,28]. The EIS was fitted by
using the equivalent circuit displayed in Figure 2 with two time constants, where Rs is the solution
resistance, Rf and Rct are the film resistance (due to the corrosion products or SDBS film on the metal
surface) and the charge transfer resistance, respectively, and Qdl and Qf represent the double-layer
capacitance and the film capacitance, respectively. The fitting results are displayed in Figure 1 (the
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solid line) and Table 3. For the purpose of obtaining better fitting results, the constant phase element Q
was used instead of the pure capacitance when fitting [29].

 

Figure 1. Nyquist plots of brass immersed in different media for 5 days.

Figure 2. Equivalent circuit for fitting electrochemical impedance spectroscopy (EIS).

Table 3. Fitting results of the EIS in Figure 1.

Test Media
Rs Rf Qf n1

Rct Qdl n2
Ω·cm2 kΩ·cm2 Yf(μS·sncm−2) kΩ·cm2 Ydl(μS·sncm−2)

SCW 162.1 10.59 28.71 0.80 44.70 53.57 0.58
SCW-SDBS 173.8 21.01 23.44 0.74 163.5 32.25 0.85

SCW-SDBS-TiO2 131.7 13.58 26.57 0.75 62.61 48.82 0.65
SCW-SDBS-Al2O3 150.0 27.27 18.94 0.87 266.1 27.17 0.75

Figure 1 shows that the fitting results were consistent with the experimental data. In SCW, two
arcs in the Nyquist plot can be clearly distinguished, which correspond to the film resistance (Rf)
and film capacitance (Qf), the charge transfer resistance (Rct) and double-layer capacitance (Qdl),
respectively. The Rf and Qf are due to the corrosion products on the brass surface. In the Nyquist plots
of the other media, the two arcs cannot be clearly separated, indicating that the two time constants are

22



Nanomaterials 2020, 10, 1046

relatively close. It is shown in Table 3 that the Rct values and Rf values of brass increased significantly
after the addition of SDBS in SCW, which is due to the adsorption film of SDBS formed on the brass
surface. The adsorption of SDBS can reduce the active sites on the brass surface and hinder the charge
transfer [30]. Compared with the results in the SCW-SDBS medium, the Rct and Rf values of the brass
decreased significantly in the SCW-SDBS-TiO2 nanofluid, which indicates that the existence of TiO2

nanoparticles reduced the corrosion inhibition effect of SDBS on brass. In the SCW-SDBS-Al2O3

nanofluid, the Rf and Rct values of the brass electrode were obviously higher than that in the SCW-SDBS
medium, indicating that the Al2O3 nanoparticles enhanced the corrosion inhibition effect of SDBS
on brass.

3.3. Potentiodynamic Polarization Analysis

The polarization curves of brass after immersing in different media for five days are displayed
in Figure 3. Table 4 exhibits the corrosion potential (Ecorr) and corrosion current density (jcorr)
obtained through the polarization curves. The results in Table 3 show that the jcorr value of
the brass in SCW after five days of immersion is the largest (0.388 μA·cm−2), and it is the smallest
(0.105 μA·cm−2) in the SCW-SDBS-Al2O3 nanofluid. The values of the Tafel slope (ba) were higher
in both the SCW-SDBS-Al2O3 nanofluid and SCW-SDBS medium, indicating that the brass surfaces
were well adsorbed by SDBS in these two media, which obviously suppressed the anodic dissolution
of the brass electrode. The polarization current increases rapidly when the polarization potential
is above 0.1 V, which corresponds to the desorption of SDBS on the brass surface. However, in
the SCW-SDBS-TiO2 nanofluid, the jcorr value of the brass electrode is close to that in SCW. The shape
of the anodic polarization curves in these two media is also similar, indicating that the surface states
of brass in these two media may be similar. Besides, the ba value of the brass electrode decreased in
the SCW-SDBS-TiO2 nanofluid, indicating a decrease in the protection of the surface film. The change
trend of bc in the different media is consistent with ba, except in SCW, where concentration polarization
might appear during the cathodic polarization process because of the large polarization current density.
In the media containing SDBS, the cathodic polarization current density of the brass electrode at
the same polarization value is relatively small, which should be due to the adsorption of SDBS on
the metal surface, and reduces the effective area of the cathode. In addition, compared with the results in
SCW, the corrosion potential of brass is negatively shifted, especially in the SCW-SDBS-Al2O3 nanofluid
and SCW-SDBS medium, indicating that SDBS has a stronger inhibition on the cathode reaction.

 j  
Figure 3. Potentiodynamic polarization curves of the brass electrode after immersion for 5 days in
different media.
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Table 4. Electrochemical parameters of brass in the four media.

Test Media
Ecorr ba bc jcorr

(mV) (mV dec−1) (mV dec−1) (μA·cm−2)

SCW −87 103 250 0.388
SCW-SDBS −154 188 174 0.161

SCW-SDBS-TiO2 −125 95 157 0.302
SCW-SDBS-Al2O3 −171 192 197 0.105

3.4. Corrosion Products Characterization

Figure 4 shows the results of the SEM and EDS of the brass surfaces after five days of immersion
in different media. As can be seen from Figure 4(a1), the brass surface was covered with loose
corrosion products after five days immersion in SCW. According to the EDS results (Figure 4(a2)),
the corrosion products were mainly composed of C, O and Zn, which should be the zinc compound
Zn5(CO3)2(OH)6 [17]. The surface morphology of brass in SCW-SDBS is shown in Figure 4(b1). It can
be seen that there were many aggregates attached to the brass surface. The EDS results (Figure 4(b2))
show that these aggregates mainly contained the elements C, O, S and Zn, among which the element C
accounts for 59.24%, indicating that these aggregates were mainly SDBS and mixed with a small amount
of the corrosion products of zinc. Alternatively, the surface that was not covered by the aggregates
mainly contained the elements Cu, O and C (Figure 4(b3)), and the ratio of Cu to O was close to
2:1, implying the existence of the corrosion product Cu2O [31]. In the SCW-SDBS-TiO2 nanofluid,
the surface morphology of brass was different from that in the previous two media. As shown in
Figure 4(c1), no obvious accumulation of corrosion products and adsorption of SDBS were found on
the brass surface, only some small particles were adsorbed and distributed on the surface. The EDS
results (Figure 4(c2)) show that the brass surface with no particles was mainly composed of the elements
C, O, Cu and Zn, with the atomic percentages of 14.55%, 22.89%, 59.23% and 3.33%, respectively,
implying the existence of the corrosion product Cu2O. The EDS results of the particles attached
to the brass surface show that the particles contained 51.06% of O and 22.80% of Ti (Figure 4(c3)),
which should be the aggregate of the TiO2 nanoparticles. This indicates that the brass surface was
mainly adhered to by the TiO2 nanoparticles in the SCW-SDBS-TiO2 nanofluid, and no obvious
adsorption of SDBS was found. For specimens in the SCW-SDBS-Al2O3 nanofluid, it is shown in
Figure 4(d1) that there was a relatively uniform adsorption film on the brass surface after five days of
immersion. The EDS results (Figure 4(d2)) show that the brass surface contained 56.65% of C, 24.57%
of O and 5.38% of S, which should correspond to the SDBS adsorption film on the brass surface. In
addition, 4.39% of the Al element was also detected, indicating the existence of small amounts of Al2O3

nanoparticles mixed with the SDBS adsorption film. Comparing Figure 4(b1) and Figure 4(d1), it can
be found that the adsorption film of SDBS on the brass surface was relatively dense and uniform in
the SCW-SDBS-Al2O3 nanofluid, making the corrosion resistance of brass in this nanofluid better than
that in the SCW-SDBS medium [17].
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Figure 4. SEM photos and EDS results of the brass surface after immersion of 5 days in different
media. (a) Simulated cooling water (SCW); (b) SCW-sodium dodecyl benzene sulfonate (SDBS); (c)
SCW-SDBS-TiO2 nanofluid; and (d) SCW-SDBS-Al2O3 nanofluid.

According to the above results, it can be seen that in SCW, the brass surface was mainly covered
by loose corrosion products, which have poor protection for brass. In the SCW-SDBS medium,
the positively charged brass surface [32] was protected by the adsorption film of SDBS, which improved
the corrosion resistance of brass. In the SCW-SDBS-TiO2 nanofluid, a small amount of TiO2 nanoparticles
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were adsorbed on the brass surface and no obvious corrosion products and SDBS adsorption film were
found. SDBS was not easy to adsorb on the brass surface in this nanofluid, which should be due to
the competitive adsorption between the negatively charged TiO2 nanoparticles and the SDBS anions on
the brass surface. The adhesion of the TiO2 nanoparticles inhibited the formation of an SDBS adsorption
film on the brass surface, so that SDBS exhibited almost no corrosion inhibition effect on brass. In
the SCW-SDBS-Al2O3 nanofluid, the Al2O3 nanoparticles are positively charged and would not be
adsorbed on the brass surface which is also positively charged. An SDBS adsorption film was easy to
form on the brass surface in this nanofluid. Furthermore, the positively charged Al2O3 nanoparticles
could be adsorbed on the negatively charged SDBS film, improving the protection performance of
the SDBS film on brass [32]. In addition, Al2O3 nanoparticles can also improve the critical micelle
concentration of SDBS [17], therefore the SDBS adsorption film was not easy to aggregate on the brass
surface. Therefore, brass has the best corrosion resistance in the SCW-SDBS-Al2O3 nanofluid among
the four test media.

4. Conclusions

SDBS was adopted as a dispersant to prepare the TiO2 and Al2O3 nanofluids. The zeta potential
of the two nanofluids containing 500 mg/L SDBS was −46.4 and −40.9 mV, respectively.

In SCW, the brass surface was covered by loose corrosion products and had poor corrosion
resistance. In the SCW-SDBS medium, an SDBS adsorption film formed on the brass surface and
improved the corrosion resistance of brass.

In the SCW-SDBS-TiO2 nanofluid, a small amount of TiO2 nanoparticles were adsorbed on the brass
surface, and no obvious corrosion product and SDBS adsorption film were found. The adhesion of
the negatively charged TiO2 nanoparticles on the brass surface inhibited the adsorption of the SDBS
anions, which reduced the Rf and Rct values of the brass electrode. In this nanofluid, the corrosion
current density (jcorr) of brass was larger, and the corrosion resistance of brass was close to that in SCW.

In the SCW-SDBS-Al2O3 nanofluid, the Rf and Rct values of the brass electrode were the maximum
and the corrosion current density (jcorr) was the minimum. The brass surface was covered
with a relatively dense SDBS adsorption film containing a small number of Al2O3 nanoparticles.
The positively charged Al2O3 nanoparticles promoted the formation of a denser SDBS adsorption film,
which obviously improved the corrosion resistance of brass.
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Abstract: Within this work are analyzed third-order nonlinear optical properties with a potential
influence on the dynamic mechanics exhibited by metal/carbon nanofluids. The nanofluids were
integrated by multiwall carbon nanotubes decorated with Ag nanoparticles suspended in ethanol or
in acetone. Optical third-order nonlinearities were experimentally explored by vectorial two-wave
mixing experiments with a Nd-YAG laser system emitting nanosecond pulses at a 532 nm wavelength.
An optically induced birefringence in the metal/organic samples seems to be responsible for a
significant modification in density and compressibility modulus in the nanosystems. The measured
nonlinear refractive index was associated with a thermal process together with changes in density,
compressibility modulus and speed of sound in the samples. Nanofluid diffusivity was studied
to characterize the dynamic concentration gradients related to the precipitation of nanostructures
in the liquid solutions. The evolution of the nanoparticle density suspended in the nanofluids
was considered as a temporal-resolved probabilistic system. It is stated that the incorporation
of Ag nanoparticles in carbon nanotubes produces strong mechanical changes in carbon-based
nanofluids. According to numerical simulations and optical evaluations, immediate applications for
developing dynamic nanoantennas optical logic gates and quantum-controlled metal/carbon systems
can be contemplated.

Keywords: nonlinear optics; two-wave mixing; silver nanoparticles; carbon nanostructures;
diffusivity; nanoantenas

1. Introduction

Photoinduced functions tailored by nonlinear optics and materials science correspond to an
attractive field of research regarding the possibility to design ultrafast and low-dimensional applications.
Nanostructured materials have emerged as a new generation of advanced materials with strong
sensitivity to shape, size and distribution that determine their physical and chemical performance.
In this direction, the inclusion of hybrid nanostructures in organic nanofluids has been related to an
automatic enhancement in their third-order nonlinear optical effects.

Carbon nanotubes (CNTs) exhibit remarkable optical [1] and mechanical properties as the apparent
density [2] and a notable Young modulus [3]. The peculiar morphology of CNTs consists of rolled-up
structures of pure carbon with nanometric diameters and lengths of many microns. The structure
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of CNTs allows their use as a support material for the dispersion and stabilization of metal and
semiconductor nanoparticles (NPs) [4]. The decoration of CNTs allows for integrating the properties
of metallic NPs in carbon structures, resulting in unique optical and mechanical properties [5].
In addition, Ag NPs stand out from other materials with plasmonic response because of their optical
selectivity. Ag also provides a strong enhancement in plasmonic and absorption effects useful for optical
processes [6]. Plasmonic interactions of Ag NPs could find applications as optical sensors or broadside
nanoantenas [7]. Metallic NPs can act as optical antennae, due to their reception range and emission of
optical radiation. The incorporation of metallic NPs on nanofluids can produce sharp-selective optical
interactions; in particular, Ag NPs have a large third-order nonlinear optical response at wavelengths
close to the absorption band of their surface plasmon resonance [8]. Ag colloidal solutions in organic
liquids exhibit a large thermal-induced nonlinear refractive index [9]. Photoinduced energy transfer
is a consequence of the high thermo-optic coefficient of organic fluids as ethanol [10]. In addition,
the advantages of the functionalized CNTs stand out in the changes in physical properties that imply
improvements in solubility and dispersion of carbon nanofluids [11]. Multiwall CNTs (MWCNTs)
in nanofluids originate in an important change in effective thermal conductivity and viscosity [12];
however, it is important to consider the characteristics of the solvent [13]. Remarkable properties such
as high thermal conductivity and high energy vaporization for ethanol and acetone are present in
carbon nanofluids [14]. Many organic fluids have been useful in nanofluid applications due to their
outstanding magnetic [15], thermal [16], and optical phenomena [17]. Carbon-based nanomaterials [18],
metal NPs [19] and carbon-based nanofluids [20] exhibit a nonlinear optical response over a large
wavelength range. In addition, the incorporation of plasmonic NPs in carbon nanostructures could
be responsible for modifying optical nonlinearities induced by intense optical waves in nanofluids.
Therefore, carbon nanofluids based on ethanol or acetone have high sensitivity to optical and
mechanical effects [21]. Nanostructures with high nonlinear refractive index are of interest due their
fascinating applications for developing all-optical switching devices. Progress in optical research has
allowed the design of quantum systems based on Kerr nonlinearities that produce phase-changes
dependent on optical irradiance [22]. Moreover, quantum optics has demonstrated several methods
to generate optical nonlinearities in photons for developing optical gates [23], and the influence of
optical waves on dynamics in nanofluids extends the possibility for exploring different remote or
low-dimensional atmospheres.

The identification of optical nonlinearities exhibited by nanostructures in precipitation through
nanofluids can be considered for teledetection or revelation of physical phenomena correlated with
results obtained by laser scanning. Particular nonlinear optical parameters exhibited by nanofluids
can present a strong influence in the density of their suspended NPs. The non-uniform speed of
the nanoantenas can also be employed for the smart detection and identification of biofluids with
biological conditions sensitive to the dynamics of the NPs [24].

With these motivations, the impact of this research mainly corresponds to the study of plasmonic
nanoantenas with probabilistic logic functions controlled by dynamic nonlinear optical properties.
Silver decorated MWCNTs suspended in organic nanofluids were evaluated. We analyzed third-order
nonlinear optical phenomena and probabilistic effects based on diffusivity of the samples and the
optical monitoring of concentration gradient associated with the particles suspended in the studied
nanofluids. This work was devoted to further investigating potential probabilistic gate functions
based on mechanical and Kerr nonlinearities exhibited by nanofluids. Analogic signals provided by
nonlinear sensors are not preferable in respect to digital sensors in regard to the fact that observational
errors usually cause excessive sensitivity to variations in environmental conditions. In this respect,
we propose a logic gate system to identify the information provided by the nanostructures studied.
A digital logical operation is defined in this work in terms of nonlinear optical signals in propagation
through the nanoantenas in dynamic precipitation along the nanofluids. We consider that our strategy
opens up an alternative for collecting information by nonlinear sensors and revelation of the evolution
of nanofluids properties by probabilistic signal processing functions.
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It is remarkable that silver decorated CNTs in an organic liquid solution can provide a hybrid
nanofluid with optical nonlinearities improved by plasmonic phenomena. This work highlights that
the third-order nonlinear optical behavior of metal/carbon nanofluids can be considered for developing
electromagnetically controlled functions and dynamic nanoantennas.

2. Materials and Methods

2.1. Sample Preparation and Morphology Characterization

The MWCNTs growing process was carried out by the spray pyrolysis method. This growing
method consists of setting a quartz tube inside a cylindrical oven at 850 ◦C. The quartz tube was fed
with a toluene and ferrocene solution. Toluene molecules break down into carbon atoms and they
are hexagonally arranged in the form of MWCNTs due to the presence of iron NPs derived from the
decomposition of ferrocene [25]. Subsequently, MWCNTs were functionalized in 3:1 v/v mixture of
30 mL of 95–97% sulfuric and 10 mL of 65% nitric acid under sonication at 42 kHz for 15 min at room
temperature. Functionalized MWCNTs were repeatedly washed in distilled water, centrifuged and
dried in vacuum. Functionalization of MWCNTs with HNO3/H2SO4 solution resulted in the formation
of a surface associated with carbonyl, carboxyl, and hydroxyl functional groups. The metal decoration
process of MWCNTs with Ag NPs was carried out by a chemical vapor deposition method. For each
milligram of MWCNTs, 5.3 mg of Ag, 25 mL of dimethyl sulfoxide (DMSO) and 0.85 g of AgNO3 were
used. The samples were exposed to ultrasound for 10 min. The mixture was in continuous agitation at
120 RPM with a constant temperature of 60 ◦C for 30 min. After agitation, a solution was obtained
due to the dissociation of the AgNO3 precursor agent with the reducing agent DMSO. The samples
were filtered and rinsed with acetone to remove the impurities. A filtering process was carried out in a
vacuum, and then the samples were placed on a glass platform to be dried. The washing and filtering
steps were repeated 4 times. Finally, to completely dry the samples, the glass platform was placed in a
muffle at 200 ◦C for 30 min.

Previous results in comparative MWCNTs indicate that the influence of the inclusion of single-wall
CNTs (SWCNTs) or noble metal NPs in MWCNTs importantly modulate their collective nonlinear
optical response [26]. SWCNTs can present opposite nonlinear optical effects in respect to MWCNTs
and Ag NPs can switch the physical mechanism responsible for multiphotonic absorption [27].
Hierarchical nanostructures with different concentration of metal NPs revealed that the coating of
the tubes can be completed with a volume fraction of NPs in respect to the tubes of about 1:3 [28].
With these considerations, we designed our sample with the incorporation Ag NPs integrated in the
MWCNTs as Ag-MWCNT samples.

Ag-MWCNTs were weighted to prepare the nanofluid samples measured in this work. Then, 8.2 mg
of Ag-MWCNTs were suspended in an acetone solution with a volume of 2 mL. Comparatively, 8.2 mg
of Ag-MWCNTs were suspended in an ethanol solution with a volume of 2 mL. Different concentrations
of the nanostructures in the selected organic samples were analyzed. Here are described the conditions
of the most representative results with heuristically chosen concentrations to better observe the optical
nonlinearities without a strong depletion of the optical transmittance and a high signal to noise ratio.

In order to analyze the metal decoration and chemical composition in MWCNTs, field-emission
scanning electron microscopy with energy-dispersive X-ray (SEM and EDX; JEOL JSM-6701F) studies
were undertaken. High-resolution transmission electron microscopy (TEM) studies were carried out to
confirm the multiwall nature of the CNTs studied.

2.2. Third-Order Optical Nonlinearities Explored by a Two-Wave Mixing

A two-wave mixing (TWM) technique was conducted in order to evaluate the third-order nonlinear
optical response of the nanofluid samples. The schematic experimental setup for the superposition of
the two coherent and polarized beams is illustrated in Figure 1. A Nd-YAG laser system (Continuum
model SL II-10) with 4 ns of pulse duration and wavelength at 532 nm was used as an optical source.
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The pump and probe beams with an optical irradiance relation of 1:10 were focused in the nanofluid
sample S contained in a quartz cuvette with 1 mm thickness. The spot size of the focused beams was
approximately 1 mm. The propagation vectors of the beams make a geometrical angle of 30◦ due to
the beam splitter and the mirrors. A half-wave plate, λ/2, modifies the angle of the polarization plane
of the incident pump beam. A PIN photodetector was used to measure the orthogonal polarization
component of the incident probe beam transmitted through a polarizer by the influence of the pump
beam. The maximum total optical irradiance of the probe beam in the sample was 2 MW/cm2.
The high-irradiance of the pump beams promotes the modification of the polarization state of the
probe beam. Likewise, the modification of the polarization state of the beams results in changes in the
transmittance of the probe beam in the TWM system.

 

Figure 1. Scheme of the experimental setup of the two-wave mixing (TWM).

The electric fields in propagation through the samples can be described by considering the wave
equation [29] as described in the supplementary material.

According to Equation (S3), the intensity-dependent refractive index can be significant for
high-irradiance effects induced in a nonlinear material. For nanosecond pulses irradiating MWCNTs,
the most likely physical mechanism responsible for the nonlinear refractive index, n2, is the photothermal
effect [30], and this third-order optical nonlinearity excited by an important photoinduced energy
transfer can also be responsible for a local modulation in density in the irradiated sample [26].

Photoinduced Mechanical Response

Considering the optical Kerr effect (OKE) represented by Equation (S3), the density of a nonlinear
optical medium can be modified. Then, from Equations (S3) and (S4), the change in mass density, Δρm,
coming from the OKE can be estimated by,

Δρm =

⎡⎢⎢⎢⎢⎣ (n0 + n2I)2 − 1

(n0 + n2I)2 + 2
− n2

0 − 1

n2
0 + 2

⎤⎥⎥⎥⎥⎦
[

3M
4πNAα

]
(1)

where n0 is the weak-field refractive index, n2 in the nonlinear refractive index, I refers to the intensity
of the optical field, α is the polarizability, NA is the Avogadro’s number and M is the molecular weight
of the chemical element.
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In Equation (1), it is implicit that a change in irradiance generates a change in the refractive index.
Explicitly, Equation (1) also describes that a change in the density of mass can be obtained as a function
of irradiance in the sample.

In addition, the compressibility modulus, ΔY, can be estimated as a function of the speed of sound
through the medium, va, and the change in density with dependence on the OKE:

ΔY = va
2

⎡⎢⎢⎢⎢⎣ (n0 + n2I)2 − 1

(n0 + n2I)2 + 2
− n2

0 − 1

n2
0 + 2

⎤⎥⎥⎥⎥⎦
[

3M
4πNAα

]
(2)

2.3. Effects of Difusivity in Plasmonic Nanoantennas

The second Fick law is a mathematical description of the evolution exhibited by a diffusion effect
by a partial differential equation. This law is described by [31]:

∂C
∂t

= D
∂2C
∂x2 (3)

where C is the concentration of the solute in the solvent, D is the diffusion coefficient, and x is the
position of the particle. The solution of the differential equation corresponds to the probability at the
coordinates of the particles x of the medium at each time t [32].

p(x, t) =
1√

4πDt
exp

(−x2

4Dt

)
(4)

In order to determine the diffusivity coefficient value DS1−S2, where S1 is the solute, S2 is the
solvent, the Wilke–Chang relation can be used [33]:

DS1−S2 = δ

⎡⎢⎢⎢⎢⎣ ϕ
√
ϑMS2

ϒS2(υS1)
0.6

⎤⎥⎥⎥⎥⎦ (5)

where δ is a constant equivalent to 1.17 × 10−16, ϑ is the association parameter of the fluid, MS2 is the
molecular weight of the solvent, ϒS2 is the viscosity of the solvent, and υS1 is the atomic volume of the
solute and ϕ is the temperature.

The particles of a nanofluid are in constant fluctuation. That means the absorption of a sample
is modified as a function of the time related to the stability of the sample. A numerical fitting for
describing the temporal dynamics of a nanofluid can be computed by considering:

y = ae−t/τ + b (6)

where τ is the value of the independent variable time, y represents the absorbance, a is a constant and b
is the point where the straight line cuts the vertical axis.

2.4. Probabilistic Signals Exhibited by Plasmonic Nanoantenas

In contrast to the classic digital recording of binary bits where only the values 0 and 1 can be
present, the probabilistic bits refer to an overlap of values between 0 and 1. A probabilistic bit system
is a two-dimensional complex vector space, and the state of a probabilistic bit, Ψ, can be represented
by a complex vector in that space as follows:

Ψ = Γ|0〉+ Λ|1〉 (7)

The configurations of the probabilistic bits increase infinitely due to coefficients that can be
negative and with complex numbers. The probabilistic bits are characterized by the complex numbers
Γ and Λ, which correspond to the probability of measuring a value of 0 and 1. Likewise, the notation
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ket | 〉 means input and the notation 〈 |, means output. Since these coefficients can be imaginary,
they cannot simply be interpreted as probabilities of their associated results. Then, the probability of
measuring each state is given by [34],

|Γ|2 + |Λ|2 = 1 (8)

The quantum logic gates can be represented by reversible operations between the quantum
elements. A three probabilistic bits gate can be described as a controlled gate with inputs S1–3 and
outputs O1–3. In this case, S1 corresponds to O1, S2 corresponds to S2 and S3 corresponds to O3.
However, O3 changes its value if S1 and S2 are 1. It can be interpreted as a logic gate with 2 control
probabilistic bits identified as S1 and S2. The truth table is shown in Table 1.

Table 1. Truth table related to three probabilistic bits.

Inputs Outputs

S1 S2 S3 O1 O2 O3

0 0 0 0 0 0

0 0 1 0 0 1

0 1 0 0 1 0

0 1 1 0 1 1

1 0 0 1 0 0

1 0 1 1 0 1

1 1 0 1 1 1

1 1 1 1 1 0

This gate is usually employed for simulating irreversible classic gates. Among its particularities,
it can be mentioned that this gate is one of the most important classic gates, the NAND gate.

Different architectures based on carbon nanomaterials have demonstrated exceptional optical
nonlinearities that can be tailored by their structure and morphology [35]. This particular physical
empowering related to size, shape and chirality has been employed in MWCNT systems to design
unusual metal/carbon nanohybrids assisted by decoration processes including plasmonic NPs [36].
It is worth mentioning that silver NPs present a sharp selective absorption band associated to their
characteristic surface plasmon resonance close to 400 nm, while MWCNTs exhibit their characteristic
resonance around 270 nm [27]. The integration of a double resonance characteristic by Ag NPs in
MWCNTs seems to be attractive with advantages for visible laser driven logic gate functions and
single-photon devices in the UV region of the electromagnetic spectrum. Optical nonlinearities
exhibited by nanostructures in precipitation through nanofluids can be considered for remote sensing
or laser scanning as a function of their dynamics. The use of MWCNTs decorated with Ag NPs has
been chosen by considering that metallic NPs can act as nanoantenas with an enhanced reception and
emission of optical radiation in nonlinear devices. The operation of nanoantenas is based on capturing
an electromagnetic wave of a specific wavelength by an energy transfer. In our case, this nanoantenna
response is considered to be plasmonic and achieved by the collective excitation of the electrons in
the metal as a consequence of the strong interaction with the incident light. To improve metal light
emitters, there is a coherent oscillation of the electrons confined to the surface of particular NPs.
In Ag NPs, their absorption peak is maximum in the visible region of the electromagnetic spectrum.
This response depends on factors such as the concentration of the NPs, spatial distribution, morphology
and surrounding properties. The morphology of the studied nanostructures and their influence
on optical properties with ethanol and acetone as background media was considered. The results
corresponding to the absorption spectrum show that Ag NPs are attractive for applications in the
visible range and close to UV.
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3. Results

Figure 2 shows the characterization of MWCNTs in order to reveal the multiwall nature,
functionalization, and decoration of the CNTs. Figure 2a shows a high-resolution TEM image
of a representative section of MWCNT growth. Bright-field mode was chosen to observe in detail the
cross-section multiwall nature of CNTs. TEM micrograph provides clear evidence of the formation of
multilayer nanotubes during the toluene–ferrocene decomposition reaction, which is several microns
in length. In addition, the TEM studies determined that the internal diameters are approximately 4 nm
± 5% and the external diameters are up to around 28 nm ± 2%. Moreover, the intermolecular distance
between the carbon layers was 0.134 nm.

 

Figure 2. (a) A representative TEM micrograph of the studied carbon nanotubes (CNTs) confirming
their multiwall nature. (b) SEM micrograph of representative regions of the samples. (c) Results of
statistical EDX analysis for the studied silver decorated multiwall CNTs (Ag-MWCNTs).

SEM micrographs allowed the observation of the homogeneity of metal NPs incorporated to the
MWCNT samples. Figure 2b shows the Ag NPs represented by quasi-circular white points in the
extremes of MWCNTs. Ag NPs have an average size of approximately 60 nm ± 5%. Metal particles
represent 30% of weight of MWCNTs. Correspondingly, from the image, it is possible to deduce that
MWCNTs have a minimum length of 10 μm approximately.

Figure 2c depicts the elemental analysis of MWCNTs by the EDX technique. This analysis
highlights the presence of carbon corresponding to MWCNT structure and iron appropriate of the
synthesis process. There is also a notable presence of Ag NPs in the composition of the samples due to
decoration process.

The UV-VIS absorption spectra of the samples prepared in ethanol and acetone with Ag-MWCNTs
respectively are plotted in Figure 3.

Figure 3. Typical UV-VIS absorption spectra of the studied nanofluids.

From the spectra shown in Figure 3, it is possible to observe an emerging band corresponding to
the excitation of the surface plasmon resonance of the Ag NPs near to 400 nm. However, an interesting
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point to highlight it is the influence of the geometry of the Ag NPs and the solvent in which they are
suspended on the resonance spectral location [37]. The absorption band of pure acetone is located
around 250 nm [38]. In the nanofluid spectrum shown in Figure 3, related to acetone, there is a high
noise caused by phenomena related to scattering. The absorption bands for ethanol should be close
to 340 nm. The peak in the absorption band associated with the π-π bond resonance exhibited by
MWCNTs is located in the ultraviolet region, near to 270 nm. Nevertheless, the absorption peaks
of the MWCNTs can move due to the polarity of the solvent [39]. On the other hand, the presence
of MWCNTs agglomeration influences the absorption spectrum of the samples, such that, from the
UV-VIS spectra, it can be identified that the sample in the acetone suspension has a lower absorption
than the ethanol sample. So, from the previous points and from the experimental observations, we can
conclude that MWCNTs present more agglomeration in ethanol suspensions than in acetone.

To further investigate the possibility to modulate the dynamic response of the probabilistic logic
gate, no changes in nonlinear optical absorption were observed through monitoring single-beam
transmittance as a function of irradiance. However, we analyzed the OKE of the samples by our
TWM experiment described by Figure 1. The calibration of the system was performed by using
a CS2 sample. The TWM technique presents the potential to evaluate an induced birefringence
promoted by the superposition of optical waves. From Figure 4, it is possible to observe experimental
evidence of Kerr nonlinearities exhibited by Ag-MWCNT samples and a numerical fitting based on
Equation (S1). The degenerated TWM method in a non-collinear pump-probe configuration was
selected for measuring the nonlinear refractive index regarding the potential of this technique for
identifying the physical mechanisms responsible for the optical Kerr effect [40]. Our analysis of
Equation (S2) in Equation (S1) reveals that the fitting of numerical data is consistent with X(3)

1212 = 0,
which corresponds to the isotropic nonlinear refractive index [29]. The expected thermal effect induced
by nanosecond pulses in MWCNTs [30] matches our results. The error bar corresponds to about ±15%.
A strong magnitude in n2 = 6.1 × 10−12 cm2/W was obtained for the Ag-MWCNTs in ethanol and n2 =

5.6 × 10−12 cm2/W for the Ag-MWCNTs in acetone.

Figure 4. (a) Transmitted probe irradiance as a function of the angle between the planes of polarization
of the incident beams in the nanofluids tested in the vectorial TWM. (b) Experimental error bars for (a).

The third-order optical susceptibility of pure ethanol and pure acetone is omitted in Figure 4.
This consideration is valid because the nonlinear optical responses of ethanol and acetone [29] are
lower than the nonlinear results for the samples measured in this work, and they present a nonlinearity
at least three orders of magnitude lower.

In our TWM experiment, pump and probe beams had incident linear polarizations, and their
superposition in the sample produces a modulation in irradiance featuring an interference fringe
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pattern. The variation in irradiance along the sample automatically causes a modulation in nonlinear
birefringence as a function of the change in refractive index given by Δn = n2I, with n2 being the
nonlinear refractive index and I the optical irradiance profile. Initially, the incident polarization of
the probe beam is fixed but sensitive to the nonlinear birefringence induced by the pump beam.
The polarization of the pump beam was rotated by a half-wave plate during the experiment in order to
explore the vectorial nature of the nonlinear birefringence induced during the interaction of the beams.
An analyzer with its transmission axis orthogonal to the incident polarization of the probe beam
monitored the evolution of the polarization of the probe beam after passing the sample. The transmitted
probe irradiance is directly related to the characteristic third-order optical nonlinearities of induced
birefringence and multiphotonic absorption exhibited by the studied samples in the TWM [29].

The nonlinear optical response of nanofluids can be used for the harmonic generation of optical
waves through coherent optical mixing. In contrast with nanosecond optical effects, ultrashort pulses
can be suitable for observing ultrafast electronic nonlinearities, but the modeling of thermal mechanisms
that can be induced by picosecond and femtosecond pulses, which is more complex for describing
photothermal energy transfer. Nanosecond pulses involve enough time for thermal transport while
the photoinduced effects correspond to a collective response exhibited by nanofluids deposited in
thicker samples [41]. The potential to excite stronger nonlinear optical absorption effects closer to
the absorption band of the surface plasmon resonance of the Ag NPs can be expected by using the
third-harmonic of our Nd:YAG laser system [42]; but this consideration is also correlated with a
potential inhibition in the nonlinear optical refraction effects according to Kramers-Kroning relations.

Figure 4b corresponds to the error bar of the measurements associated with the transmitted
probe irradiance as a function of the relative angle between the plane of polarization of the incident
beams in the samples. These bars exhibit an error of approximately ±15%. From the absence of an
overlapping in the experimental data for the Ag-MWCNTs in acetone and ethanol and the MWCNTs
can be guaranteed the clear signature of the different studied samples in this TWM experiment.

The inherent morphology, structure and geometric properties exhibited by nanostructures are
responsible for the outstanding changes in their optical, electrical and thermal behavior. In this regard,
the incorporation of Ag NPs in MWCNTs in film form can promote the switching of multi-photonic
effects that is topic of this research in nanofluids, as comparatively has been demonstrated in nonlinear
optical absorption processes measured by single-beam techniques [27]. The uniform and homogeneous
distribution of the metallic decoration as well as the multi-wall nature of the tubes were guaranteed
and analyzed in this work by SEM, TEM and X-ray studies.

Furthermore, the incorporation of Ag NPs in carbon nanostructures seems to cause an enhancement
in the nonlinear optical properties in comparison with carbon nanostructures without decorations [27].
The enhancement in the third-order nonlinear optical response can be attributed to surface plasmon
absorption effects of Ag NPs [43]. A nonlinear absorption coefficient and nonlinear refractive index
are strongly dependent on the NP concentration in the solutions and the duration of pulses [44].
In addition, a fast photoresponse is characteristic in CNT-decorated samples [45].

In order to measure the stability of nanofluids, the optical absorption at 532 nm of nanofluids was
monitored after a sonication process in the samples. The UV-VIS spectra were evaluated in a range of
0 to 5 min, in order to demonstrate the stability of the samples. Figure 5 shows the dependence on
absorbance in the time from the samples. The numerical fitting for the experimental measurements
was obtained by Equation (6). It is possible to observe the parameters a, τ and b, related to the behavior
of the numerical fitting for each sample.
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Figure 5. Time dependence of UV-VIS absorbance at 532 nm. (a) Ag-MWCNT samples, (b) MWCNT samples.

The stability of nanofluids is strongly dependent on the solution but also changes with the
incorporation of the NPs in the carbon nanostructures [46]. It has also been demonstrated that the
stability times of Ag NPs nanofluids are longer than others [47]. It is worth mentioning that the
time-dependence stability of nanofluids strongly depends on the diffusion of the suspended NPs and
the organic solvents.

The spatial distribution of molecules in a nanofluid is not homogeneous; this implies that there is
a concentration gradient between two points in the medium. The diffusion phenomenon describes
the concentration gradients with respect to time in the fluid. The concentration at the position of
the particles in the medium at each instant of time obtained from Equation (4) is represented in
Figure 6. The diffusion coefficient approximation was calculated from Equation (5) with ΨEthanol = 1.5,
ΨAcetone = 1, MEthanol = 46.07 g/mol, MAcetone = 58.08 g/mol, ϑEthanol = 1.074 mPa·s, ϑEthanol = 0.32 mPa·s
and νCarbon = 4.58 cm3/mol. The diffusion coefficient for carbon-acetone is 3 × 10−13 cm2/s and that for
carbon-ethanol is 9 × 10−14 cm2/s. Time-dependence stability of the Ag-MWCNTs nanofluids strongly
depends on the diffusion coefficient between the CNTs suspended and the ethanol or acetone solvents.
The diffusion coefficient indicates an inverse relation in respect to the stability of the fluid. In order
to verify the law of conservation of matter and energy in the diffusivity analysis, the area under the
diffusivity curves was analyzed.

 
Figure 6. (a) Diffusivity of carbon nanostructures in ethanol. (b) Diffusivity of carbon structures
in acetone.

Figure 6 shows the graphic representation of the diffusivity behavior of the samples in the quartz
cuvettes. It can be noticed that the evolution of the concentration of nanostructures in ethanol and in
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acetone is different. The results indicate that the particles can be easily dispersed in acetone suspensions.
Diffusivity concentrations are indicative of fluid stability.

Regarding the experimental results, we consider that a probabilistic bit can be referred to an
overlap of values associated with our samples. It was considered the value of the bits as the solute
concentration suspended in the liquid samples. The logic states of the input’s gate were defined by the
probability of the position of the particles in the fluid tested by an optical signal. The values in the
measurement of the gate outputs and the experimental setup gate are shown in Figure 7.

Figure 7. Experimental setup of the probabilistic gate in an AND configuration controlled by the
particle position probabilities. The laser beam energy is absorbed by the CNTs position. (a) S1 = 0,
S2 = 0; S3 = 1, O3 = 1 with 0.927 MW/cm2, (b) S1 = 0, S2 = 1; S3 = 1, O3 = 1 with 1.89 MW/cm2, (c) S1 = 1,
S2 = 0; S3 = 1, O3 = 1 with 1.89 MW/cm2 (d) S1 = 1, S2 = 1; S3 = 1, O3 = 0 with 3.86 MW/cm2.

The logic states of the output were designated by the irradiance of the laser beam as shown in
Figure 7. The logical value 1 was assigned to an optical irradiance lower than 2 MW/cm2. Otherwise,
the logical value is 0.

In addition, in Figure 7 the separation of the samples explored in different containers is schematized;
the potential of the logic device can be extended to analyze a single nanofluid with diverse regions or
thermodynamic properties of multiple phases.

A probabilistic bit simulation was performed by using the fuzzy set theory. Figure 8a shows the
fuzzy interference process to obtain the output value of the beam energy due to the concentration and
position of the particles suspended in the nanofluid.

The fuzzy logic process was structured by using rules to define the behavior of nanofluids.
The rules were established by the input variables distance, concentration, and the output energy.
The sets defined by the domain of concentration x were represented by ζ1, ζ2, ζ3, ζ4, ζ5. Over domain
y, the position are d1, d2, d3, d4, d5, and the output over domain z are 1, 2, 3, 4, 5. The values
of the domains represent the lowest, low, middle, high and higher level. Figure 8b shows a range of
magnitudes of the domains in the fuzzy variables. For the fuzzification step, the peak values of the
inputs were defined and the degree of belonging of the input variables to the associated fuzzy sets was
determined. In this way, each input is fuzzified over all the belonging functions used in fuzzy rules.
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Figure 8. Graphic representation of fuzzy logic system. (a) diagram of system implemented;
(b) parameter representation of the inputs and output variables for the fuzzy logic controller; (c) surface
diagram of the fuzzy logic controller results for the nanofluid samples.

For the evaluation of the fuzzy rules, the AND operator was used by considering the generalized
form of the T-norm intersection to obtain a belonging function , which is defined as follows:

∩  (x) = T
(

(x),  (x)
)

(9)

where and  are fuzzy sets and x is the set variable.
In order to obtain the resulting values of the fuzzy logical system, the fuzzy set previously obtained

is taken as an input to give an output value. The fuzzy controller receives the input data corresponding
to the variables x0 and y0 by the Manmdani inference rules defined by:

ζ′1(z) = 1(x0) ∩  1
(
y0

)
∩ ζ1(z)

ζ′2(z) = 2(x0) ∩  2
(
y0

)
∩ ζ2(z)

...
ζ(z) = ζ′1(z) ∪ ζ′2(z) ∪ . . . . ζ′n(z)

(10)

The belonging function values related to the input variables position and concentration are
fuzzified. The minimum value between the belonging value of the input variables is calculated, in order
to define the output set at the height of the smallest fuzzification value. The minimum belonging value
of each rule is defined in order to limit the output set related to the energy of the beam. As a result,
dimension sets are joined to calculate the membership function of the output set. The defuzzification
of the sets is obtained by the following:

Defuzzification =

∑  
x=

(x)x∑  
x=

(x)
(11)
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Figure 8c shows a superficial plot representing the fuzzy logic applied to the probabilistic bit
system. The effect of the predictive diffuse system based on the behavior of the NPs suspended in the
nanofluids and their impact on the optical irradiance of the system can be observed.

The results shown in Figure 8c demonstrate the effect of the input variables in the optical
transmittance of the nanofluid. The relationship between the concentration and position of the NPs
is also observed. The result of optical transmittance output shows that the maximum value mostly
depends on the minimum concentration of the nanofluids which, at the same time, depends tightly on
the diffusivity of the fluid.

The optical Kerr effect, described by the magnitude of n2, can be associated with different physical
mechanisms responsible for the third-order optical nonlinearity in a sample. In particular, molecular
orientation, electronic polarization, electrostriction, magneto-optical phenomena or a thermal transfer
can be related to a nonlinearity of the index [29]. In this aspect, a photothermal effect can be described
as an optical Kerr effect that may be responsible for a change in density, as expressed by Equation (1).
The change in the refractive index illustrated in Figures 9 and 10 is the result of a change in the
concentration of the samples. By using Equation (1), the change in refractive index was estimated at
concentrations between 10 and 100% w of Ag-MWCNTs. It is notable that the refractive index can be
related to the density of the samples. The numerical data resulting from Equation (1) confirm that the
optical nonlinearities generated by TWM are significant in the changes in the mechanical properties of
the nanofluids. The behavior for the change in density of the samples with Ag-MWCNTs ethanol and
acetone nanofluids was analyzed and the results are shown in Figure 9a,b.

 

 

Figure 9. Numerical results of the induced change in density estimated by considering the change in
refractive index in the nanofluids. (a) Ag-MWCNT samples, (b) MWCNT samples. Numerical results of
the induced change in temperature estimated by the change in density in the nanofluids. (c) Ag-MWCNT
samples, (d) MWCNT samples.
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Figure 10. Numerical results of the induced change in compressibility modulus estimated by considering
the experimental optical Kerr effect (OKE) in the nanofluids. (a) Ag-MWCNT samples, (b) MWCNT
samples. (c) Change in the speed of sound due to Ag-MWCNT suspensions. (d) Change in the speed
of sound due to MWCNT suspensions.

If the parameters described by the Lorentz–Lorenz relation are considered, it can be concluded
that modification of the nanofluid density by dependence on optical irradiance must be present
under high-optical irradiation. Figure 9c,d also shows the relation in temperature of the nanofluids
considering the change in density.

Figure 10a,b shows the change in the compressibility modulus of the samples considering
Equation (2). The changes in mechanical properties in the samples described by the Lorentz–Lorenz
equation are caused by an induced nonlinear refractive index with dependence on optical irradiance
and concentration of the samples. In the same way, an important contribution of different parameters
such as the molecular weight of the chemical elements and the mean molecular polarizability of the
samples ought to be considered.

Moreover, an approximation for the speed of sound through the Ag-MWCNTs nanofluids can
be obtained by the compressibility modulus, and change in density. From the above, the numerical
calculations require the calculus of density corresponding to elements that compose the sample.
Density calculation was performed for suspensions with 2 mL of pure solvent, 0.0057 g to MWCNTs
and 0.00246 g of metallic NPs. The previous weights correspond to 0.0082 g of Ag-MWCNTs with 30%
of Ag NPs.

Figure 10 shows the change in the speed of sound of ethanol and acetone Ag-MWCNTs nanofluids.
From Figure 10c, it is possible to observe the change in the speed of sound due to ethanol and
acetone suspensions with MWCNTs without decorations. The result demonstrates that the addition of
Ag-MWCNTs in nanofluids generates a higher change in the speed of sound of pure organic fluids.
So, the refractive index of the Ag NPs adhered to the MWCNTs defines strong differences in the

46



Nanomaterials 2020, 10, 1886

mechanical behavior of nanofluids according to the optical nonlinearities of the samples. The control
of the mechanooptic properties exhibited by the studied samples gives an advantage in the field of
nanoantenas. If the density of the involved nanofluids is very low, the phenomenon could not be
observable due to the absence of enough NPs in their vicinity of the nanoantenas. On the other hand,
if the density is very high, it is possible that high-density agglomerations will appear, preventing the
reaction of the electromagnetic field of the nanoantenas. Additionally, the excitation beam could be
absorbed together with an induced nonlinear refractive index depending on the optical irradiance
and the concentration of the samples. Consequently, optical nonlinearities find important areas of
application in the field of nanoantenas, and the dynamic behavior of NPs can control discrete variables
associated with the physical-chemical changes of nanofluids.

The local control of the temperature of plasmonic nanoantenas has been studied and good
results have been obtained for Ag NPs; however, the operating temperatures for hybrid materials
present different advantages compared to pure Ag NPs [48]. In Figure 9b,c, the modified temperature
operating range due to density and optical irradiance dependency is shown. The dissipation of energy
within the metallic NPs is an important factor in the performance of nanoantenas [49]. In this work,
the concentration gradients with respect to time in the fluid indicate the dynamic stability of the
proposed nanofluids. Due to the nature of the diffusivity presented in the samples studied, the design of
UV-VIS nanoantenas with minimal energy dissipation can be contemplated in comparison to sensitive
nanoantenas with infrared response [50]. In addition to good light absorption and energy dissipation,
plasmonic NPs have been studied for applications related to sensors and nanoswitches by coupling
light with the NPs [51]. The application of optical nanoantenas in binary logic operations has also
been explored [52]. In this work, the advantages of the plasmonic properties of metallic NPs have
been considered as well as the optomechanical properties exhibited by MWCNTs. Using a fuzzy
logic system, it was possible to design an AND logic gate with probabilistic signals. The system was
structured by rules defined by the behavior resulting from the diffusivity simulations, and the optical
response exhibited by the studied nanofluids. The operating principles depend on controlled sets of
NPs with not only specific optical and mechanical properties, but also with quantum properties.

4. Conclusions

This work highlights the importance of metal/carbon nanostructures to control probabilistic
functions assisted by dynamic and nonlinear optical properties. Nanoantenas in a fluid featuring a
probabilistic NAND logic gate were proposed by the assistance of mechanical and nonlinear optical
properties. The evolution of mechano-optical signals in simple organic liquids was modulated
by the incorporation of Ag decorated MWCNTs. The participation of Ag NPs incorporated in
MWCNTs seems to cause strong changes in off-resonance nonlinear optical interactions. The plasmonic
properties of the metal nanoparticles allow for increasing the emission and control in the optical
response due to the excitation of the electrons of the metal structures. Optically induced variations in
density, compressibility modulus and speed of sound in metal/carbon-based nanofluids were analyzed
considering a dynamic OKE. The mechanical and optical properties exhibited by MWCNTs show
advantages over other nanostructured materials with the same dimensions. Due to the morphology
of the CNTs, it is possible to consider nanoantenas for wireless communication in GHz and THz.
CNTs allow developments in quantum and molecular communications due to their high rates of
electrical and thermal conductivity and mechanical moldability. The plasmonic behavior derived
from the decoration of the MWCNTs can also function as an oscillator for frequency modulation.
This work can be a base for future research related to dynamic nonlinear optical systems assisted by
hybrid nanostructures.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/9/1886/s1,
Supplementary material.
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Abstract: Since the first introduction of one-dimensional nanochannels for single-molecule detection,
there has been increasing interest in modern nanofluidic systems, such as chemical and biological
sensing applications. Recently developed nanowires (NWs) and nanotubes (NTs) have received
tremendous attention due to their unique geometrical, physical and chemical properties, which
are very attractive in this field. Here, we review the recent research activities in the field of novel
nanofluidic cells based on NWs and NTs. First, we give a brief introduction of this field. Then the
common synthesis methods of NWs and NTs are summarized. After that, we discuss the working
principle and sensing mechanism of nanofluidic devices, which is fundamental to the interaction
between these nanostructures and small molecules. Finally, we present the NW- and NT-based
devices for chemical and bio-sensing applications, such as gas sensing, pathogen detection, DNA
sequencing, and so forth.

Keywords: nanowire; nanotube; nanofluidic cell; single molecule detection; chemical and bio-sensing

1. Introduction

Nanofluids are suspensions of basic liquids and nanoparticles, which provide a well
transport environment for various ions, gases and bio-molecules. The development of
nanofluidics has led to the preparation and optimization of many new engineering devices
for biochemical sensor applications, such as gas sensing, protein and pathogen detection,
DNA translocation and sequencing, etc. [1]. It was realized that the electronic devices
should be further scaled down to the size of chemical molecules with enhanced perfor-
mance to achieve biological applications. The emergence of various types of nanomaterial
has enabled the preparation and application of nanochannels with adjustable structures and
shapes [2,3]. In 1996, Kasianowicz et al. first reported the translocation of DNA through
a α-hemolysin protein nanopore under an external electrical field [4]. Since then, other
nanostructures have been extensively studied and provide a new platform for nanofluidic
system. For example, the research on two-dimensional (2D) materials (graphene, MoS2,
BN, etc.) has greatly enriched and promoted the field of nanofluid ion transport [5]. Com-
pared with nanopores or other nanofluidic channels, 2D nanofluidic channel systems with
high flow rates are relatively easy and expandable to manufacture, which can be used for
applications in bionic transmission and manipulation of ions, molecular screening, and
energy conversion [6–8]. However, the currently reported research on the asymmetric
ion transmission characteristics of the 2D nanofluidic homogeneous structure is still in its
infancy, due to their problems of insufficient charge density and low rectification ratio [9].

Since carbon nanotubes (CNTs) were first synthesized, tremendous efforts have been
made in the research field of one-dimensional (1D) materials, including the synthesis,
properties, assembly and application [10]. So far, there has been significant research
devoted to various solid nanowires and tubular forms, such as carbon, silicon, boron nitride,
oxides (SiO2, Al2O3, MoO3, V2O5, TiO2), chalcogenides (WS2, MoS2), and halides (NiCl2).

Nanomaterials 2021, 11, 90. https://doi.org/10.3390/nano11010090 https://www.mdpi.com/journal/nanomaterials
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Nanowires (NWs) and nanotubes (NTs) are seamless cylinders with high aspect ratios,
and their structures and compositions lead to unique geometric, physical, and chemical
properties. Taking advantage of their controllable diameters, high mechanical strength,
high transmission efficiency, and easy planar integration, it has a potential to break through
the limitations of traditional nanofluidic applications based on vertical nanoporous films
and 2D nanomaterials [11]. From the basic physics research point of view, NTs and NWs
provide an interesting system to test classical theory of nanofluid flow. On the other hand,
they can be readily integrated into novel nanofluidic devices, which are further explored in
single-molecule technique and future bio-chemical sensing applications. NW/NT-based
nanofluidic cells sensitively record the nanoparticles and can effectively overcome existing
challenges in conventional biological and chemical electronics. For example, a recognition
probe fixed to the surface of the nanostructure selectively interacts with target analytes in
solution, responding an electrical signal that reflects the concentration. In addition, ions or
small molecules with charges can cause physical blockages of nanoscale channels during
transport, which results in the measurable and identifiable electrical properties changes.

The core components of these nanofluidic devices are the quasi-1D nanostructures.
First, NWs and NTs have the advantages of small geometrical size and high surface-to-
volume ratio. This makes it possible to generate obvious electrical signals at ultralow
concentrations, allowing the reduction of sample size and the miniaturization of sensors.
Secondly, high quality NWs and NTs with uniform inner diameters, robustness, and non-
porous smooth surfaces are attractive in the fields of nanoelectronics, optoelectronics, and
biochemical sensing. Moreover, the well-defined internal and external surface as well as
the sites at the ends can be easily modified, which is useful for ion and molecular detection,
capture and manipulation.

This review is organized to emphasize the recent advances in novel nanofluidic cells
based on NWs and NTs for advanced chemical and bio-sensing applications, updating the
reports of previous works. We will briefly go through the synthesis methods of NWs and
NTs in Section 2 and discuss the principles and sensing mechanisms of NW/NT-based
nanofluidic devices in Section 3. Several representative advances in nanostructure-based
nanofluidic biochemical sensors will be reviewed in Section 4. Based on the fact that there
have been some excellent reviews for the research on NWs/NTs-based sensors [12–14],
we also discussed about novel preparation methods, functional modifications, monitoring
mechanisms, and correction schemes, which is of great significance to improve the sensing
performance and overcome the limitations of biochemical sensors based on NWs/NTs
nanofluidic cells. It should be noted that we will focus on the basic and latest progress
in materials preparation, device mechanisms and applications, instead of covering all the
work performed in this field.

2. Synthesis Approaches

There are two routes in realizing one-dimensional nanomaterials: top-down and
bottom-up approaches. Bottom-up is a commonly used approach to synthesize the target
structure at atomic or molecular level which makes it feasible to build new conceptual
devices and functional systems. The early synthesis approaches of NWs and NTs are
mainly achieved by vapor phase growth. In typical bottom-up processes, two basic steps
of nucleation and growth are involved to form a solid crystal from a gas, liquid or solid
phase. When the concentration of the growth unit is sufficiently high up to saturation, it
will aggregate into small crystal nuclei through homogeneous nucleation and continue to
grow into larger structures. The robust NWs/NTs and rationally designed nanofluidic cells
have advantages in potential nanoelectronics, optoelectronics, and bio-chemical sensing
applications. On the other hand, when developing a synthetic method of nanomaterials,
attention should be paid to control the morphology, size, composition and uniformity of the
products. This section reviews the synthesis approaches of NWs and NTs that have been
commonly used and developed in recent years, such as vapor-liquid-solid (VLS) growth,
membrane-templet synthesis and nanowire template approach.
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2.1. Vapor-Liquid-Solid (VLS) Growth

Nanoparticle-catalyzed VLS growth is a widely used method for preparing NWs and
NTs by gas phase reaction because of its simplicity and versatility. It was first proposed
by Wagner in 1964 through the growth of microscopic Si whiskers [15]. Later, the research
teams from Harvard University and Hong Kong University proposed the true nanoscale
Si NWs [16]. Various single crystal forms of inorganic nanowires have been reasonably
synthesized by VLS method with diameters on the order of nanometers [17,18]. The growth
mechanism is shown in Figure 1a [15]. Generally, small droplets of metal catalyst (e.g.,
Au nanoparticles) are assembled or patterned on the solid substrate. Then, the carrier gas
stream containing precursors is dissolved at elevated temperature to form alloy droplets.
Once the reactants reach supersaturation, they will precipitate and form a solid-liquid
interface, which will promote the anisotropic growth of crystals. Thereby the material
preferentially grows in one direction and obtain one-dimensional nanostructure. Following
the initial VLS mechanism studies, it has been extended to chemical vapor deposition
(CVD) method [19–21], which can control the reactant sources, growth temperature and so
on well during the synthesis process.

As for diameter of 1D nanostructures, it is typically proportional to the size of the
catalyst since the alloy droplet used as a soft template is always at the tip. In addition,
the average diameter of NWs depends on the growth temperature, growth time, gold
layer thickness, flow rate, and so forth [22,23]. Terasako et al. have reported successful
suppression over the enhancement of the average diameter as the growth temperature
increases utilizing the alternate source supply technique [24]. Similarly, tapering of VLS
grown NWs is a common phenomenon resulting from dynamics of the liquid droplet
during growth and direct vs. growth on the sidewall (Figure 1b) [25]. Küpers et al.
developed a novel two-step approach to realize an untapered morphology with high
vertical yield [26]. NW diameters at the top and bottom gradually approach the same with
the increasing of V/III flux ratios during the second growth step. The flux dependence
of radial vs. growth was theoretically studied and the diffusion on the NW sidewalls
was combined into the model to understand the tapering phenomenon. Dejarld et al.
also studied the doping effect on the diameter of GaAs NW [27]. Be-doping was found
to significantly reduce the diameter and increase the aspect ratio to 50:1, which greatly
improves the performance of the optoelectronic devices.

Figure 1. (a) Schematic illustration of the vapor-liquid-solid (VLS) growth method. Silicon crystal grows with liquid alloy at
the tip [15]; (b) scanning electron microscope (SEM) image of SiNWs (nanowires) with significant tapering [25].

VLS growth allows NWs/NTs to be selectively grown at ordered positions of the sub-
strate patterned by the catalyst, which reduces the introduction of impurities and pollution
in the subsequent dispersion and arrangement [28–31]. Moreover, growth orientations
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control is also highly desirable. It was found that the preferred growth direction is the
one that minimizes the total free energy and can be influenced by diameters [32]. Recently,
Wang et al. first demonstrated the surface-parallel growth of SiO2 NWs by controlling mass
transport [33]. The directional growth of SiO2 NWs towards low SiO concentration was
obtained at the position with high SiO concentration gradient. The incorporation of metal-
lic catalyst in the synthetic NWs/NTs is another inevitable issue to be addressed which
can introduce unwanted doping or impurities in the nanostructures. Floating catalysts
(Mg–Fe–O species) and remote catalyzation methods have the potential to produce high
purity BN NTs without post-treatment [34]. Finally, additional treatments are required
to modify the electrical properties before assembly into suitable device structures and
applications, which will be covered in the following sections.

2.2. Membrane-Template Synthesis

Membrane-template synthesis is a simple, low-cost approach for the preparation and
assembly of 1D nanomaterials, which refers to copying the specific structure of a template
into the product. A porous membrane is one of the basic hard templates, such as anodic
aluminum oxide (AAO) membrane, track-etched polycarbonate (PC) membrane, and meso-
porous silica. Among them, AAO membranes with higher porosity are usually used to
prepare highly periodic arrays [35,36]. PC membranes are commonly available in a variety
of pore sizes and larger dimensions, which is more suitable for biosensing applications [37].
In this method, the growth of nanomaterials was guided through nanopores of the mem-
branes, using vapor deposition, electrodeposition, electrochemical deposition and other
filling processes to synthesize desired materials. After that, the template can decompose
and dissolve through the solvent or annealing.

Membrane-template synthesis has the characteristics of high periodicity, chemical
stability and versatility. By controlling the diameter, spacing, and direction of the pores,
a uniform, dense, and nearly parallel 1D nanomaterial matrix can easily be obtained
(Figure 2a) [38–40]. The solid or hollow cylinders depend on the hole wall chemistry,
deposition time and deposition method. Moreover, Three-dimensional NWs or NTs net-
works with precise spatial distribution, diameter and wall thickness have been prepared
(Figure 2b) [41,42]. The improved method has been developed to synthesis AL-, Zn- doped
TiO2 nanotubes with uniform continuous composition control using PC membrane and
atomic layer deposition (ALD) (Figure 2c) [43]. Another reproducible method is using
alumina nano-trenches with single-wall NTs (SWNTs) as templates. CNTs were removed
by O2 reactive ion etching (RIE) following the area-selective ALD of alumina coating, which
obtained predefined alumina membrane with nano-trenches that used as a mask to obtain
sub-5 nm ZnO nanowires [44].

Despite the above characteristics, the membrane-template approach also has some
intrinsic limitations. It becomes difficult to manipulate without order after being released
from the membrane. There are two methods for producing ordered arrays onto the target
substrate. The first is to prepare the template directly on the substrate, but the film
thickness may be limited [45,46]. The other method involves the transfer method, which
is complicated to operate and the membrane is fragile. An improved transfer method
that allows the integration of dense NW arrays on almost any flat and curved substrate
has been demonstrated [47]. A two-layer polymer (S1818 and PMMA A11) was used to
prevent damage to the AAO membrane and the residue of organic contamination in pores.
Secondly, the custom-designed nanopores membranes are very expensive or commercially
unavailable. He et al. produced the membranes with desired nanopore size by oxygen
plasma etching for the application of cell penetration and DNA infection (Figure 2d) [40].
The composite fiber melt-codrawing and bundling method was developed to prepared a
well-controlled porous PMMA membrane with controlled structure size [39]. Unfortunately,
the membrane-template approach relies on wet chemical reactions at low temperatures,
resulting in a lack of layered crystal structures, poor morphology and porous walls.
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Figure 2. (a) SEM image of nanowires array [40]; (b) schematic illustration of 3-D Cu/Ni core/shell and Ni carbon
nanotubes (CNTs) [41]; (c) schematic diagram of highly homogeneous Al- and Zn-doped TiO2 nanotube by ALD with
various cyclic sequences [43]; (d) schematic illustration of fabrication of nanostraws array using a track-etched polycarbonate
membrane [40].

2.3. Nanowire Template Approach

A promising approach that uses nanowires as epitaxial growth substrates or sacrificial
templates has been developed in recent years. In this approach, nanowires are converted
into core-sheath structures through deposition or chemical methods and etch the cores
subsequently [48]. There are various nanowires with different composition and size that
can be used as stable templates. In addition, advanced conformal coating technologies
such as CVD, ALD and sputtering allow epitaxial growth of various high-quality materials.
The internal core can be selectively removed based on different chemical reactivities.

The NTs prepared by nanowire template approach have the smooth surface and
lower porosity. The diameters can be tuned from 1 to 100 nm and the inner walls can
easily covalently attach the desired receptors, which is attractive in biochemical sensing
applications. Some deposition methods for the shell formation were developed to obtain
a robust and clean crystal surface, which does not require a large volume of water or
solvent, nor large energy and time. For example, high-quality few-layer molybdenum
sulfide (MoS2) nanotubes with good morphology control were synthesized by combining
the nanowire template with the CVD process [49]. As shown in Figure 3a, SiO2 NWs
prepared and dispersed on silicon substrates are used as templates for depositing a thin
film of MoS2. The cores are stable in CVD process and are etched away in HF acid solution.
Moreover, the sheathes maintain complete tubular structures and the number of MoS2
layers can be reduced to four by shortening the growth time. Similarly, Zhang et al.
prepared CdS nanotubes with tunable wall dimensions and optical microcavities through a
simple thermal evaporation co-deposition technique using Sn nanowire templates [50].

On the other hand, the shell can be produced by chemical reactions [51]. Zhu et al.
have developed a novel optimized process that can precisely control the inner diameter
without involving dispersion, transfer and alignment steps, leading to robust, smooth
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and clean nanotubes [52]. As shown in the Figure 3b, Self-assembled SiO2 nanotubes
are prepared from Si nanowires on a silicon-on-insulator (SOI) substrate through several
oxidation and etching processes. The channel between the NTs and SOI substrates was
open by dry etching, which is beneficial to the preparation of nanofluidic devices and
biomedical applications. Furthermore, a single-phase tube with an accurate stoichiometric
ratio is readily obtained. The chemical conversion of the template by gas- or vapor-phase
avoids problems of the solid-phase reaction due to the reaction self-termination once the
sacrificial template is exhausted. As an example, Sutter et al. converted sphalerite GaAs
nanowires into single crystal cubic γ-Ga2S3 nanotubes by reacting with sulfur vapor [53].
The schematic reaction sequence is shown in Figure 3c, which involves the rapid diffusion
of Ga ions through the growing sulfide shell. Ga2S3 is thicken and separated from the
contracted GaAs core until the entire core is consumed.

In recent years, the nanowire template approach has been developed to the fabrication
of various devices with specific functions. For example, the ultra-fine Pt nanotubes with
1 nm wall thickness and several microns length has been synthesized, which enhances
the oxygen reduction reaction performance [54]. Insulin fibers have been introduced as a
biological template, which allows the diameter of Pd NWs be reduced from 9 nm to less
than 5 nm. The full decomposition of the fibers provided the necessary smooth surface
for Pt deposition. In addition, highly active FeNx modified CNTs are synthesized using
ZnO nanowire templates [55]. As shown in Figure 3d, ZnO nanowires undergo in situ
polymerization of dopamine under FeCl3 environment and then pyrolyze in NH3. The
evaporation of Zn created sufficient pores on the CNTs and lead to high aspect area, which
can be useful for the applications of sensors, catalysis, fuel cells, and so on.

 

Figure 3. (a) Schematic illustration of MoS2 nanotube synthesis [49]; (b) schematic illustration of preparation of SiO2

nanotubes from Si nanowires on a SOI substrate [52]; (c) reaction schematic of the conversion of GaAs nanowires into
single-crystalline γ-Ga2S3 nanotubes [53]; (d) schematic illustration of the fabrication of FeNx modified CNT using ZnO
nanowire template [55].
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3. Device Mechanisms

The use of NTs and NWs provides a new platform for nanofluidic devices. Compared
with planar semiconductor sensors, surface bonding with biochemical molecules affects
the accumulation and depletion of carriers in the entire nanostructure, instead of just a
small portion of it. This greatly improves the sensitivity and even realizes the possibility
of detecting individual molecules, which is very attractive in chemical and bio-sensing.
This chapter will give a brief overview focusing on the working mechanism and sensing
principle of nanofluidic devices based on NWs and NTs.

3.1. Working Principle of Nanofluidic Cells Based on Nanowires/Nanotubes (NWs/NTs)

The ion-sensitive field-effect transistor (ISFET) is one of the most promising devices in
nanofluidic system for biochemical sensing application. The channel composed of NW and
NT has a large specific surface area and high sensitivity, and can perform charge sensing
and label-free detection of species in nanofluids [56,57]. We first describe the working
mechanisms of NW/NT-based ISFETs to better understand the principle of biochemical
sensing. As illustrated in Figure 4a, the basic structure of NW-based ISFET is similar to
metal-oxide-semiconductor field-effect transistor (MOSFET) except the metal gate which is
replaced by a liquid-sensing region [57]. The liquid gate voltage is applied to the electrolyte
via the reference electrode, which influences the change of carriers and the conductance of
devices [58]. In addition, the specific or non-specific binding of charged molecules can also
generate the electric field making it equivalent to the role of a gate. As the diameter of the
NWs decreases, the surface interactions cause more significant electrochemistry changes
in the NWs. After the functionalization of NWs, it is possible to detect the pH value (H+

or OH− ions) or selectively respond to the biochemical species (DNA, protein, gas, etc.)
in nanofluid system [59]. On the other hand, nanotubes can not only provide the same
function of sensing, but also serve as nanochannels to allow samples to flow through the
interior. Due to the unique geometrical and electrical properties of NTs, it is extremely
interesting to study the liquid and ion transport, as well as electrochemical detection of
small molecules in nanofluids [60]. Hibst et al. integrated Si NTs into nanofluidic transistors
in order to measure the ion diffusion of NaCl solution through NT, indicating that the fluid
transmission in the nanoscale system can be simply considered by adjusting the diffusion
coefficient [61]. As shown in Figure 4b, the NT-based ISFET consists of S/D electrical
contact, fluidic supply and passivation layer covering (PDMS), in which the both ends of
the Si NT are opened to connect two reservoirs.

However, the transport of water, ions and molecules through nanochannels is uniquely
affected by special physical phenomena, including effects like electric double layer (EDL)
and ion current rectification (ICR) [62]. ICR means that the ion current in one direction
is greater than the other direction, and is determined by many factors, such as ion con-
centration, pH, surface charge density, curvature of channels, field effect modulation,
etc. [63]. This asymmetric ion current is found in nanochannels and used to manufac-
ture novel nanofluidic devices [64]. The control of ion transport rectification is usually
achieved by functionalizing charged groups on the terminal or surface [65]. Compared
with membrane-based nanopores, NTs with a better charge modification effect are more
favorable nanochannels to increase the current rectification ratio. Take ion diode as an
example, and the device structure and working mechanism are shown in Figure 4c,d [11].
Horizontally aligned nanotubes are employed as ion nanochannels, connecting two mi-
crochannels filled with nanofluidic. The mobile ions in the solution are driven by the
voltage applied to both ends. ICR effect in the ion diode is caused by the accumulation
or depletion of ion carriers. The oppositely charged polyelectrolytes are immobilized at
the two terminals via strong physical absorption. The mobile cation and anion under the
forward bias accumulate in the nanochannel by the electrostatic repulsion of both ends.
In contrast, when a reverse bias is applied, the mobile ions are exhausted due to being
attracted by the terminals. The increase and decrease of the overall conductance results in
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the on and off states of the ion diode. It should be noted that the charge carriers here are
the ions in nanofluidic, rather than electrons or holes.

Figure 4. (a) Schematic illustration of a SiNW-based ion-sensitive field-effect transistor (ISFET) and a metal-oxide-
semiconductor field-effect transistor (MOSFET) [57]; (b) schematic illustration of the SiNT-based ISFET device [61]; Schematic
illustration of (c) the device structure and (d) working principle of a multi-walled carbon nanotubes (MWCNT) ionic diode
filled with polyelectrolyte solutions (poly(diallyldimethylammonium chloride) (PSS) and poly(sodium 4-styrene-sulfonate)
(PDAC)) [11]; (e) Schematic illustration of the ion environments and electric potential in microchannel and nanochannel [66];
(f) Schematic diagram of field-effect modulation of ion conductance in NT-based FETs [67].

In particular, a unipolar ion environment could appear in nanotubes [48]. The gen-
eral mechanism is shown in Figure 4e, where the surface of the nanotube is modified
by charged groups, and the charged ions in the fluidic are attracted or repelled by the
surface charges [66]. In the microchannel, EDL is much smaller than the diameter and
the electrostatic potential decays from the surface potential to zero. However, the size
of one dimension in the nanochannel is smaller than the Debye length, which enhances
the concentrated distribution of counter ions and non-zero central potential. Therefore,
electrostatic control of ions or molecules can be achieved in the entire nanotube. Similar to
MOSFETs, nanofluidic FETs based on nanotubes exhibit unipolar ion transport. The gate
voltage is employed to control the ion concentration by adjusting the surface potential or
charge. In addition, the channel doping level can be determined by the intrinsic surface
charge. Fan et al. implemented NT-based FETs for the first time, which exhibited fast
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field-effect modulation of ion conductance [67]. Figure 4f shows the schematic diagram, in
which the surface of SiO2 is usually negatively charged due to the presence of hydroxyl and
SiO−, thus the cations (k+) in nanofluidic serve as the majority carriers. The positive and
negative gate voltages cause the depletion and accumulation of the cations, respectively,
leading to the p-type behavior.

The implementation of devices based on NWs and NTs suggests the feasibility of using
electric field to control the transport of charged species in nanofluidic systems. Subsequent
work can focus on the fabrication of nanosensors through the surface functionalization
with probe molecules, which can specifically recognize chemical or biological molecular
targets.

3.2. Sensing Mechanism of Biochemical Sensors Based on NW/NT Nanofluidic Cells

With the development of micro-nano technology, sensors have made great progress in
terms of size, cost, sensitivity and speed by using novel nanomaterials and new mecha-
nisms. Nanowires, nanotubes and other microarrays are served as sensor elements to fix
target molecules on the surface or manipulate their transmission, which has been widely
used in nanofluidic platforms. Due to the small diameter and large aspect ratio, nanofluidic
transistors based on NWs or NTs can even achieve molecular sensing at extremely low
concentrations with various detection mechanisms. Generally, the sensor response depends
on changes in mechanical and electrical signals, as well as the charge of nanostructures and
biomolecules caused by the surface adsorption, reaction or transport of target molecules.
There are several basic principles involved during the sensing processes. For example,
the electric field can be changed by the surface polarization effect during the molecular
adsorption, and the reaction products produced by the enzyme and the substrate also
influence it.

Electrical detection methods are usually used to reflect the concentration or translo-
cation of chemical/biological molecules by monitoring the change of ion current in the
nanochannel [68]. Nanopores have been used in single-molecule sensing for decades based
on resistive pulse sensing mechanism. As shown in Figure 5a, when the particles pass
through nanopores with comparable diameters, the ion current decreases transiently due
to the blocking effect, which shows a broad prospect of rapid genome sequencing [69].
However, nanotubes with longer nanochannels and higher aspect ratios lead to a large
number of blockade events and the interaction is more complicated, which also allows
more obvious transient signals on the time scale. Fan et al. proposed an interaction
model of charge effect and geometric effect to qualitatively explain the translocation of
DNA molecules through nanotubes under different ion concentrations [70]. As shown
in Figure 5b,c, charged molecules attract counter ions while repelling a portion of the
volume of conductive ions. When the electrolyte concentration is lower than the critical
concentration, the charge effect is stronger and will introduce more ion carriers. On the
contrary, the volume effect is dominant and the ion conductance decreases. The ionic
current encodes more biomolecule information such as charge, geometric characteristics
and the evolution of DNA strand conformation through pulse duration, pulse amplitude
and current attenuation characteristics, etc.

On the other hand, the nanostructure/electrolyte interface can be very sensitive to
almost any specific surface reactions due to its large specific surface area which can provide
more active centers. An individual molecule may induce significant changes in electronic
properties in the following possible ways: (1) electrostatic gate control; (2) charge transfer;
(3) charge scattering potential; (4) Schottky contact modulation [71,72]. For example, in
oxygen gas sensing, the coverage of oxygen extracts electrons from the channel to form
negatively charged oxygen ions (O2−, O− and O2

−), which results in a change in the
width of the charge depletion layer. The presence of reducing gases and oxidizing gases
determines the desorption and adsorption of oxygen, respectively. Therefore, the changes in
resistance and conductivity of a NW can be manifested [73–76]. The sensing mechanism of
the acetone sensor is demonstrated in Figure 5d [77]. Acetone or ethanol react with surface
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oxygen species and release electrons back into the conduction band of the nanostructure
based on the following equations:

O2(g) → O2(ads), (1)

O2(ads) + e− → O2
−(ads), (2)

O2
− (ads) + e− → 2O− (ads), (3)

C3H6O(g) + 8O− (ads) → 3CO2 + 3H2O + 8e−, (4)

C2H5O + 6O− (ads) → 2CO2 + 3H2O(g) + 6e−, (5)

as a biosensor, the key point is the functionalization through the attachment of identification
elements, which can be coupled with target analytes. The specific trapping of charged
molecules is similar to the effect of applying a gate voltage, resulting in the accumulation
and depletion of carriers. This was first applied in PH sensing that the conductance
increased linearly with the pH value based on the mechanism of surface charge changes in
the protonation and deprotonation procedures [78]. Biomolecules such as DNA, proteins,
viruses, drugs, and neuronal signals have also been detected. Amorim reported that the
cyclodextrin from biological enzyme products with hydroxyl groups tends to bind to
the surface of SnO2 nanowires, changing its electrical conductivity [79]. The nanowire
biosensor exhibits different current responses under various cyclodextrin concentrations.

It is worth mentioning that various factors will affect the surface properties of nanos-
tructures. As a result, complex working mechanisms require precise models and schemes
for calibration. The research on Stern and diffusion is of great importance to improve the ac-
curacy of target molecule detection. A method of experimentally extracting the Stern layer
capacitance (Cstern) of Si NWs ISFET has been proposed which improves the development
of ISFET-based biosensors [80]. So far, the commonly used detection mechanism is based
on the drift of threshold voltage (VTH) or the change of NWs conductance when binding
target biomolecules. However, there is a limitation of potential sensing by the Debye
screening of counter ions in the test solution. Schwartz et al. developed a novel impedance
sensing approach for Si NWs ISFET devices for DNA detection [59]. This approach based
on the transistor transfer function (TTF) has potential to achieve effective biosensing in
physiological buffers. As shown in Figure 5e, the black and red curves show the TTFs of
the original device and the device after the biomolecule combination, respectively, in which
the estimated concentration of biomolecules can be calculated from the difference in cutoff
frequencies. The inset of Figure 5e is a simplified input impedance model composed of a
biomolecular layer and an oxide layer. The molecules are immobilized on the surface of the
nanowire, which changes the input impedance and frequency dependence of the device. In
Figure 5f, the single-stranded DNA layer on the surface of the Si NW has introduced certain
surface charges. After DNA hybridization, the thickness of the biomolecule layer and the
amount of DNA charge as well as the ion diffusion barrier have all changed, resulting in
different input impedances (RBIO and CBIO).

On the other hand, NWs/NTs with enzyme-like activity is also a new type of nanozyme
materials, which plays an important role in electrochemical biosensors for environmental
and health monitoring [81]. Since the discovery of the peroxidase-like activity of Fe3O4
NPs, many research groups have devoted to the study of nanozymes [82]. NWs/NTs-based
nanozyme immunoassay mainly performs three functions: target capture, magnetic separa-
tion, and color determination. In general, nanozymes catalyze the oxidation of a variety of
chromogenic substrates in the presence of H2O2 to produce color reactions. This concept
has been proven to detect H2O2 and other biomolecules such as glucose and lactic acid.

From the above analysis and reported work, the nanofluidic devices based on NTs
and NWs are promising for the detection and sensing of chemical and biological species
due to its real-time, label-free and ultra-high sensitivity advantages.
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Figure 5. (a) Ion current response to the translocation of non-folded (black), partially folded (red), and fully folded (blue)
DNA through a graphene nanopore [69]; (b) schematic illustration of the ionic distribution of counterions and co-ions in a
nanotube with a DNA strand [70]; (c) schematic illustration of the current responses under different ion concentrations
due to charge effect and blockade effect [70]; (d) schematic illustration of h-WO3 nanotubes detecting acetone gas [77];
(e) the transistor transfer function (TTF) spectrums of the original (left) and after biomolecule combined (right) devices. The
inset shows the simplified model of the input impedance of the device, which can be described as an Resistor-Capacitance
element (RBio and CBio) of biomolecule layer in series with the gate oxide capacitance COx [59]; (f) Schematic illustration of
the attachment layers of single-stranded and double-stranded DNA molecules on the SiNW. The single-stranded DNA layer
leads to a thin interface layer, where the negative charge introduces a certain surface charge density and forms an additional
potential for ion diffusion. The charge composition of double-stranded DNA changes, resulting in a thicker layer, which
allows ions more effectively diffuse to the oxide surface. The thickness of DNA layer, the diffusion of ions, the amount of
DNA charges, and eventual changes in the dielectric constant εBIO will influence the biomolecule layer impedance, which
allows for the expectation of the RBio and CBio values [59].
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4. Device Applications for Chemical and Bio-Sensing

4.1. Chemical Sensing
4.1.1. Ion Sensing

Nanotubes have been proven both theoretically and experimentally to be effective
nanofluidic channels, which can work at the molecular level for PH and ion sensing. A
gold nanoparticle-modified SiNWs array-based sensor for highly sensitive and selectivity
detection of mercury ion has been reported (Figure 6a,b), which plays a potential role in
monitoring the quality of water [83]. Cao et al. have demonstrated the electrical response of
single-walled carbon (SWCNT) to the concentration, pH and ion type of the ionic solution
when exposed to electrolyte [84]. The presence of K+ cations at low concentration inhibits
the interaction of water with the inner surface of the CNT, thereby improving the gate
control efficiency; while the higher ion concentration has a shielding effect on the gate
voltage. In addition, the dependence of SWCNT with open ends on pH is opposite to that
of unopened NTs or NWs, indicating their different pH sensing mechanisms.

Figure 6. (a) �I/I0 as a function of mercury ion concentration for different modified SiNW devices [83]; (b) real-time
current response to various metal ions of 10 μg/L−1 [83]; (c) the pH sensitivity of nanowires with different widths and gate
lengths (L) of Effects of 1 and 2 μm [85]; (d) the current response of the Ag/halloysite nanotube (HNT)/MoS2-carbon paste
electrode (CPE) to the nitrite with various concentrations. The inset shows the calibration curve of current versus nitrite
concentration from 2 to 425 μM [86].

The widths and lengths of Si NWs also have an influence on pH sensing [58,85]. As
shown in Figure 6c, the NWs with smaller width and longer length exhibit higher pH
sensitivities. This can be understood by the overlap of the electric field concentration area in
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the narrow channels and the small ratio between the source and drain electrode resistance
and the total resistance in the long channels. More recently, Ghanei-Motlagh et al. demon-
strated a new type of electrochemical sensor based on silver/halloysite nanotube/MoS2
nanocomposite [86]. This shows a relatively fast response time, low detection limit and
good anti-interference performance for nitrite sensing at low concentration levels. A linear
amperometry response to the concentration of nitrite from 2 to 425 μM is presented in Fig-
ure 6d. Nanostructured materials and their composite materials are considered promising
candidates in the field of electrochemical sensing.

4.1.2. Gas Sensing

Sensing and monitoring of various toxic gases such as H2S, CO, NO2, acetone, ethanol,
etc. have become increasingly important in human life. NTs or NWs as sensing elements
have great potential in high-precision gas sensing with high sensitivity, fast response, and
good selectivity. As illustrated in Table 1, WO3 nanostructures have proved to be efficient
materials for ethanol detection [87]. Different structural morphologies such as WO3−x
nanowires, h-WO3 nanowires, h-WO3 nanorods and h-WO3 nanotubes have also been
prepared and tested [77]. As shown in Figure 7a,b, a relatively high sensitivity to acetone
and ethanol have been observed in h-WO3 nanotubes (Ra/Rg = 32 and 26, respectively).
This is due to the inherent local crystal defects and oxygen vacancies of obtained ultrathin-
walled NTs are conducive to the adsorption of oxygen molecules and target gases, hence
improving the sensing performance. Actually, it is difficult for gas molecules to penetrate
into the interior of NTs due to the large aspect ratio. Therefore, porous nanotubes are
proposed to break through the limitation of NTs in gas sensing. Compared with general
SnO2 nanotubes, mesoporous SnO2 nanotubes exhibit an enhanced response sensitivity
for methanol with fast response and recovery times of 3 s and 6 s, respectively [88]. In the
same year, Choi et al. prepared various nanostructures (nonporous ZnO NTs, porous ZnO
NTs, and porous ZnO film) by adjusting the sputtering power through polyvinyl acetate
(PVA) nanowire template approach for hydrogen sensing [89]. Compared with the other
two structures, the response of porous ZnO NTs to hydrogen sensing has been significantly
enhanced. This is because both the inner and outer surfaces form a depletion layer and
effectively sense gases simultaneously.

Table 1. WO3 sensors for ethanol detection reported in literature [86].

Materials Concentration(ppm) Response

WO3 300 16.9
WO3 nanoplates 400 ~12

WO3 hollow spheres 500 6.14
WO3 nanotube bundles 400 ~38

Noble metals and metal oxides have been demonstrated to modified the NWs or NTs
to further improve the sensing performance. Pd-loaded In2O3 NW-like networks with
excellent NO2 gas sensitivity was synthesized by Huang et al. using CNTs templates [90].
As shown in Figure 7c,d, Pd–In2O3 NW-like network sensors have significantly higher
response (Ra/Rg = 27), shorter response and recovery times (9 s and 28 s, respectively) to
5 ppm NO2 at 110 ◦C. A synergy of electric and chemical effects is proposed to explain
the influence of Pd loading. Choi et al. have experimentally coated Fe2O3 nanoparticles
on the surface of SnO2 nanowires for ethanol sensing, which leads to the 1.48–7.54 times
enhanced sensitivities of at 300 ◦C [91]. The conductivity of NWs mainly depends on
the barrier height, which is increased with the number of grain boundaries. This multi-
network structure and heterogeneous structure have introduced many crystal grains and
grain boundaries, which contribute to achieve better sensing performance. Furthermore,
composite materials, doping and heterostructures can also alleviate some difficulties in gas
sensing [92,93]. Nevertheless, there are some existing problems such as low recovery, poor
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anti-interference, and insufficient sensitivity at room temperature, which need to be further
developed in future gas-sensing technologies.

Figure 7. The response (Ra/Rg) of WO3−x nanowire, h-WO3 nanotube, h-WO3 nanowire and h-WO3 nanorod versus
acetone (a) and ethanol (b) concentration [77]; (c) the response of porous unloaded-In2O3, porous Pd–In2O3 and Pd–In2O3

NW-like network under different temperatures to 5 ppm NO2 [90]; (d) the response and recovery times of three samples to
5 ppm NO2 at 110, 170 and 210 ◦C [90].

4.2. Bio-Sensing
4.2.1. Molecular Detection

In addition to chemical species, various biomolecules can also be detected by spe-
cific binding with recognition groups on the surface of nanostructures. Proteins, drugs,
hormones, viruses and so on are usually analyzed by the changes of electronic properties
or ionic current after the formation of antigen–antibody complexes on immunosensors.
The translocation time of small molecules through NTs is longer than that of nanopores
and their interaction with the hydrophobic inner wall is stronger, so that the basic sensor
signals are more obvious and can be easily captured.

Recently, various research works have indicated that NTs/NWs-based nanofluidic
devices are potential candidate for the detection of small biological molecules. Among
them, the detection of pathogens plays an important role in the diagnosis and treatment
of diseases. Multifunctional MWCNT-based magnetic fluorescent sensors have been
fabricated by Liu et al., which shows high magnetic activity and fluorescence intensity
linearly related to Vibrio alginolyticus (Va) concentration [94]. As shown in Figure 8a,
after pretreatment of MWCNT, fluorescent reagent (Py) and antibody (Va-Ab) are used
to recognize Va specifically, and non-specific adsorption of other strains was reduced by
polyethylene glycol (PEG) modification. Moreover, electrochemical-based label-free sensing
methods have been developed to improve the rapid, accurate and quantitative detection of
pathogens. For example, Bhardwaj et al. demonstrated a paper-based immunosensor for
the detection of foodborne virus [95]. In this work, Ab-SWCNT bio-conjugate simplifies
the functionalization steps and improves the durability of the immunosensor. As shown
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in Figure 8b,c, these Ab-SWCNT immunosensors exhibit high linear behavior and high
selectivity for S. aureus. Additionally, a novel biomimetic nanosensor was prepared for the
quantitative detection of biotoxins using CNT FET coated with red blood cell membrane
(Figure 8d) [96]. By responding to the change of the charge distribution on the FET surface
during the toxin-biofilm interaction, the detection limit is reduced to fM range with accurate
concentration dependence. As for other small biomolecules, a glutamate biosensor based
on chitosan-CNT-AuNW composite material was developed by Kitikul et al. [97]. The
device shows ideal sensing characteristics in sensitivity, linearity and detection limit, which
is widely used in flow injection analysis. Furthermore, a construct of Fe2O3/CNTs hybrid
nanozyme has been prepared by ALD for dopamine detection [98]. CNTs with good activity
provide a dispersibility support for the ultra-small nanoparticles (<1 nm) with adjustable
size. Compared with other alternative nanozymes, this work shows better sensitivity with
a limit of detection as low as 0.11 μM. Li et al. has developed a novel Asp/Ce NT-based
colorimetric nanosensor for cysteine (Cys) [99]. The devices show high sensitivity and
selectivity for Cys in H2O2-free and enzyme-free conditions due to the intrinsic oxidase-
like activity of Asp/Ce NTs. This detection method is quite simple, effective and highly
repeatable by reducing the interference from the environment.

Figure 8. (a) Schematic illustration of the synthesis of modified MWCNT [94]; (b) the current versus voltage under different
S. aureus concentrations from 10 to 107 colony-forming units (CFU) mL−1 in milk sample [95]; (c) the Histogram of selectivity
for S. aureus vs. E. coli B, B. subtilis, and S. epidermidis [95]; (d) schematic illustration of the cell-membrane-coated CNT
field-effect transistor (FET) [96].

4.2.2. DNA Sequencing

Well-designed NTs or NWs provide good opportunities for DNA real-time detection
and sequencing [100]. It has been proven that single-stranded DNA can specifically and
stably bind to the surface or the ends of functionalized NTs or NWs. Tahir et al. have been
prepared the Zn-NPs loaded MWCNTs sensor with immobilized probe DNA strand [101].
During the hybridization process, the binding of a small amount of nucleic acid to the
probe is converted into a directly measurable electrical signal. The electron doping of com-
plementary DNA causes a great reduction in peak current, which shows three times higher
selectivity compared to non-complementary DNA. It represents a simple and universal
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detection method of DNA sequencing with enhanced response characteristics. In another
example, Danielson et al. first employed a magnetron-sputter gas aggregation method
to functionalize ZnO NWs with Au NPs for DNA detection at sub-nanomolar concentra-
tions [102]. As shown in Figure 9, the attachment of the negatively charged DNA aptamer
causes the carrier depletion of the nanowire and transforms it into Schottky-like behavior.
The initial introduction of complementary DNA hybridization shows high sensitivity with
~1 μA current drop at 100 pM. In addition, passivation treatment by depositing a HfO2
layer can alleviate the degradation of NWs exposed to aqueous solutions, which will
produce a conductivity response similar to the negative charge signals. Recently, chemical
resistance biosensors based on semiconductor SWCNTs (sc-SWCNTs) and nitrogen-doped
MWCNTs (N-MWCNTs) have been compared for DNA sequencing derived from avian
influenza virus H5N1 (Figure 10) [103]. The relatively higher sensitivity to the DNA target
sequence was found in sc-SWCNTs with the lowest detection concentration down to 2 pm
(20 pm in N-MWCNTs). This can be attributed to the Schottky barrier modulation effect
at the CNT/metal interface, which exists only in semiconductor NTs but not in metallic
NTs [104]. The amine groups on N-MW CNTs facilitate the adsorption of DNA probes
while change the electronic properties of nanotubes.

Figure 9. The response current-voltage curves of (a) bare, (b,c) Au NP decorated and (c) HfO2 Passivated ZnO NW sensors
with phosphate bufered solution (PBS) solution or cDNA exposure. HfO2 passivation limits the change of NW conductivity
with solution exposure (c), and AuNP modification maintains the sensitivity to DNA (d) [102].
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Figure 10. (a) Schematic illustration of the functionalization and sensing of the CNT-based biosensor [103]; (b) the response
of N-doped MWCNTs with various N/C and sc-MWCNTs versus DNA concentration [103].

However, nucleic acid detection requires high ionic strength solutions to achieve
high density of negative charges, which results in an undesirable small Debye length. To
begin with, the electrostatic adsorption of DNA probes parallel to the NW surface was
employed to overcome the limitation of Debye screening effect [105]. Alternatively, the
surface functionalization of neutrally charged peptide nucleic acid (PNA) for gene sensing
has also been demonstrated. The PNA probe-modified CNT device developed by Fortunati
has realized direct measurement of DNA from genetically modified (GM) Soy, reaching
the threshold level of soybean meal verification [106]. The enhanced sensitivity of CNTs
can be attributed to the intrinsic characteristics of PNA, which provides high recognition
efficiency. On the other hand, the compatibility of NWs/NTs-based ISFET sensor arrays
with Complementary Metal Oxide Semiconductor (CMOS) technology allows them to
be integrated on a large scale. Xu et al. comprehensively optimized the sensitivity of
CMOS-ISFET to biomolecule-DNA based on the device design of size and bias [107]. The
experiments and model show that it is an effective way to enhance the charge detection
signal of the device, by biasing at near-threshold, reducing the channel-to-sensing area
ratio and minimizing the double-layer capacitance of the sensing electrode.

5. Conclusions

With the advancement of micro-nano technology, people have been increasingly
interested in the basic research of nanofluid transport at the nanoscale. The NWs and NTs
introduced here as 1D nanostructured materials have unique properties, which are very
attractive for advanced preparation and optimization of novel nanofluidic cells for chemical
and biological sensing, especially for small molecule detection and DNA sequencing. The
robust and uniform 1D nanostructures prepared by the improved synthesis methods
have controllable morphology, size, composition and easily functionalized surfaces, which
provide a foundation for the fabrication of nanofluidic devices and sensing applications.

Additionally, nanotubes as channels and sensor elements have large specific surface
areas and there are special physical transport phenomena at the nanometer scale, such
as ICR and a unipolar ion environment. Compared with nanopores, better electrostatic
tuning in time and space makes nanofluidic devices based on NWs and NTs powerful
tools for environmental analysis and molecular sensing. Similar to planar semiconductor
sensors, NWs/NTs-based devices have been improved in terms of size, sensitivity, speed
and specificity, which enable the detection and manipulation of few charged species and
even single molecules. Various detection mechanisms have been employed like static
control, charge transfer and charge scattering, etc. Most of them rely on the basic signal
changes of the nanostructure when the target molecule interacts with the surface receptor
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during the transfer process, which encodes molecular geometry, charge, concentration and
other information through electronic or ionic current.

So far, there are still some limitations and challenges to be solved in NWs/NTs-based
nanofluidic research for chemical and bio-sensing. To begin with, the main difficulty is the
micro/nanofabrication technology in materials sorting and device fabrication, which limits
the large-scale industrial production and applications. Moreover, high signal-to-noise ratio,
low detection limit, and fast test analysis is another urgent problem to be solved. Hybrid
detection mechanisms and accurate device models can be explored to reduce the noise
and interference of functional devices. It is also possible to adopt novel devices structures
and composite materials to improve response and selectivity. For example, incorporating
multiple aligned or three-dimensional heterogeneous NWs/NTs into the devices may be
an effective way. Further research should be conducted in material preparation, device
fabrication and related applications. Nevertheless, the use of 1D nanostructure will deepen
our understanding of the basic transport phenomena of nanofluids and open a new research
paradigm in the areas of electronics, optoelectronics, chemistry and bio-sensing.
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Abstract: This paper investigates the cooling performance of nanofluid (NF) mixed convection in a
porous I-shaped electronic chip with an internal triangular hot block using Buongiorno’s two-phase
model. This type of cavity and hot block geometry has not been studied formerly. The NF was
assumed to be a mixture of water and CuO nanoparticles (NP) up to 4% of volume concentration. As
most published mathematical models for the thermal conductivity of NF give inaccurate predictions,
a new predictive correlation for effective thermal conductivity was also developed with a high
accuracy compared to the experimental data. The results showed that any increase in the NP volume
concentration enhances the average Nusselt number (Nu) and the normalized entropy generation,
and reduces the thermal performance of the cavity in all orientations of the hot block. The maximum
enhancement in cooling performance was 17.75% and occurred in the right-oriented hot block in the
sand-based porous cavity. Furthermore, adding the NP to the base fluid leads to a more capable
cooling system and enhances the irreversibility of the process.

Keywords: nanofluids; mixed convection; cooling; entropy generation; thermal conductivity;
correlation

1. Introduction

Conventional cooling fluids typically yield relatively low performance and therefore they are
unable to remove the desirable heat that the new industrial processes and equipment are generating.
Today, most industries need a more efficient method of heat removal than the past. Thermal scientists
have devised several innovative methods for cooling applications during the twentieth century,
including but not limited to heat sinks, heat pipes, different types of heat exchangers, and so on.
Nevertheless, none of them could attract the attention of the scientific community as much as the
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nanofluids (NFs). NFs are relatively new type of heat transfer fluids with promising thermophysical
properties. The ever-increasing number of the scientific publications and conferences as well as the
industrial projects on the NF demonstrates the importance of this new category of cooling fluids.

NFs were introduced for the first time by Choi and Eastman [1] to enhance heat transfer of
a cooling process. NFs are suspension of nanoscale particles in conventional heat transfer fluids
like water, oil and ethylene glycol. This will enhance the thermophysical properties like density,
viscosity, and thermal conductivity. Generally, NPs are synthesized from metals or oxides, as well as
carbon nanotubes.

NF applications have been tried in a wide range of industrial processes and equipment including
but not restricted to heat exchangers [2–6], nuclear reactors [7], medicine [8], automobiles [9,10],
electronic chip cooling [11], renewable energies [12,13], heating and tempering processes [14–17],
lubrication [18,19], combustion [20], etc. However, there are some other promising cooling technologies,
which have attracted the attention of research communities, including but not restricted to phase
change materials (PCMs) [21], electrocaloric effects [22], etc.

Enclosures also have different applications in a wide range of industries and equipment,
such as cooling [23,24], Heating, Ventilation, and Air Conditioning (HVAC) [25], nuclear power [26],
heat exchangers [27,28], renewable energies [29], etc.

Patterson and Imberger [30] simulated a differentially heated cavity under an unsteady natural
convection. They also used a scale analysis to show that a number of initial flow types are possible.
They realized that even though the steady state doesn’t influence by the value of the Prandtl number,
it is evident that the transient flows may depend strongly on this number.

Tiwari and Das [31] studied the heat transfer in a two-sided lid-driven square cavity using the NF,
implementing a finite volume approach using the Semi-Implicit Method for Pressure Linked Equations
(SIMPLE) algorithm. It has been found that the variation of the average Nusselt number (Nu) is
nonlinear with the solid volume fraction and the NPs are able to change the flow pattern of a fluid
from free convection to the forced convection regime.

Chamkha et al. [32] studied the effects of heat sink and source and entropy generation on the
Magnetohydrodynamics (MHD) mixed convection of copper-water NF in a lid-driven square porous
enclosure with partial slip, numerically. Their results showed that the enhancement of the Hartmann
number decreases the average Nu decreases considerably and NPs increase the entropy generation.

Al-Rashed et al. [33] et al. studied the effects of a hot elliptical centric cylinder, cavity angle and
NP volume concentration in an inclined lid-driven cavity filled with water–alumina NF subjected
to a mixed convection, numerically. They concluded that the Nu reduces with any increase in the
Richardson number (Ri).

Mehmood et al. [34] investigated the alumina–water NF filled square porous cavity using a
Koo-Kleinstreuer-Li (KKL) model in a mixed convection to examine how a nonlinear thermal radiation
and inclined magnetic field can affect the heat and fluid field. To this end, a Darcy–Brinkman–
Forchheimer extended model was employed to formulate the governing differential equations.
They observed a growth in the maximum stream function with a rise in porosity and Da for a
fixed value of Ri. They also found out an augmentation in maximum stream function value with a
growth in thermal radiation parameter for free convection flows.

Baroon et al. [35] used a two-phase approach to simulate mixed convection and entropy generation
in a lid-driven cavity with rotating cylinders filled by NF under a magnetic field. They found out that
the heat transfer enhances with any reduction in the Hartmann number and Ri and any increase in the
NP volume concentration. The presence of the cylinder and its angular velocity also improved the heat
transfer. In addition, isothermal cylinders had a great impact on increasing heat transfer.

MHD mixed convection of the NF in an open C-shaped cavity was studied by Armaghani et al. [36].
Their enclosure was under constant magnetic field. NF entered the enclosure from the top right corner
and exited from it from the bottom right corner. Eventually, they observed that with any increase in
the aspect ratio of the enclosure, the heat transfer increases the local Nu by increasing the Ri.

74



Nanomaterials 2020, 10, 2219

The influence of partial slip on entropy generation and the MHD mixed convection in a square
lid-driven porous enclosure saturated with a Cu–water NF was investigated by Chamkha et al. [37],
numerically. Their results showed an augmentation in the heat generation/absorption parameter
decreases the Nu. Also, when the volume fraction is raised, the Nu and entropy generation are reduced.

Armaghani et al. [38] studied numerically the water–alumina NF natural convection heat transfer
and entropy generation in a baffled L-shaped cavity. They showed that increasing the Hartmann
number reduces the entropy generation; however, the thermal performance increases. Increasing the
aspect ratio raises heat transfer and thermal performance.

Mixed convection phenomena in a rectangular NF filled, non-Darcian porous enclosure with
various wall speed ratios was studied by Nithyadevi et al. [39]. They implemented The Finite Volume
Method (FVM) to solve transport equations for fluid and heat fields. In addition, the porous matrix was
supposed to be rigid, containing with spherical, isotropic and homogeneous particles. They observed
that dispersion of CuO NPs can enhance the heat transfer rate dramatically due to the impact of large
thermal conductivity of the solid–fluid mixture in NF.

To the best knowledge of the authors, the heat transfer phenomenon of the NF in the I-shaped
electronic chip has not been studied comprehensively. This paper investigates mixed convection heat
transfer in an I-shaped porous enclosure filled with NF including an internal high temperature triangular
solid block numerically using finite volume method. Two different porous media, sand and compact
metallic powder, as well as different orientations of the internal hot block have been investigated.
The CuO NP volume concentration in water was set in the range of 0 to 4 percent. This study implements
Buongiorno’s method with some assumptions, including laminar, incompressible, steady-state,
homogenous, Newtonian NF, and a thermal equilibrium between NPs and the base fluid’s molecules.
To ensure that the prediction of effective thermal conductivity is accurate, a new predictive mathematical
model with an acceptable accuracy is proposed. Using the second law of thermodynamics, entropy
analysis, and thermal performance criteria, the best situation of the cavity consideration was determined.

2. Mathematic Modeling and Governing Equations

2.1. Problem Geometry

The geometry of the problem is shown in Figure 1. This was a lid-driven (bottom and upper
lids) porous I-shaped enclosure saturated with water–CuO NF. The bottom and upper walls were
moving in the right and left directions with a constant velocity of 10 m/s, respectively. All other walls
were insulated. The temperatures of the cold and hot walls were set to 306 and 346 degrees Kelvin,
respectively. As shown, the enclosure was made from porous media and included a hot triangular
block at the geometric center. All shown scales are in centimeters. The problem was solved with four
different cases of the hot block’s orientation. The porous media also included two different materials:
sand and compact metallic powder, which were considered separately.
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Figure 1. The problem geometry including a porous media with an internal hot block. All dimensions
are in millimeters.

Figure 2 demonstrates the mesh network for the problem. Generally, all cases were meshed with
two cells per millimeter. However, the number of cells per millimeter changed dramatically near to the
hot block. It should be noted that the total cells of the mesh for up, down, left and right were 36,800,
48,000, 40,000 and 40,000, respectively.

 

Figure 2. Mesh network for triangular hot block.
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2.2. Material

The considered NF was CuO (copper oxide) produced by Iranshimi Company, Urmia, Iran.
Such NPs are suspended in water as the base fluids up to 4% range of volume concentration. The mean
diameter and NPs was assumed to be 29 nanometers and no surfactant was considered. Table 1 presents
the reference values for different thermophysical properties of CuO NPs and water at the ambient
conditions. The porous media were also considered to be made from sand and metallic powder with
thermal conductivity of 3 W/m.K and 60 W/m.K, respectively. These two cases were solved separately.
The porosity and diffusivity of the porous media for two cases were set to 0.4 and 10−8 m2, respectively.

Table 1. Thermophysical properties of copper oxide nanoparticles (NPs) and water at the ambient
conditions [40,41].

Material
Thermal

Expansion (1/K)
Viscosity
(N.S/m2)

Thermal Conductivity
(W/m.K)

Density
(kg/m3)

Heat Capacity
(J/kg.K)

CuO 8.5 × 10−6 - 18 6500 540
Water 2.07 × 10−4 1.002 × 10−3 0.598 998.3 4179

2.3. Governing Equations

Before going forward to describe the solution method, we need to take a look at the assumptions
as follows: steady fluid flow, incompressible flow, laminar flow, two-dimensional flow, no chemical
reactions, no viscous dissipation, no radiative heat transfer, and homogenous porous media.

To investigate the quality of the slip between the NPs and the base fluid’s molecules,
the conservation equations of mass and momentum are as follows:

The conservation of mass:
∇.
→
V = 0 (1)

The conservation of momentum:

∇
(
ρn f
→
V ×→V

)
= −

(
∇ρn f

)
g.h−∇(P) + S (2)

where S is the source term for porous media and is defined as:

S = −
⎛⎜⎜⎜⎜⎜⎜⎜⎝μn f × d×→V +

ρn f × f ×→V
2

⎞⎟⎟⎟⎟⎟⎟⎟⎠ (3)

where d and f are the Darcy coefficient and Forchheimer coefficient, respectively. They are defined
as follows [42]:

d =
ε
K

(4)

f =
3.5√

150× √K × ε0.5
(5)

The conservation of energy for NF in a porous medium is as:

ρn f × (1− βn f (T − T0) ×Cp,n f ×V.∇T = ∇
(
ke f f

)
.∇T + ερn f Cp,np ×

[
DB∇ϕ∇T + DT

∇T.∇T
T

]
(6)

The NP volume concentration of NF should satisfy the equation below [42], in which
→
V, ε, keff,

To and β are the vector of Darcy velocity, porosity, effective thermal conductivity of the porous media,
the average temperature of the NF, and thermal expansion coefficient, respectively. Also, Cp,nf, ϕ, DB,
DT, ρ, Cp,np and μ are specific heat of NPs at the constant pressure, the NP volume concentration,
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Brownian diffusion coefficient, thermophoresis coefficient, density of the NF, specific heat of NF at the
constant pressure and dynamic viscosity of NF, respectively.

1
ε

→
V.∇ϕ = ∇.

[
DB∇ϕ+ ∇T

T
∇ϕ

]
(7)

where the Brownian diffusion coefficient and thermophoresis coefficient are defined by Equations (8)
and (9), respectively [43,44]. In these equations, Kb, T, dnp, kbf and knp represent the Boltzmann constant,
NF bulk temperature, mean diameter of the NPs, thermal conductivity of the base fluid and thermal
conductivity of NPs, respectively.

DB =
KbT

3ππn f dnp
(8)

DT =

( 0.26kb f

2kb f + knp

)(
μn f

ρn f

)
ϕ (9)

We can calculate the total entropy generation using the Equation (10) [45].

Sgen =

⎛⎜⎜⎜⎜⎝ke f f

T2
0

⎞⎟⎟⎟⎟⎠×
⎛⎜⎜⎜⎜⎝
(
∂T
∂x

)2

+

(
∂T
∂y

)2⎞⎟⎟⎟⎟⎠+ μn f

KT0
×
(
u2 + v2

)
+
μn f

T0
×
⎛⎜⎜⎜⎜⎝2
⎛⎜⎜⎜⎜⎝
(
∂u
∂x

)2

+

(
∂u
∂y

)2⎞⎟⎟⎟⎟⎠
⎞⎟⎟⎟⎟⎠+

(
∂u
∂x

+
∂v
∂y

)
(10)

Integrating the effective thermal conductivity to the thermal conductivity of the base fluid times
temperature gradient gives the average Nu as follows [45]:

Nu =

∫
−
(ke f f

kb f

)
×
(
∂θ
∂n

)
dn (11)

where, n is the direction perpendicular to the surface. Dimensionless temperature also is defined as
Equation (12).

θ =
T − Tcold

Thot − Tcold
(12)

To calculate the effective thermal conductivity of the porous media, we used the proportional
equation as follows:

ke f f = εkn f + (1− ε)ksolid (13)

where, ksolid and knf are the thermal conductivity of porous material and thermal conductivity of the
NF. The density of NF also can be calculated as follows:

ρn f = ϕρnp + (1−ϕ)ρbp (14)

where, ρnp and ρb f are the density of NPs and the density of the base fluid, respectively. To calculate
the effective dynamic viscosity of NF, we used an empirical correlation [46]:

μn f

μb f
= 1.475− 0.319ϕ+ 0.051ϕ2 + 0.009ϕ3 (15)

The thermal expansion coefficient of NF could be determined using Equation (16).

ρn fβn f = (1−ϕ)ρb f + ϕρnpβnp (16)

To find the enhancement achieved by the NF we used some concepts, including normalized
Nu, normalized entropy generation, and thermal performance of the cavity [47], which are shown in
Equations (17)–(19).

Nu∗ = Nu
Nu0

(17)
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S∗ =
Sgen

Sgen, 0
(18)

η =
Sgen

Nu
(19)

where, Nu*, S*, η, Nu0, Sgen, 0 are the normalized Nu, normalized generation entropy, thermal
performance of the cavity, the Nu of the base fluid, and entropy generation of the base fluid, respectively.

3. Proposing a New Correlation for CuO–Water Thermal Conductivity

To calculate the thermal effectivity of NF, we proposed a new predictive correlation based on
the experimental data in the literature. To do so, we extracted 35,441 data on copper oxide-based NF
thermal conductivity from the experimental studies [48–51] in order to correlate a new model. Then,
we used the Gauss–Newton multivariable regression method and, after 31 iterations, the proposed
Equation (20) resulted:

ke f f = kb f ×
⎛⎜⎜⎜⎜⎝1 + 8.86068×ϕ×

(
0.738066

dp

)2⎞⎟⎟⎟⎟⎠ (20)

where, keff, kbf, ϕ, and dp are effective thermal conductivity of NF (W/m.K), thermal conductivity of
base fluid (W/m.K), NP volume concentration (%), and NP mean diameter (nm), respectively.

The average absolute error of the proposed correlation compared to the experimental data is 2.71%.
To make sure about the validations of the proposed correlation, the predicted values are compared with
an experimental study (Patel et al. [48]) represented in Figure 3. As shown, both data (experimental
and predicted) show increasing values for the effective thermal conductivity with an increase in the
NP volume concentration.

Figure 3. The comparison of the experimental data and predicted effective thermal conductivity by the
proposed correlation against the NP volume concentration.

4. Numerical Method and Validation

Code Validation

The numerical method of the present work was validated in two steps with well-known references.
First of all, we compared the results for air flowing in the cavity with the results of Davis [40]. Figure 4
shows the variations of the Nu versus the Ra (Ra) number in order to compare the results of the
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numerical solution with the reference. The results demonstrate that the maximum error is 1.066%.
Therefore, the numerical solution of the present work is as accurate at the first step.

Figure 4. The comparison of the results of the present work with reference.

Then, we compared the results of the NF natural convection in a porous cavity with the experimental
work of Nithiarasu et al. [42]. Table 2 shows the results of our numerical solution and comparison with
the reference. It is clear that the present work gives very accurate results and the maximum error from
the reference value is 1.069%. The error also decreases with any increase in the Ra number and porosity.

Table 2. The comparison of the results of the present study with the reference.

Test Number Ra Number Da Porosity Reference Nu [40] Nu Error

1 103 10−2 0.4 1.008 1.0208 1.069%
2 106 10−4 0.6 2.725 2.74106 0.589%
3 104 10−2 0.9 1.64 1.65509 0.92%

An extensive mesh testing procedure was conducted using seven different meshes to obtain the
appropriate grid size for the solution of the present problem considering constant parameters including
the NP volume concentration and Ra number. Table 3 represents the obtained results for different
size of meshes. Comparing the obtained numerical results of the average Nu, it was found that the
value of the average Nu for 67,600 (260 × 260) elements showed a slight difference (0.32%) from the
results calculated for other elements. Therefore, the grid size of 6218 nodes and 67,600 elements met
the requirements of accurate solution with a proper grid independency for the present work.
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Table 3. Grid independency test of the present work.

Test
Number

NP Volume
Concentration

(%)

Ra
Number

Reference
Nu [44]

Mesh Size
(Element
Number)

Clock
Time

(Seconds)

Obtained
Nu

Variation
(%)

1 3 5.6 × 107 29.0769 140 × 140 334 29.2141 -
2 3 5.6 × 107 29.0769 160 × 160 651 28.8535 1.23
3 3 5.6 × 107 29.0769 180 × 180 940 28.5944 0.89
4 3 5.6 × 107 29.0769 200 × 200 1457 28.4005 0.67
5 3 5.6 × 107 29.0769 220 × 220 2209 28.2551 0.51
6 3 5.6 × 107 29.0769 240 × 240 3781 28.1401 0.40
7 3 5.6 × 107 29.0769 260 × 260 4247 28.0485 0.32

5. Results and Discussion

The obtained results will be presented in this section, including four orientations of the triangle
and two porous media for different NP volume concentration from zero to 4%. Figure 5 shows the
streamline contours of the 4% vol. NF in sand-based (left column) and metallic powder-based cavities
(right column) with different orientations of the hot block. It seems that the contours are affected by the
orientation of the hot block, especially for the left orientation. There are also more compact streamline
contours for the NF in the metallic powder-based cavity.

 
Figure 5. The streamline contours of the 4% vol. nanofluid (NF) in sand-based (left column) and
metallic powder-based cavities (right column) with different orientations of the hot block.

Figure 6 also represents the temperature contours of the 4% vol. NF in sand-based (left column)
and metallic powder-based (right column) cavities with different orientations of the hot block. It is
found that the rotation of the hot block affects the temperature contours in both porous cavities.
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Generally, there are higher temperatures in the metallic powder-based cavity than the sand-based
cavity, due to the large difference in their thermal conductivities.

Figure 6. The temperature contours of the 4% vol. NF in sand-based (left column) and metallic
powder-based cavities (right column) with different orientations of the hot block.

The entropy generation contours of the 4% vol. water-CuO NF in two different cavities including
the sand-based (left column) and the metallic powder-based (right column) porous cavities with
different orientations of the hot block are shown in Figure 7. It is clear that the entropy generation
contours were affected by the different orientations of the hot block. However, changing the orientation
did not change considerably the amount of the entropy and the elongation of the entropy contours.
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It should be noted that the entropy generation contours for the metallic powder-based porous cavity
were denser but more uniform than those of the sand-based porous cavity, in accordance with the
temperature contours.

Figure 7. Entropy generation of the 4% vol. NF in two different cavities including the sand-based
(left column) and the metallic powder-based (right column) porous cavities with different orientations
of the hot block.

Figure 8 shows the NP distribution contours of the 4% vol. NF in two different cavities including
the sand-based (left column) and the metallic powder-based (right column) porous cavities with
different orientations of the hot block. The NP distribution contours in the sand-based porous cavity

83



Nanomaterials 2020, 10, 2219

show that there were more NPs below the hot block. The orientation of the hot block didn’t change
considerably the NP distribution contours, except for the left orientation. The different orientations
also didn’t change the NP distribution contours for the metallic powder-based porous cavity, except
for the down orientation, which led to lower amount of NPs at the upper section of the cavity.

 

Figure 8. NP distribution contours of the 4% vol. NF in two different cavities including the sand-based
(left column) and the metallic powder-based (right column) porous cavities with different orientations
of the hot block.

Figure 9 shows the streamlines, temperature and entropy generation contours of the NF in the
metallic powder-based porous cavity in the left, middle, and right columns, respectively for the
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down-oriented hot block. The first, second and last row of Figure 9 is considered for the base fluid,
2% vol. and 4% vol. NF, respectively. It is shown that the streamlines were distributed symmetrically
around the hot block and within the cavity for the base fluid. The streamlines were also aggregated
at the left side of the hot block for more NP volume concentrations. Interestingly, there was no
considerable difference between the temperature and the entropy generation contours for different NP
volume concentrations.

Figure 9. The streamlines (left), temperature (middle) and entropy generation (right) contours of the
NF in the metallic powder-based porous cavity for the down-oriented hot block and the NP volume
concentrations of 0% (the first row), 2% (the middle row) and 4% (the bottom row).

The average Nu as a function of the NP volume concentration and the orientation of the hot block
for the sand-based porous cavity is shown in Figure 10. Generally, the average Nu rose continually with
any increase in the NP volume concentration. However, the average Nu and its enhancement were
higher for the right-oriented (17.75%), followed by up-oriented (11.00%), down-oriented (10.48%) and
left-oriented (1.88%) hot block, respectively. Nevertheless, in all orientations of hot block, there was
no considerable enhancement in the average Nu from 2% to 4% of the NP volume concentration,
except the left-oriented hot block.
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Figure 10. The variation of the average Nu versus the NP volume concentration for the sand-based
porous cavity and different orientations of the hot block.

The variation of the average Nu versus the NP volume concentration for the metallic powder-based
porous cavity and different orientations of the hot block is shown in Figure 11. Any increase in the
NP volume concentration enhanced the average Nu, in all orientations of the hot block. Nevertheless,
the enhancement in the average Nu was the maximum for the right-oriented hot block with 5.01%,
followed by the down-oriented (4.85%), up-oriented (4.07%), and left-oriented (3.30%) hot block.
It should be noted that the amount of the average Nu for the metallic powder-based porous cavity
was roughly four times more than those of the sand-based porous cavity. The enhancement in the
average Nu for the sand-based porous cavity was much more than those of the metallic powder-based
porous cavity.

Figure 11. The variation of the average Nu versus the NP volume concentration for the metallic
powder-based porous cavity and different orientations of the hot block.

The variation of the normalized Nu of the NF versus the NP volume concentration, in all cases is
shown in Figure 12. The normalized Nu is defined as the ratio of the Nu to the Nu of the base fluids
at the same conditions. It is obvious that there was a direct relationship between the normalized Nu
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and the NP volume concentration, in all cases. The right-oriented hot block in the sand-based porous
cavity yielded the higher value of the normalized Nu in all NP volume concentrations. Meanwhile,
the left-oriented hot block gave the lowest normalized Nu in the two different porous cavities.

Figure 12. The variation of the normalized Nu of the NF versus the NP volume concentration, in
all cases.

Figure 13 shows the normalized entropy generation against the NP volume concentration,
in all cases. The normalized entropy generation is defined as the ratio of the entropy generation of
the considered case to the entropy generation of the base fluid at the same conditions. Generally,
any increase in the NP volume concentration led to a rise in the normalized entropy generation in
all cases. Typically, the sand-based porous cavity gave more normalized entropy generation and,
therefore, more irreversibility in the process. The right-oriented hot block in the sand-based porous
cavity also yielded the highest value of the normalized entropy generation (1.035).

Figure 13. Normalized entropy generation against the NP volume concentration, in all cases.
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Figure 14 also shows the thermal performance of the different porous cavities against the NP
volume concentration in all cases. Thermal performance is the ratio of the normalized Nu versus
the NP volume concentration and a higher thermal performance means that the Nu is achieved with
less irreversibility. As it is shown, thermal performance of two porous cavities decreased with any
increase in the NP volume concentration. It means that the cavity experienced more irreversibility in
the process for NF than the base fluid to achieve the same Nu. Although adding the NP to the base
fluid led to more Nu, it enhanced the irreversibility of the process. However, the maximum reduction
in the thermal performance occurred in the left-oriented hot block in the sand-based porous cavity.

Figure 14. The thermal performance of the different porous cavities against the NP volume concentration
in all cases.

6. Conclusions

The NF mixed convection in a porous I-shaped cavity was investigated numerically. The NF
was assumed to be a mixture of water and CuO NPs up to 4% of volume concentration. A finite
volume method was employed to solve the governing equations of eight cases as the combinations
of four orientations of the internal triangular hot block, and two porous media: sand and compact
metallic powder.

A new predictive correlation for effective thermal conductivity of the NF is proposed using
the multivariable regression method based on the experimental data. It is shown that the proposed
correlation predicted the effective thermal conductivity of the NF with a very low error compared to
the experimental data. The major findings of the study are as follows:

1. The rotation of the hot block affected the temperature and entropy generation contours in both
porous cavities.

2. Any increase in the NP volume concentration enhanced the average Nu, the cooling performance
and the normalized entropy generation, and reduced the thermal performance of the cavity in all
orientations of the hot block.

3. The average Nu for the metallic powder-based porous cavity was roughly four times more than
that of the sand-based porous cavity.

4. The enhancement in the average Nu for the sand-based porous cavity was much more than that
of the metallic powder-based porous cavity. The maximum enhancement in the average Nu was
17.75%.
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5. The right-oriented hot block in the sand-based porous cavity yielded the higher value of the
normalized Nu in all NP volume concentrations, while the left-oriented hot block gave the lowest
normalized Nu in the two different porous cavities.

6. The sand-based porous cavity gave more normalized entropy generation and, therefore,
more irreversibility in the process.

7. Adding the NP to the base fluid led to more Nu, enhancing the irreversibility of the process.
However, the maximum reduction in the cooling performance occurred in the left-oriented hot
block in the sand-based porous cavity.

8. The best and worst cooling performance was achieved with the 2% vol. NF in the sand-based
right-oriented internal hot block and 4% vol. NF in the sand-based left-oriented internal hot block.
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Abstract: The cooling of electronic elements is one of the most important problems in the development
of architecture in electronic technology. One promising developing cooling method is heat sinks
based on the phase change materials (PCMs) enhanced by nano-sized solid particles. In this paper,
the influence of the PCM’s physical properties and the concentration of nanoparticles on heat and
mass transfer inside a closed radiator with fins, in the presence of a source of constant volumetric heat
generation, is analyzed. The conjugate problem of nano-enhanced phase change materials (NePCMs)
melting is considered, taking into account natural convection in the melt under the impact of the
external convective cooling. A two-dimensional problem is formulated in the non-primitive variables,
such as stream function and vorticity. A single-phase nano-liquid model is employed to describe the
transport within NePCMs.

Keywords: nanoparticles; phase change material; natural convection; high heat loads

1. Introduction

The advent of electronic technologies with increased power and expanding their scope is ongoing
on continuously and a large role in the development of technology in recent decades has been played
by heat removal systems. The requirements for a heat sink depend not only on capacities but they are
also associated with geometric parameters. High heat dissipation in a small volume requires a high
effective heat capacity of the system and intensive heat dissipation. In addition, it is often required that
the entire system occupies a small volume. To increase performance, metal radiators are filled with
phase change materials (PCMs), which not only allows for the extension of the operating time of the
device. When the melting point is reached, a large amount of energy is spent on melting at a constant
temperature, which allows the use of such materials for both thermal control and thermal energy
storage systems [1–4]. In such systems, PCMs significantly reduce the operating temperature and make
it possible to increase thermal electrical efficiency of a photovoltaic/thermal system [1,5–8]. Adding
materials with a low melting point to building structures can reduce energy costs for air conditioning
systems and reduce temperature fluctuations associated with daily thermal cycles [9–12].

To accelerate the heat transfer processes inside the PCM, various nanoadditives with high thermal
conductivity can be used. For the present, there are a large number of scientific studies devoted to
the effect of nanoparticles on the melting processes, which note both a positive effect on heat transfer
and a negative one [13–16]. The effect of adding nanoparticles depends on many factors, including
the thermal and geometric properties of the system, as well as the thermophysical properties of the
materials [17].

In [15], thermal energy storage based on coconut oil with CuO nanoparitcles was analyzed. It
was experimentally shown that melting occurs faster when nanoparticles are added. In [16], RT35HC
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enhanced by Al2O3 nanoadditives was used to lower the operating temperatures of the photovoltaic
panel. It was shown that the use of a PCM heat sink can reduce the surface temperature by 34 ◦C at
high heat fluxes, while the addition of nanoparticles to the PCM further reduces the temperature by
4.5 ◦C.

A numerical study of n-octadecane melting inside a closed copper radiator in the presence of a
source with volumetric heat generation showed that the addition of nanoparticles can slightly reduce
the temperature in the source at low concentrations (Φ = 1%), but at high nanoparticle concentrations,
the melt circulation rate can be decreased by 57% (Φ ≥ 3%), which can lead to an increase in the
temperature of the element [18].

In experimental study [13], the melting of n-octadecane with TiO2 nanoparticles (titanium oxide)
inside the rectangular cavity heated from the side wall at a constant heat flux and thermally insulated
on other sides was considered. The mass fraction of nanoparticles ranged from 0% to 4%. It was shown
that at q” = 10,000 W/m2, the addition of 1, 2, and 4 wt % nanoparticles leads to a decrease in the
quasi-steady Nusselt number by more than 10%, 36%, and 40%, respectively. This is related to the fact
that natural convection plays a large role in heat transfer. However, an increase in viscosity leads to a
decrease in the intensity of convective heat and mass transfer and an increase in thermal conductivity
does not compensate for the effect of viscosity increasing. Heat transfer in the phase change materials
is complicated by the presence of a moving border. Many studies have been shown that, at the initial
stage, conductive heat transfer dominates in the region, however, with the growth of the melt region,
an intensive regime of natural convection develops [18–21].

Nanoparticles have a complex effect on the processes of heat and mass transfer in liquids. On the
one hand, there is an increase in the effective thermal conductivity of the suspension with increasing in
conductive heat transfer. On the other hand, an increase in the melt viscosity affects hydrodynamics
and can significantly reduce convective heat transfer. There are many numerical and experimental
studies on the performance of heat sinks based on nano-enhanced phase change materials (NePCMs).
In some of these studies, a positive effect of nanoparticles on heat transfer is noted, and, in others,
there is a decrease in heat sink performance at high concentrations of nanoparticles. These two effects
play a decisive role in the effectiveness of using nanoadditives. The intensity of thermal processes in a
nano-enhanced PCM is determined not only by the parameters of the system and thermal conditions
but also by the properties of base fluid and nano-sized particles. The melting temperature of the
material is one of the determining factors in the heat transfer regimes for the system. This is evidenced
by the studies devoted to the analysis of the influence of the PCM melting point on the efficiency of
using heat sink [22,23]. Using the melting latent heat of materials allows for the absorption of a large
amount of energy reaching the melting point.

Phase change materials with different melting points were used in experimental study [22]. The
paraffin wax (Tm = 56–58 ◦C, Lm = 173.6 kJ/kg), n-eicosane (Tm = 36.5 ◦C, Lm = 237.4 kJ/kg), RT–54
(Tm = 54 ◦C, Lm = 200 kJ/kg), RT–44 (Tm = 44 ◦C, Lm = 250 kJ/kg), RT–35HC (Tm = 35 ◦C, Lm = 240 kJ/kg),
and SP–31 (Tm = 31 ◦C, Lm = 210 kJ/kg) were employed for analysis. Heat transfer in a PCM-based
pin-finned heat sink alumina radiator was studied under different heat loads. It was shown that at the
highest considered power, the material with a high melting point RT–54 is turned out to be the most
suitable. It should be also noted that at low critical temperatures (T = 45 ◦C) it is more efficient to use
SP-31. At critical temperatures of Tcr = 60 ◦C, paraffin wax with Tf = 56–58 ◦C turned out to be the
most effective one.

In [23], the performance of an alumina heat sink with two different PCMs, namely, n-eicosane and
1-hexadecanol, was studied. The authors showed that, to increase the productivity of the heat sink,
the PCM with the highest melting point was preferable. It was also noted that, when using a PCM
with a low Tm, the heat sink performance increases at low operation temperature. Thus, the choice of
PCM should be based on the operating conditions of the device, technical requirements, power, and
other parameters. In [24], three different PCMs in finned heat sink were considered. The investigation
showed an evolution of heat sink temperature for different PCMs. When the temperature of the phase
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transition is reached, the melting process begins, and the temperature, at the same time, reaches a
constant level and practically does not change. The higher melting temperature of the material, the
more the radiator heats up before the phase transition, accompanied by intense absorption of energy,
begins. After the material has completely melted, the temperature in the region starts to rise again.
Here, the latent heat of melting plays a large role, which affects the effective heat capacity of the heat
sink and, therefore, the duration of the process.

In this paper, five different phase change materials with different melting points in the range from
28 to 81 ◦C with Al2O3 nanoparticles in a closed metal radiator to cool the source of constant volumetric
heat release at high heat loads were considered. The two-dimensional problem of conjugated natural
convection, taking into account phase transitions, was formulated in dimensionless variables such
as the stream function, vorticity, and temperature with the smoothing of the jump in internal energy
at the boundary of the phase transition. As a working liquid, the following PCMs were selected:
n-octadecane, Capric acid, Lauric acid, RT–50, RT–80.

2. Mathematical Model

Figure 1 shows the model of the region under consideration, namely, a closed metal rectangular
profile with dimensions of L × H, where L = 3.0 cm and H = 1.5 cm, and internal metal fins, between
which the PCM enhanced by Al2O3 nanoparticles is located. A rectangular source of constant volumetric
heat generation with the properties of silicon with a total power of 400 W per meter length is located
under the metal profile.

 

Figure 1. Domain of interest.

The temperature of the «source–heat sink» system at the initial time coincided with the ambient
temperature T0 = 23 ◦C, which was considered constant. As the external boundary conditions, the
following relations were set: the upper and side boundaries of the radiator were cooled by air convective
cooling with a constant heat transfer coefficient γ = 20 W/(m2·K), and the remaining boundaries were
considered to be heat-insulated. Natural convection in a viscous melt has been described using the
Boussinesq approximation. A nano-enhanced phase change material was considered as a single-phase
medium with constant thermophysical properties.

The equations of natural thermogravitational convection in the melt have the following form [18]:

∂u
∂x

+
∂v
∂y

= 0 (1)

(ρl)nm

(
∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

)
= −∂p
∂x

+ (μl)nm

(
∂2u
∂x2 +

∂2u
∂y2

)
(2)

(ρl)nm

(
∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

)
= −∂p
∂y

+ (μl)nm

(
∂2v
∂x2 +

∂2v
∂y2

)
+ (ρlβl)nmg(T − Tm) (3)

95



Nanomaterials 2020, 10, 284

The energy equations for an NePCM, taking into account the phase boundary, are written
separately for solid and liquid phases [18]:

∂h
∂t

= (ks)nm

(
∂2T
∂x2 +

∂2T
∂y2

)
(4)

∂h
∂t

+ u
∂h
∂x

+ v
∂h
∂y

= (kl)nm

(
∂2T
∂x2 +

∂2T
∂y2

)
(5)

The interface motion satisfies the Stefan condition
[
k ∂T∂n

]
= −LFVn. In the metal case with fins and

the heater, the conduction equations with the source term Q were solved [18]:

∂T
∂t

= k1

(
∂2T
∂x2 +

∂2T
∂y2

)
(6)

(ρc)2
∂T
∂t

= k2

(
∂2T
∂x2 +

∂2T
∂y2

)
+ Q (7)

Partial differential equations of natural convection together with the energy equations for the
heat sink and heat source before the computational procedures were formulated in dimensionless
non-primitive variables, such as stream function and vorticity. As the temperature scale ΔT = 60 ◦C
was set so that the dimensionless temperature was determined as Θ = (T − Tm)/ΔT, where Tm is the
melting point of a PCM and as a length scale, the radiator height L = 1.5 cm was chosen, hence, X = x/L,
Y = y/L. The value of the velocity scale was chosen V0 =

√
gβΔTL and the dimensionless values

of time, stream function, and vorticity were determined, respectively, from the following relations:
τ = tV0/L, Ψ = ψ/LV0,Ω = ωL/V0.

As a result of transformations, the following equations were obtained for NePCM [18]:

∂2Ψ

∂X2 +
∂2Ψ

∂Y2 = −Ω (8)

∂Ω
∂τ

+ U
∂Ω
∂X

+ V
∂Ω
∂Y

=
μnm/μl

(ρl)nm/ρl

√
Pr
Ra

(
∂2Ω

∂X2 +
∂2Ω

∂Y2

)
+

(ρlβl)nm/(ρlβl)

(ρl)nm/ρl

∂Θ
∂X

(9)

ζ(ϕ)

[
∂Θ
∂τ

+ U + V
∂Θ
∂Y

]
+
ρnmLnm

ρ f L f
· Ste ·

[
∂ϕ

∂τ
+ U
∂ϕ

∂X
+ V
∂ϕ

∂Y

]
=

ξ(ϕ)√
Ra · Pr

(
∂2Θ

∂X2 +
∂2Θ

∂Y2

)
. (10)

In the energy equation, the smoothing functionϕ(T) is used, which determines the volume fraction
of the melt and varies from 0 to 1 during the transition from solid material to melt, whereby a smooth
transition of the enthalpy and thermophysical parameters of the material, expressed in functions ζ(ϕ)
and ξ(ϕ), was determined:

ϕ =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
0, T < Tm − η
T−(Tm−η)

2η , Tm − η ≤ T ≤ Tm + η

1, T > Tm + η

(11)

The energy equations, taking into account the volumetric heat generation for the source and profile,
are as follows:

∂Θ
∂τ

=
α1/α0√
Ra · Pr

(
∂2Θ

∂X2 +
∂2Θ

∂Y2

)
(12)

∂Θ
∂τ

=
α2/α0√
Ra · Pr

(
∂2Θ

∂X2 +
∂2Θ

∂Y2 + Os
)

(13)
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The dimensionless equations contain the following dimensionless complexes, which are
determined by the geometry parameters, thermal properties of the system, and the medium, as

well as the properties of materials, which will be presented below: Rayleigh number Ra =
gβΔTL3

ναl
,

Prandtl number Pr = νl/αl, Stefan number Ste = L f /(clΔT), Ostrogradsky number Os = QL2/(k2ΔT),
and the Biot number Bi = γL/k.

The single energy equation was formulated for solid and liquid phases in a temperature
formulation using the smoothing function ϕ, and it was solved without highlighting the melting front.
Hydrodynamic equations were solved in a region with moving boundaries, which position at each
time step was determined by isotherms obtained at this time step.

At the initial time τ = 0, the temperature in the entire system is coincided with the ambient
temperature Θ = Θout, and since the material was in the solid state, the values of the stream function
and vorticity were equal to zero (Ψ = 0,Ω = 0). Boundary conditions in the dimensionless form for the
presented statement of the conjugate problem are as follows:

• at the boundaries between system elements:

at the border of the heat source: k1
∂Θ1
∂Y = k2

∂Θ2
∂Y ;

at the profile surface: k0
∂Θ0
∂Y = k1

∂Θ1
∂Y ;

• at the outer borders:

0≤ X ≤ 2, Y = 1: ∂Θ∂Y
∣∣∣
M = −Bi(ΘM −Θout);

X = 0 and X = 2, 0 ≤ Y ≤ 1: ∂Θ∂Y
∣∣∣
0 = −Bi(Θ0 −Θout) and ∂Θ

∂Y

∣∣∣
N = −Bi(ΘN −Θout);

at X = 0.6 and X = 1.4, –0.2 ≤ Y ≤ 0 and 0.6 ≤ X ≤ 1.4, Y = –0.2: ∂Θ∂n = 0.

The dimensionless ambient temperatureΘout for each material was different, as it was determined
by the melting temperature of the material and the temperature scale.

• The boundary conditions for the Poisson Equation (8) and vorticity Equation (9) Ψ = 0, Ω =

−∇2Ψ were applied for all solid boundaries of the melt region, including interphase. The
transition conditions of the thermophysical properties of the material were expressed through a
smoothing function:

ζ(ϕ) =
(ρscs)nm
ρlcl

+ ϕ

(
(ρc)nm
ρlcl

− (ρscs)nm
ρlcl

)
(14)

ξ(ϕ) =
(ks)nm

kl
+ ϕ

(
knm

kl
− (ks)nm

kl

)
(15)

The numerical solution to Equations (8)–(13) was obtained on the basis of the finite difference
method [25–28]. To discretize the convective terms in vorticity (Equation (9)) and energy (Equation
(10)), we used the Samarskii monotonic difference scheme, and the diffusion terms in all equations were
approximated based on the central differences with a second order of accuracy. The Poisson difference
equation for the stream function was solved by the successive over-relaxation method. Samarskii local
one-dimensional difference scheme for the approximation of the vorticity and energy equations was
applied. Using this described method, the developed computational code was verified, employing the
experimental data for the gallium melting. A numerical algorithm was applied in solving the problem
of gallium melting in a rectangular region and showed good agreement with experimental results [29]
(see Figure 2).
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Figure 2. Comparison of obtained numerical data (solid line) and experimental data (dots) [29].

It should be noted that for the phase change problems, the presence of a moving boundary
requires the use of a more detailed mesh. In the present study, a grid with 481 × 201 nodes was taken.
Solving melting problems are time-consuming, due to the fact that the melting and solidification
processes occur much more slowly than hydrodynamic processes. Therefore, problems associated with
phase transitions are solved, as a rule, in the two-dimensional approximation. Moreover, using the
non-primitive variables “stream function and vorticity” with the finite difference method allows for a
reduction in the computational time due to both a smaller number of governing equations compared
with the primitive variables “velocity and pressure” and an absence of the global iterations that are
used, e.g., in the finite volume method with SIMPLE-like algorithms.

As for the considered two-dimensional problem, it is assumed that the third size is greater than L,
and such an approach characterizes an opportunity to analyze 2D problem because the heat transfer
rate will be similar to the 3D data. A comparison between 2D and 3D models for convective heat
transfer has been performed earlier in [30–33].

Thus, the results of 2D and 3D models for magnetohydrodynamic (MHD) natural convection in a
cavity were compared in [31]. The transverse elongation in the parallelepiped was varied from 0.2 to 5.
A comparison of the obtained data for different models showed that the influence of the side walls
decreases with the lengthening of the cavity and, as a result, 3D laminar natural convection can be
replaced by 2D data for the heat transfer rate and fluid flow in the central part of the cavity. A study of
the melting of n-octadecane in the cubic cavity (see [33]) showed that the isotherms in the middle cross
section of the cube slightly differ from the two-dimensional model, while neglecting differences can be
found in the flow structures for 2D and 3D models.

Therefore, the present analysis can be performed using the two-dimensional approximation.

3. Thermophysical Properties of the System Components

The system under consideration consisted of a volumetric heat generation source with silicon
properties combined with the closed copper radiator with copper finning. As the nanoadditives the
Al2O3 particles with diameter d = 59 × 10-9 m were chosen, the properties of these system components
are presented in Table 1.
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Table 1. Properties of nanoparticles and other materials.

Material k, W/(m·K) c, J/(kg·K) ρ, kg/m3 β, K−1

Aluminum oxide (nanoparticles)
(d = 59 × 10−9 m) [34] 36 765 3600 7.8 × 10−6

Copper (radiator) 401 385 8900 –

Silicon (heat source) 148 714 2330 –

Five different PCMs were considered in the present study in the range of melting temperatures
from 28 to 81 ◦C. The considered PCM properties are presented in Table 2.

Table 2. Properties phase change materials.

Phase Change Material
Tm,
◦C Lf, kJ/kg

ks/kl,
W/(m·K)

ρs/ρl,
kg/m3

cs/cl,
J/(kg·K)

μ, Pa·s β, K−1

n-octadecane [35] 28.05 241 0.39/
0.157

814/
770

1900/
2200 3.8 × 10−3 8.5 × 10−4

Capric acid [36] 32 152.7 0.372/0.153 1018/888 1900/2400 2.7 × 10−3 10−3

Lauric acid [37] 46 187.2 0.16/0.14 940/885 2180/2390 8 × 10−3 8 × 10−4

RT–50 [38] 49 168 0.2 780 2000 4.8 × 10−3 6 × 10−4

RT–80 [34] 81 175 0.2 920/770 2400/1800 7.2 × 10−3 10−3

As a model for describing nanoparticles suspended in a phase change material, a single-phase
model, which assumes a uniform particle distribution in the volume, was applied. The properties of
NePCM were considered constant within one phase. The density of NePCM was determined by the
densities of the corresponding components and the mass concentration Φ of nanoparticles:

(ρl)nm = (1−Φ)ρl + Φρnp

(ρs)nm = (1−Φ)ρs + Φρnp

In turn, the volumetric heat capacity and the coefficient of thermal volume expansion were
determined similarly:

(ρlcl)nm = (1−Φ)(ρlcl) + Φ
(
ρnpcnp

)
(ρscs)nm = (1−Φ)(ρscs) + Φ

(
ρnpcnp

)
In this study, the thermal conductivity model [39] for nanofluids, which takes into account the

influence of particle size, concentration, and base fluid properties, was used. The authors proposed a
correlation in which the effective thermal conductivity is the following sum: ke f f = kstatic + kBrownian
where kstatic has been found from the Maxwell equation, and the additional term kBrownian corresponds
to the Brownian motion of particles:

(kl)nm = kl
knp + 2kl − 2

(
kl − knp

)
Φ

knp + 2kl +
(
kl − knp

)
Φ

+ 5 · 104βλΦρlcl

√
κT
ρnpdnp

f (T, Φ)

where the Brownian motion of the molecules in the melt represented as the second term was taken into
account, the thermal conductivity in a solid material was respectively determined from the Maxwell’s
relation:

knm = kl
knp + 2kl − 2

(
kl − knp

)
Φ

knp + 2kl +
(
kl − knp

)
Φ
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Here, κ = 1.381 · 10−23 J/K is the Boltzmann constant. In [40], the new empirical correlations
for β and f (T,Φ) were obtained experimentally considering nanoparticles of Al2O3, ZnO, and CuO.
Correlations βλ = 8.4407(100Φ)−1.07304 and the function f (T, Φ):

f (T, Φ) =
(
2.817 · 10−2Φ + 3.917 · 10−3

) T
T0

+
(
−3.0669 · 10−2Φ − 3.91123 · 10−3

)
, T0 = 273 ◦K

were obtained for nanoparticles of Al2O3 for the following concentration range: 1% ≤ Φ ≤ 10%.
The melt viscosity was determined as [41]: μnm = 0.983 · e12.959Φμ f .

The latent heat decreased with the increasing concentration of nanoparticles:Lnm =
(1−Φ)ρ f L f
ρnm

.

4. Results and Discussion

Figure 3 shows the average source temperature versus time for five different PCMs: n-octadecane
with a melting point of 28.05 ◦C, capric acid with a melting point of 32 ◦C, lauric acid with a melting
point of 46 ◦C, RT–50 with a melting point of 49 ◦C, and RT–80 with a melting point of 81 ◦C for various
nanoparticles loadings. In each case, it can be seen that the temperature increases evenly, while the
temperature graph has two inflections corresponding to the beginning of the melting of the material
and the end of the melting process. Exceeding the melting temperature is accompanied by the intense
absorption of energy, which causes the temperature to rise more slowly.

 

Figure 3. Liquid volume fraction versus time.

The phase change material with the lowest melting point begins to melt first, and during the
entire melting process, the temperature in the source is lower when using an n-octadecane-based heat
sink compared to other materials. However, this material melts very quickly and the temperature of
paraffin rises rapidly. However, the source heats to 60 ◦C longer in the case of the n-octadecane-based
heat sink. The remaining materials begin to melt later. It is worth noting that for n-octadecane, capric
acid, and RT–50, the temperature in the source differs by no more than 6 degrees. Capric acid and
RT–50 have low latent heat and therefore melt faster than n-octadecane and lauric acid, respectively.

Later than the others, RT–80 begins to melt, so for some time the temperature in the source is
higher than in other cases (see Figure 4), however, by the end of the melting process, the temperature
difference in the source reaches 8–11 degrees compared to n-octadecane, capric acid and RT–50. The
heat source cooled by the lauric acid reaches a temperature of 80 ◦C later than other considered
materials. It is worth noting that after four minutes of heating, the lowest temperature is observed in
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the heat sink based on the lauric acid. This PCM has the smallest one of the largest latent heat values
and a sufficiently high heat capacity both in the solid state and in the melt.

Figure 4. Average source temperature for five different phase change materials (PCMs).

Natural convection develops in the liquid material due to the temperature difference between the
inner surface of the profile and the movable boundary of the yet-molten material. Figure 5 shows the
temperature fields and streamlines for lauric acid at various nanoparticle loadings, and for each case,
the maximum value of the stream function and the average source temperature at a given time are
presented. At the initial time intervals around each solid region, two narrow convective cells develop
along the vertical walls. The closed form of the radiator contributes to the rapid heat dissipation
inside the highly heat-conducting casing; therefore, the heat spreads evenly around the perimeter. The
maximum values of the stream function decrease with an increase in the concentration of nanoparticles,
however, the melt region expands faster, due to the fact that thermal conductivity prevails at this stage.
The intensification of conductive heat transfer leads to a slight decrease in the source temperature, this
effect is weak and the temperature at time t = 3 min differs by only 0.47 ◦C for 2% and 6%.

With the development of natural convection and a decrease in the solid region, the heated melt
of lauric acid accumulates in the upper part. A cold downward flow descends to the lower slab,
where the material is melted later and the cores of the circulation cells are located below. At the time
t = 5 min, when the material almost melted, the opposite effect is observed, namely, the higher mass
fraction of nanoparticles, the higher average temperature of the source. The expansion of the melt
region and a constant increase in the temperature of the metal surface lead to the intensification of
mass transfer, which can be seen from the maximum values of the stream function |Ψ|max. The effect of
natural convection on temperature fields begins to prevail in NePCM. In this way, an increase in the
melt viscosity due to the addition of nanoadditives critically affects the cooling process. In addition,
the presence of nanoparticles in the material reduces its latent heat, which also accelerates the melting
process (see Figure 6) and reduces the overall effective heat capacity of the system after 5 min from the
start of source operating.
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Figure 5. Temperature fields and streamlines for lauric acid at different time moments: (a,b) Φ = 2%;
(c,d) Φ = 4%; (e,f) Φ = 6%.
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Figure 6. Liquid volume fraction versus time for lauric acid.

RT–80 has the highest melting point of all the phase change materials under consideration, so
the temperature of the source quickly reaches 80 ◦C in this case. Figure 7 shows the change in the
maximum value of the stream function at Φ = 0%, Φ = 2%, and Φ = 6%. Before the four minutes from
the moment the source is turned on, the system heats up to the melting temperature of RT–80. This is
followed by a monotonic increase in |Ψ|max and the influence of nanoparticles increases over time. The
addition of nano-sized particles of Φ = 6% reduces |Ψ|max by about 1.5 times or more.

Figure 7. Maximum value of the stream function for RT-80 at different nanoparticle concentrations.

It should be noted that the addition of nanoparticles to the material does not lead to a significant
decrease in the heater temperature. In the cases under consideration, at specific points in time, the
temperature in the source decreases by no more than 1.5 ◦C with an increase in the concentration
of nanoparticles, which is a relatively small difference in the considered thermal conditions. A high
concentration of nanoparticles significantly reduces the intensity of the circulation of the melt, which
leads to a decrease in the intensity of heat transfer. At the same time, the material melts faster due
to a decrease in latent melting energy. Thus, an increase in the efficiency of the heat sink is observed
only at a 2% concentration. At higher concentrations, the heater temperature decreases slightly, or vice
versa, which leads to a decrease in heat transfer between the source and the heat sink (Figure 8).
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Figure 8. Average source temperature for RT-80 at different nanoparticle concentrations.

The temperature fields shown in Figure 9 at the time t = 3 min present wide-spaced isotherms in
the radiator and more densely located isotherms in the material on the inner surface of the profile,
indicating a faster heat distribution in the radiator compared to the nano-enhanced material. When
heating solid paraffin wax, before the phase transition, the temperature difference of the source for
pure paraffin and paraffin with nanoparticle concentrations of 6% reaches 0.87 ◦C. When the radiator
temperature exceeds 81 ◦C and the melting process begins, the effect of adding the nanoparticles
increases, namely, the temperature difference for pure material and NePCM at Φ = 6% increases to
1.79 ◦C. After the melt volume reaches 100%, the average temperature of the source grows more rapidly.
Due to convective heat and mass transfer, the lowest temperatures are observed in the lower part of
the melt region. Moreover, in the case of Φ = 2%, the isotherms in the melt are less condensed to the
walls, which indicate a more intense conductive heat transfer, as a result of which the observed Tavg is
lower by 1.35 ◦C at time t = 7 min and at higher mass particle concentrations. An increase in viscosity
strongly affects the thermal processes in the system, namely, a 43% decrease in |Ψ|max is accompanied
by an increase in the average temperature of the source. The average heater temperature at Φ = 6%
was only 0.12 ◦C lower than in the case of pure paraffin and at the same time by 1.23 ◦C higher than at
Φ = 2%. Thus, paraffin with 2 wt % nanoparticles shows the best results. With the disappearance of
the unmelted material, the maximum values of the stream function sharply decrease up to two times.

An inclusion of nanoparticles to the material leads to an increase in the melt viscosity and an
improvement of conductive heat transfer. Figure 10 shows a graph of the average source temperature
for three different PCMs at different concentrations of nanoadditives. At different stages of heating
and different PCMs, nanoparticles give different effects for heat transfer processes. It can be seen that
the most effective concentration of Al2O3 is Φ = 2%, which is most noticeable on the temperature
graph Tavg for n-octadecane. For RT–80, at the initial stages and during heating until the material is
completely melted, the lowest temperatures are observed at a high concentration of nanoparticles
Φ = 6%. However, after the melt volume reaches 100%, the PCM with 2% particle addition is
most effective.
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Figure 9. Temperature fields and streamlines for RT-80 at different time moments: (a,b) Φ = 0%; (c,d)
Φ = 2%; (e,f) Φ = 6%.
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Figure 10. Evolution of average temperature in the source for n-octadecane, lauric acid, and RT-80 for
different percentages of nanoparticles.

5. Conclusions

A numerical study of the effect of the Al2O3 nanoparticles on heat and mass transfer inside a
closed system consisting of a volumetric heat generation element and an NePCM-based heat sink at
high heat loads was carried out. The thermal characteristics of the system, including the position of the
interface, the melt volume, the average temperature in the source, and the temperature distributions at
fixed time points for five different materials (n-octadecane, Capric acid, Lauric acid, RT-50, and RT-80)
were obtained. An analysis of the results showed that n-octadecane, lauric acid, and RT-80 are the
most effective for cooling at high heat generations. Since n-octadecane begins to melt earlier than the
other materials reviewed, the average temperature in the source at the initial minutes of heating is less
than in other cases. However, the PCM with a melting point of 28.05 ◦C melts rather quickly, after
which the heating element rapidly heats up. At critical temperatures above 70 ◦C, in the framework
of the problem under consideration, lauric acid with a melting point of 46 ◦C is the most suitable
phase change material, since after four minutes of melting of this material, the lowest temperatures are
observed in the heat source.

An addition of nanoparticles has a small effect on the productivity of the heat sink and can reduce
the temperature in the source by only 1.5 ◦C, however, for the five materials considered, depending on
the heat and mass transfer conditions in the system, it can have both positive and negative effects. The
most effective concentration, with which the ratio of the effects of increasing thermal conductivity and
increasing viscosity was the most suitable is Φ = 2%. An increase in the mass fraction of particles from
2% to 6% leads to a significant weakening of the convective circulation of the melt and can lead to a
decrease in the critical operating time.

Author Contributions: N.S.B. and M.A.S. conceived the main concept. N.S.B., N.S.G. and M.A.S. contributed to
the investigation and data analysis. N.S.B. and M.A.S. wrote the manuscript. All authors contributed in writing
the final manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Foundation for Basic Research and Administration of Tomsk
Region of Russian Federation (grant No. 19-48-703034).

106



Nanomaterials 2020, 10, 284

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Bi the Biot number
c specific heat, J K−1 kg−1

d diameter, m
g gravitational acceleration, m s−2

H cavity height, m
h specific enthalpy, J kg−1

k thermal conductivity, W K−1 m−1

L cavity length, m
Lm fusion energy or latent heat of melting, J kg−1

Os Ostrogradsky number
p pressure, Pa
Pr Prandtl number
Q heat transfer rate per unit of volume, W m−3

Ra Rayleigh number
Ste Stefan number
t time, s
T temperature, K
Tm melting temperature
u, v velocity components in Cartesian coordinate along x and y, m s−1

U, V dimensionless velocity components
x, y Cartesian coordinate, m
X, Y dimensionless Cartesian coordinates
Greek Symbols

α thermal diffusivity, m2 s−1

β coefficient of thermal expansion, K−1

γ heat transfer coefficient, WK−1m−2

η smoothing parameter (or melting temperature range), K
Θ dimensionless temperature
μ dynamic viscosity, Pa s
ν kinematic viscosity, m2 s−1

ρ density, kgm−3

τ dimensionless time
Φ nanoparticles volume fraction
ϕ volume fraction of the melt
ψ stream function, m2 s−1

Ψ dimensionless stream function
ω vorticity, s−1

Ω dimensionless vorticity
Subscripts

0 initial condition or ambient
1 radiator
2 heater
l liquid
m melting
nm nanomaterial
np nanoparticle
s solid
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Abstract: Thermogravitational convective thermal transmission, inside a square differentially-heated
chamber with a nanoliquid, has been examined in the presence of internal adiabatic or a
thermally-conducting solid body. A single-phase nanoliquid approach is employed, based on
the experimentally-extracted relations for nanofluid heat conductivity and dynamic viscosity. The
governing equations have been written using non-primitive parameters such as stream function and
vorticity. Such approach allows a decrease in computational time due to a reduction of equation
numbers. One of the main challenges in such a technique is a determining the stream function
magnitude at the inner body walls. A solution of this problem has been described in detail in this
paper. Computational scrutinizing has been performed by employing the finite difference technique.
The mesh sensitivity analysis and comparison with theoretical and experimental results of other
researchers have been included. An influence of the Rayleigh number, nanoparticles concentration,
internal block size, heat conductivity ratio and non-dimensional time on nanofluid motion and energy
transport has been studied.

Keywords: nanoparticles; natural convection; conjugate heat transfer; heat-conducting block

1. Introduction

The investigation of heat-driven liquid motion and energy transfer in chambers is a significant
subject due to its huge applications in practice, including thermal collectors, thermal exchangers,
microelectronic gears, phenomena within buildings and many others [1,2]. Now there are many
published papers and books on thermal convection within chambers. For example, a great review on
thermal convective energy transport can be found in [3], where the complex nature of free convection
phenomena in enclosures is discussed. An analysis is presented for two-dimensional (2D) convection
flow, subjected by the buoyancy force on the liquid in a domain. Major efforts are directed to the
various motion modes that can happen and the energy transport across the liquid area between the two
flat parallel vertical surfaces. The rectangular chamber topic is considered as the most wide-spread
benchmark task in numerical liquid flow and energy transport literature. This not only arises from
theoretical benchmark data, but also for its practical applications where both, the liquid circulation
and energy transport are within the chamber.

Nanoliquids play an essential role in energy transport applications with promising parameters
that can be managed. Nanosuspensions have significant properties that allow performing analysis by
many scientists to model new thermal systems for various practical applications. Mono-nanoliquids,
created using a single sort of nanoadditives, have essential benefits due to defining nanoliquids,
which is the combination of tiny-sized solid particles in conventional fluids, many experimental and
numerical investigations have demonstrated use of these kind of liquids. Choi [4] studied the process of
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suspending nano-sized solid particles in the host liquid and considered this liquid as a nanoliquid. The
most essential feature of nanoliquid is that coagulation can be stopped. The homogeneous distribution
of solid particles and introduction of necessary surfactant can stop the formation of set of conglutinated
particles (Babu et al. [5]). Many investigations about energy transport intensification using nanoliquids
have been published. Papers and books on energy transport in nanoliquids can be found in [6–21].

The objective of this research is to computationally scrutinize the free convective energy transport
of nanofluid in a differentially-heated chamber, having internal blocks, using the mathematical
nanofluid model based, on single-phase nanofluid approach. We have described, in detail, a technique
for the definition of stream function magnitude at an inner body surface in a double-connected domain.
It should be noted that the present paper deals with an analysis of heat transfer performance of
nanoliquid in a cavity with internal solid block. Such problem can be found in the case of optimization
of the electronics cooling system, where the electronic cabinet includes different solid blocks. In the
case of simple geometry an investigation of the internal body size and thermal conductivity has been
conducted for various nanoadditives concentration. Moreover, nowadays scientists use primitive
variables for analysis to solve convective heat transfer problems, within multi-connected domains, and
as a result, there are have been no problems with the definition of the velocity at internal solid block
surface. In the case of non-primitive variables, such as stream function and vorticity, it is necessary
to develop a special algorithm for definition of the stream function at internal solid block surface,
and such algorithm has been developed in the present study. It is well-known that employing the
non-primitive variables reduces the number of governing equations, and as a result, the computational
time. By using this developed method, it is possible to conduct an effective analysis of the velocity and
temperature fields within electronic cabinet having adiabatic of heat-conducting solid block. Different
structure of the inner body can be used for an intensification of the convective heat transfer under the
influence of nano-sized particles volume fraction.

2. Mathematical Model

It is important to consider the transient natural convective heat transport in 2D differentially-heated
nanoliquid chamber of height L in the presence of inner adiabatic or thermally-conducting block. It is
supposed that the left border is hot with temperature Th, whilst the right border is cold with temperature
Tc. The horizontal boundaries are thermally insulated (∂T/∂y) = 0 (Figure 1). For the description of
the transport processes within a nanoliquid the single-phase model with effective parameters is used.
Such approach illustrates that the nanoadditives are uniformly included in the host liquid. Moreover,
using the single-phase model with experimentally-based correlations for physical properties is more
effective in comparison with two-phase nanoliquid models and experimental data [22,23].

 

Figure 1. Sketch of the problem.
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Using the Boussinesq approach, the basic equations managing these phenomena can be formulated
in dimensional form as [24]:
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In the case of internal heat-conducting block an additional heat conduction equation has been
included in the following form [25]:

(ρc)s
∂T
∂t

= ks

⎛⎜⎜⎜⎜⎝∂2T

∂x2 +
∂2T

∂y2

⎞⎟⎟⎟⎟⎠. (5)

Additional relations for the considered problem are:

t = 0: u = v = 0, T = Tc at 0 ≤ x ≤ L, 0 ≤ y ≤ L;
t > 0: u = v = 0, T = Th at x = 0, 0 ≤ y ≤ L;

u = v = 0, T = Tc at x = L, 0 ≤ y ≤ L;
u = v = 0, ∂T∂y = 0 at y = 0, L, 0 ≤ x ≤ L

u = v = 0, ∂T∂n = 0 at internal adiabatic block⎧⎪⎪⎨⎪⎪⎩ Tn f = Ts

kn f
∂Tn f
∂n = ks

∂Ts
∂n

at internal heat-conducting block

(6)

The nanoliquid properties are [24,26]:

ρn f = (1−φ)ρ f + φρp (7)

(ρc)n f = (1−φ)(ρc) f + φ(ρc)p (8)

(ρβ)n f = (1−φ)(ρβ) f + φ(ρβ)p. (9)

The nanoliquid thermal conductivity was defined using the experimental data [27]:

kn f = k f
(
1 + 2.944φ+ 19.672φ2

)
. (10)

in the case of nanoliquid dynamic viscosity the following correlation was used [27]:

μn f = μ f
(
1 + 4.93φ+ 222.4φ2

)
. (11)

These correlations are valid for 1% ≤ φ ≤ 4%.
The non-dimensional parameters are used,

x = x/L, y = y/L, τ = V0t/L, u = u/V0, v = v/V0, θ = (T − Tc)/(Th − Tc),
ψ = ψ/(V0L), ω = ωL/V0, V0 =

√
gβ(Th − Tc)L

(12)
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and employing the non-dimensional stream function ψ, which is determined as u = ∂ψ/∂y and
v = −∂ψ/∂x, as well as non-dimensional vorticity ω (ω = ∂v/∂x− ∂u/∂y) we obtain:

∂2ψ

∂x2 +
∂2ψ

∂y2 = −ω (13)

∂ω
∂τ

+ u
∂ω
∂x

+ v
∂ω
∂y

=
μn f

μ f

ρ f

ρn f

√
Pr
Ra

(
∂2ω

∂x2 +
∂2ω

∂y2

)
+

(ρβ)n f

ρn fβ f

∂θ
∂x

(14)

∂θ
∂τ

+ u
∂θ
∂x

+ v
∂θ
∂y

=
1√

Ra · Pr

kn f

k f

(
ρcp

)
f(

ρcp
)
n f

(
∂2θ

∂x2 +
∂2θ

∂y2

)
. (15)

In the case of internal heat-conducting solid body we should add to the previous system of
equations the following non-dimensional heat conduction equation:

∂θ
∂τ

=
1√

Ra · Pr

ks

k f

(ρc) f

(ρc)s

(
∂2θs

∂x2 +
∂2θs

∂y2

)
. (16)

Initial and boundary relations for the obtained equations are:

τ = 0: ψ = 0, ω = 0, θ = 0.5 at 0 ≤ x ≤ 1, 0 ≤ y ≤ 1;

τ > 0: ψ = 0, ∂ψ∂x = 0, θ = 1 at x = 0, 0 ≤ y ≤ 1;

ψ = 0, ∂ψ∂x = 0, θ = 0 at x = 1, 0 ≤ y ≤ 1;

ψ = 0, ∂ψ∂y = 0, ∂θ∂y = 0 at y = 0, 1, 0 ≤ x ≤ 1

ψ = γ, ∂ψ∂n = 0, ∂θ∂n = 0 at internal adiabatic block

ψ = γ, ∂ψ∂n = 0,

⎧⎪⎪⎨⎪⎪⎩ θn f = θs
kn f
ks

∂θn f
∂n = ∂θs

∂n

at internal heat-conducting solid block

(17)

τ > 0: ψ = γ,
∂ψ

∂n
= 0,

∂θ
∂n

= 0 at internal adiabatic block (18)

τ > 0: ψ = γ,
∂ψ

∂n
= 0,

⎧⎪⎪⎨⎪⎪⎩ θn f = θs
kn f
ks

∂θn f
∂n = ∂θs

∂n

at internal heat-conducting solid block (19)

Here Ra =
g(ρβ) f (ρcp) f (Th−Tc)L3

μ f k f
is the Rayleigh number, Pr =

(μcp) f
k f

is the Prandtl number,

additional factors in vorticity Equation (14) are
μn f
μ f

ρ f
ρn f

=
1+4.93φ+222.4φ2

1−φ+φρp/ρ f
,
(ρβ)n f
ρn f β f

=
1−φ+φ(ρβ)p/(ρβ) f

1−φ+φρp/ρ f
, a

factor in energy Equation (15) is
kn f
k f

(ρc) f

(ρc)n f
=

1+2.944φ+19.672φ2

1−φ+φ(ρc)p/(ρc) f
, while

kn f
ks

=
(
1 + 2.944φ+ 19.672φ2

)
K is

a factor for temperature boundary condition of forth kind in Equation (19). Here K = k f /ks is the heat
conductivity ratio.

As a result, the boundary-value problem of thermogravitational convection in a double-connected
domain having isolated internal body includes Equations (13)–(15), with conditions (17) and (18), while
for the internal thermally-conducting solid body, Equations (13)–(16) need to be solved with additional
relations (17) and (19).

For description of the overall energy transfer the local Nusselt number at heated wall was
defined as,

Nu = −kn f

k f

∂θ
∂x

∣∣∣∣∣
x=0

(20)
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and the average Nusselt number
(
Nu

)
can be considered as:

Nu =

1∫
0

Nu dy. (21)

3. Numerical Technique

The written governing Equations (13)–(16), with additional relations (17)–(19), were worked
out by the finite difference technique [8]. The steady solution was defined as a solution of the
time-dependent problem. A discretization of the convective members was performed by Samarskii
monotonic scheme [28] and for the diffusive members the central differences were employed. The
parabolic Equations (14)–(16) were worked out using the Samarskii locally one-dimensional scheme [28].
The obtained set of linear equations was worked out by the Thomas algorithm. The stream function
equation was approximated using the central differences for the second derivatives. The received set
of linear equations was worked out by the successive over relaxation technique. The computations
were stopped when the residuals for the stream function get bellow 10−7.

For definition of the stream function magnitude at the inner body boundary the special procedure
was used [29]. Namely, we introduce the condition that the pressure p should be single-valued along
the internal block surface. This condition is expressed by:∫

∂p
∂η

dσ = 0. (22)

Here η is the unit tangential vector along the boundary, σ is the internal block surface.
Taking into account the considered domain of interest (Figure 1) we can define the internal block

surface presented in Figure 2:

. 

Figure 2. Surface of the internal body.

Using governing Equations (2) and (3) in non-dimensional form as well as non-slip boundary
conditions for velocity at internal block surface, ∂p/∂η can be defined as:

∂p
∂x

=
μn f

μ f

ρ f

ρn f

√
Pr
Ra
∂2u
∂y2 (23)

∂p
∂y

=
μn f

μ f

ρ f

ρn f

√
Pr
Ra
∂2v
∂x2 +

(ρβ)n f

ρn fβ f
θ. (24)
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Taking into account the condition (22) we have:

∫
σ

dp =

B∫
A

∂p
∂x

dx +

C∫
B

∂p
∂y

dy +

D∫
C

∂p
∂x

dx +

A∫
D

∂p
∂y

dy = 0. (25)

Introducing Equations (23) and (24) in (25) we have:

B∫
A

∂ω
∂y

dx−
C∫

B

∂ω
∂x

dy +

D∫
C

∂ω
∂y

dx−
A∫

D

∂ω
∂x

dy =
(ρβ)n f

(ρβ) f

μ f

μn f

√
Ra
Pr

⎛⎜⎜⎜⎜⎜⎜⎜⎝
C∫

B

θ dy +

A∫
D

θ dy

⎞⎟⎟⎟⎟⎟⎟⎟⎠. (26)

Using Equation (26) and interpreting the correlation between vorticity at internal body surface
and stream function, the considered value can be found. Such technique was used in the present study
for determining the stream function magnitude at inner body boundary.

4. Validation

The created numerical code was verified employing the numerical results of Karki et al. [30]
for convective heat transfer in a square cavity with isothermal vertical walls and centered
thermally-insulated body. Figures 3 and 4 demonstrate a good concordance for considered isolines for
different Ra in comparison with numerical data of Karki et al. [30].

 

Figure 3. Isolines of ψ and θ for Ra = 105, δ = 0.5.

 

Figure 4. Isolines of ψ and θ for Ra = 106, δ = 0.5.

The second benchmark problem was free convective energy transport in a rectangular chamber
with two bottom border-mounted adiabatic blocks [31]. Figure 5 presents a very good concordance for
the average Nu at the hot boundary compared with data of Ben-Nakhi and Chamkha [31].
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φ

Figure 5. Mean Nu at hot border compared with computations [31] for different heights of the obstacles
(B) and Rayleigh numbers.

The third benchmark problem was free convective energy transport of Al2O3-H2O nanoliquid
inside a differentially-heated chamber. Table 1 illustrates a very good concordance for the mean Nu
at heated wall, in dependence on the nanoadditives concentration, in comparison with experimental
results [27].

Table 1. Values of mean Nu at hot border.

ϕ Ra Pr Experimental Data [27] Present Study

0.01 7.74547 × 107 7.0659 32.2037 30.6533

0.02 6.6751180 × 107 7.3593 31.0905 30.5038

0.03 5.6020687 × 107 7.8353 29.0769 30.2157

A mesh independence test was performed employing four different grid parameters (100 × 100,
200 × 200, and 400 × 400) for Ra = 105, Pr = 6.82, φ = 0.02, δ = 0.5. Using Figure 6 it is possible to
conclude that the deviations of the average Nu for 200 × 200 and 400 × 400 are negligible (at about
1.5%). Therefore, a uniform grid of 200 × 200 was used for investigations.

φ

 

Figure 6. Time profiles of average Nu for various mesh parameters.
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5. Results and Discussion

Computational investigations have been conducted for Rayleigh number (Ra = 104–106),
the nanoadditives concentration (φ = 0.0–0.04), internal body size (δ = 0.3–0.7), and a thermal
conductivity ratio (K = 10–3–1). Effects of the mentioned characteristics on circulation field, temperature
field and profiles of Nu are presented in Figures 7–15.

Figure 7 demonstrates the considered isolines within the cavity having internal adiabatic block for
various Ra. In the case of small magnitude of the buoyancy force (see Figure 7a) one global circulation
can be found reflecting an appearance of upstream flows next to the left hot boundary and downstream
circulations at the right cold boundary. Temperature field illustrates a formation of heat conduction
regime over and under the internal block, where temperature isolines are parallel to vertical boundaries.
At the same time, isotherms near the isothermal walls characterize low intensive circulation. A rise
of Ra (see Figure 7b) reflects more intensive liquid motion with an appearance of thin temperature
boundary layers near the vertical borders. Isolines of stream function present a formation of weak
recirculations zones near the internal block, namely, close to the left bottom corner and close to the right
upper corner. This considered heat transfer mode demonstrates less intensive cooling and heating of
the cavity from isothermal walls. Further increment of the buoyancy force bulk results in an expansion
of secondary vortices close to the internal body surface. Such circulations reflect the temperature
stratification in these zones, where heating occurs from the top portion till the lower part. An addition
of nanoadditives (φ = 0.04) leads to a reduction of liquid circulation strength, while more essential
difference in isotherms can be found for low values of Ra (see Figure 7a). As a result an inclusion of
nanoparticles allows enhancing the heat conduction regime.

In the case of internal heat-conducting solid body (see Figure 8) flow structures and temperature
patterns are changed. Regardless of the Rayleigh number the global circulation formed within the
chamber is the same like presented in Figure 7, but the temperature field and secondary vortices have
another structure. Thus, isotherms characterize the temperature change within the internal solid block
from the left and right sides, where internal isotherm (θ = 0.5) is almost parallel to vertical walls.

 

Figure 7. Isolines of ψ and θ for adiabatic internal body at δ = 0.5 and different Ra and φ:(a)—Ra = 104,
(b)—Ra = 105, (c)—Ra = 106.
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Figure 8. Isolines of ψ and θ for heat-conducting internal body at δ = 0.5 and different Ra and φ:
(a)—Ra = 104, (b)—Ra = 105, (c)—Ra = 106.

In the case of Ra = 105 isotherms within the internal solid body become parallel to horizontal walls
illustrating heating from the top till bottom, while the cooling process occurs in the opposite direction.
Also, a stronger circulation characterizes a diminution of the boundary layers thickness, due to the
interaction between the hot and cold fluxes. It is interesting to note that a consideration of internal
heat-conducting body characterizes a vanishing of the weak recirculations near the block surface for
Ra = 105 mentioned for adiabatic case and for Ra = 106 these vortices have another shape and location
of cells. It is worth noting that strong upstream flow close to the left border and a strong downstream
one near the right boundary lead to formation of clockwise circulations far from the origin of these
flows. An absence of such strong flows in the case of adiabatic block allows forming vortices elongate
along the vertical walls of the internal block.

Figure 9 demonstrates the behavior of the local and mean Nu at hot border with Ra, thermal
conductivity ratio and time. An increment of Ra characterizes a raise of the local Nu. An interaction
of the hot and cold heat fluxes near the lower portion of the left border reflects a presence of high
Nu values in this zone. A rise of y-coordinate illustrates a decrease of Nu. Moreover, with Ra the
maximum value of Nu approaches the left boundary. Value K = ∞ reflects the presence of internal
adiabatic body. A growth of the heat conductivity of internal body material characterizes a diminution
of the temperature drop in the lower portion and a rise of this temperature difference in the upper
zone. The time dependence of the average Nusselt number (Figure 9b) demonstrates a fast reaching
the steady state value. An increment of Ra reflects a rise of time for the steady state. A diminution
of the heat conductivity ratio from adiabatic case (K = ∞) till high internal body material thermal
conductivity reflects a reduction of the mean Nu. Therefore, in the case of adiabatic internal body one
can reveal the maximum energy transport strength.
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Figure 9. Local Nu profiles (a) and time-dependent mean Nu profiles (b) for δ = 0.5, φ = 0.02 and
different Ra and K.

A reduction in the mean Nu with nanoadditives is presented in Figure 10. It is possible to intensify
the energy transport with φ only for low Ra, where heat conduction is a dominated energy transport
mode. Also, only for this regime, the heat transfer enhancement can be found with a rise of the internal
body material thermal conductivity for the case of high nanoparticles concentration.

Effect of the internal body size on streamlines and isotherms for adiabatic and heat-conducting
blocks is presented in Figures 11 and 12. In the case of adiabatic internal block (Figure 11), an increment
of δ results in the attenuation of convective motion with a formation of secondary circulations near
the internal body surface. A growth of the internal block size from δ = 0.3 till δ = 0.5 characterizes
an elongation of secondary vortices near the solid block surface, while for δ = 0.7 these vortices are
decreased essentially. At the same time, an increment of δ reflects a vertical displacement of the
left eddy core in negative y-coordinate direction, while the right eddy core displaces vertically in
positive y-coordinate direction. Temperature fields illustrate the thermal stratification. Moreover,
the presence of the adiabatic body divides the temperature isolines into two parts and these two parts
are similar to the original isotherms without a solid body. The addition of nanoparticles reflects a
modification of temperature field near the horizontal walls, while streamlines are differed in the zone
of secondary vortices.

In the case of internal heat-conducting block (see Figure 12), an introduction of solid block
characterizes also a rise in size of two secondary vortices but in the top portion of the left body boundary
and near the bottom portion of the right body boundary. The reason for such a difference between
adiabatic and heat-conducting bodies was discussed above. Moreover, for δ ≤ 0.5 heating/cooling of the
internal block occurs in vertical direction, while for δ = 0.7, temperature profiles can be found within the
solid block that are not parallel to horizontal walls. The addition of nanoparticles reduces the convective
flow strength due to a growth of nanofluid viscosity (see Equation (11)). Significant difference in
isotherms can be found within the solid body due to different heat fluxes at solid body surface.
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Figure 10. Dependences of the mean Nu on φ, Ra and K for δ = 0.5.

 

Figure 11. Isolines of ψ and θ for adiabatic internal body at Ra = 106 and different δ and φ: (a)—δ = 0.0,
(b)—δ = 0.3, (c)—δ = 0.5, (d)—δ = 0.7.

Effect of internal block size and heat conductivity ratio on Nu and Nu is demonstrated in Figure 13.
As it has been described above, a rise of the heat conductivity of solid block material results in a
diminution of the mean Nu. At the same time, the growth of the solid block size illustrates a rise of
the temperature drop at the lower portion of the heated wall and an increment of the internal block
material thermal conductivity results in strong diminution of local Nu at the lower portion of left
border. The internal body length has a non-monotonic impact on the mean Nu. Therefore, it is possible
to reveal an optimal magnitude of δ for high value of Nu. At the same time, a rise of δ characterizes
more essential impact of K on the mean Nu.

Diminution of the mean Nu with nanoadditives concentration is presented in Figure 14. More
essential reduction can be found for high value of the internal block material thermal conductivity.
In this case for δ = 0.5 we have maximum Nu.
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Figure 12. Isolines of ψ and θ for heat-conducting internal body at Ra = 106 and different δ and φ:
(a)—δ = 0.3, (b)—δ = 0.5, (c)—δ = 0.7.

 

Figure 13. Local Nu profiles (a) and time-dependent mean Nu profiles (b) for Ra = 106, φ = 0.02 and
different δ and K.

An impact of the heat conductivity ratio on the considered isolines is shown in Figure 15.
A reduction of this parameter illustrates modification of temperature field, where one can reveal a rise
of the temperature wave speed within the solid block and as a result a density of isotherms rises near
the solid block surface. At the same time, a reduction and displacement of the secondary convective
cells cores occur with a decrement of K.
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Figure 14. Dependences of the mean Nu on φ, δ and K for Ra = 106.

 

Figure 15. Isolines of ψ and θ for heat-conducting internal body at Ra = 106 and different K and φ:
(a)—K =∞, (b)—K = 0.68, (c)—K = 0.04, (d)—K = 0.004.

6. Conclusions

Numerical investigation of thermogravitational convection inside a differentially-heated domain
with inner adiabatic or thermally-conducting block has been performed. Investigations have been
carried out using the developed computational code based on the non-primitive variables. The detailed
description of the numerical procedure for the determining the stream function magnitude the inner
body surface has been provided. It should be noted that using the non-primitive variables decreases the
number of governing equations due to an exclusion of the pressure field from the momentum equation.
Such an approach results in the reduction of computational time. Therefore, using the non-primitive
variables allows reducing computational time for various problems. In the case of present study the
effective numerical algorithm has been developed for the multi-connected domains. This algorithm has
been employed to investigate conjugate natural convection inside the differentially-heated chamber
filled with a nanosuspension.
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As a result, an analysis of the Rayleigh number, thermal conductivity ratio, internal block size,
and nano-additives concentrations has been conducted. It has been ascertained that:

• a decrease in heat conductivity ratio from adiabatic case until high internal body material thermal
conductivity illustrates a reduction of the mean Nu;

• an internal block size has a non-monotonic impact on the mean Nu. Therefore, it is possible
to reveal an optimal value of δ (0.5 for the present analysis) for high value of Nu. A rise of δ
illustrates stronger impact of K on Nu;

• an increment of the nanoadditives concentration characterizes the energy transport degradation,
while it is possible to enhance the energy transport with φ only for low Ra, where thermal
conduction is a dominated thermal transmission mode.

The performed analysis allows intensifying the heat transfer within the chamber in the case of
optimal selection of the inner block size, thermal conductivity of this block material and concentration
of nano-sized additives within the host fluid.

The developed numerical algorithm and computational code will be used in future for analysis of
the cooling effect in the case of heat-generating internal solid block that can be considered an electronic
chip within the electronic cabinet. Moreover, the developed computational technique will be used
for an investigation of the effects of several internal heat-generating blocks in order to optimize the
location of such an element inside the electronic cabinet. The mentioned analysis will be conducted in
the case of a single or hybrid nanoliquid impact.

Author Contributions: M.A.S., I.P. and T.G. conceived the main concept. M.A.S. contributed to the investigation
and data analysis. All authors have read and agreed to the published version of the manuscript.

Funding: This work of Mikhail A. Sheremet was supported by the Russian Science Foundation (Project No.
17-79-20141).

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

c heat capacity
g gravity force acceleration
K heat conductivity ratio
k heat conductivity
L length and height of the chamber
Nu local Nusselt number
Nu average Nusselt number
p non-dimensional pressure
p dimensional pressure
Pr Prandtl number
Ra Rayleigh number
T dimensional temperature
t dimensional time
Tc cold boundary temperature
Th hot boundary temperature
u, v non-dimensional velocity projections
u, v dimensional velocity projections
V0 dimensional reference velocity
x, y non-dimensional Cartesian coordinate
x, y dimensional Cartesian coordinates
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Greek symbols

β heat expansion parameter
δ non-dimensional size of the internal solid block
θ non-dimensional temperature
μ dynamic viscosity
ρ density
ρc thermal capacitance
ρβ buoyancy parameter
τ non-dimensional time

γ
non-dimensional magnitude of the stream function at inner body
borders

φ nano-sized particles volume fraction
ψ stream function
ψ non-dimensional stream function
ω dimensional vorticity
ω non-dimensional vorticity
Subscripts

c cold
f fluid
h hot
nf nanofluid
p (nano)particle
s solid
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Abstract: Heat rejection from electronic devices such as processors necessitates a high heat removal
rate. The present study focuses on liquid-cooled novel heat sink geometry made from four channels
(width 4 mm and depth 3.5 mm) configured in a concentric shape with alternate flow passages (slot
of 3 mm gap). In this study, the cooling performance of the heat sink was tested under simulated
controlled conditions.The lower bottom surface of the heat sink was heated at a constant heat flux
condition based on dissipated power of 50 W and 70 W. The computations were carried out for
different volume fractions of nanoparticles, namely 0.5% to 5%, and water as base fluid at a flow rate
of 30 to 180 mL/min. The results showed a higher rate of heat rejection from the nanofluid cooled
heat sink compared with water. The enhancement in performance was analyzed with the help of a
temperature difference of nanofluid outlet temperature and water outlet temperature under similar
operating conditions. The enhancement was ~2% for 0.5% volume fraction nanofluids and ~17% for
a 5% volume fraction.

Keywords: heat sink; mini-channels; liquid cooling; nanofluid; cooling performance

1. Introduction

Miniaturization of electronic devices faces heat rejection problems. Advancement in fabricating
these devices has resulted in them becoming smaller in size. Such devices produce a large heat
generation in a smaller volume. It necessitates an effective cooling arrangement for maintaining the
operating temperature within a safe range [1]. Uses of heat sinks with micro/mini-channels have
emerged as a feasible solution, which was first proposed by Tukerman and Pease [2]. Among the
possible working fluids investigated, air cooling is unable to meet the increasing demand for high heat
removal rates. Electronic and IT applications demand a compact, more efficient, and an adequately
designed effective cooling system that is capable of sustainable longevity. Generally, these electronics
systems are cooled with either air or liquid (water, glycol, etc.) [3]. Microchannel liquid cooling can be
advantageous [4].

Many investigations have reported on hydraulic and thermal behavior as well as heat transfer
augmentations. The different heat-transfer augmented techniques in micro/mini-channels for
single-phase cooling devices were reviewed by Steinke and Kandlikar [5].An investigation was
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performed on a water-cooled offset strip fin enhanced microchannel heat exchanger and this was shown
to perform better when compared with straight continuous channel walls [6]. Khameneh et al. [7]
carried out a numerical study on laminar flow and forced convective heat transfer in water-cooled
rectangular-shaped microchannel sections that had specific hydraulic diameters and distinct geometric
configurations. Aspect ratio and hydraulic diameter affected the heat transfer rate of microchannels.
Hasan et al. [8] analyzed the performance of a microchannel heat exchanger and presented results
which took into consideration the different shapes and sizes of the channels. Xie et al. [4] performed
a numerical study on mini-channel heatsinks subjected to a constant heat flux wall condition. In
narrow and deep channels, the heat transfer performance was improved with a relatively high-pressure
drop. Jiang and Ruina [9] reported that, in mini-fin structures, the convective heat transfer coefficient
increased 9–21-fold for water and 12–38-fold for air, compared to the empty plate channel. Ahmed [10]
conducted a numerical study on grooved microchannel heatsinks to analyze the effect of geometrical
specifications on laminar convective heat transfer. Trapezoidal grooved microchannel heatsinks
(MCHSs) have the optimum thermal design compared to rectangular and triangular grooved MCHSs.
Choi et al. [11] conducted numerical analysis on microchannel water blocks with pass variations.
The heat transfer rate accompanied by higher values of pressure drop were observed in two-pass
samples. Jajja et al. [12] experimentally investigated the influence of fin spacing in different heat
sinks for effective thermal management. Liu and Jianlin [13] numerically analyzed the fluid flow and
thermal characteristics of mini-channel heatsinks with non-uniform inlets. The total thermal resistance
of the mini-channel heat sink was reduced by 9.9% to 13.1% using non-uniform baffles. Aliabadi et
al. [14] experimentally studied the cooling performance of a sinusoidal wavy mini-channel heat sink
and examined the effect of geometrical parameters and working fluids and observed the effective
thermal performance compared to a straight mini-channel heatsink. Lee et al. [15] suggested that a
continuum-based approach can be applied to estimate the heat transfer in microchannels. The use
of a serpentine microchannel (with a square cross-section) to characterize slug flow behavior has
been reported by Cairone et al. [16]. Under critical heat flux conditions, heat rejection from heat sink
utilizing water as the heat transfer media can be further enhanced with nanofluids [17].

Many studies have been carried out citing nanofluid usage in heat transfer enhancement [18–20].
Among these, Choi et al. [21] introduced the concept of nanofluid and presented that thermal
conductivity of base fluid can be increased with the addition of nanoparticles of sizes less than
100 nm [22]. The use of such nanofluids in mini-channel heat sinks (MCHSs) has been reported in some
studies. Ho et al. [23] carried out forced convective cooling of MCHSs with Al2O3–water nanofluid and
found that it enhanced heat transfer. Koo and Kleinstreuer [24] suggested nanofluid selection should
be based on higher Prandtl numbers, high-volume concentrations of nanoparticles, and a high aspect
ratio of microchannels to avoid nanoparticle accumulation. Jang and Choi [25] found that MCHS
performance was enhanced by 10% for a water-diamond nanofluid compared with pure water. Ijam
and Saidur [26] analytically investigated the effect of nanoparticle concentration and Reynolds number
in MCHSs.

Based on the studies above, most of the investigations were carried out on the characteristics of
heat transfer and fluid flow in circular or rectangular straight mini-channel heat sinks. Only a few
experimental or numerical studies are currently available with regards to spiral or concentric channels,
but there is no research currently available which has reported on a multi-circular mini-channel heat
sink. In this work, thermal performance of a concentric channel heat sink with an alternate slot for the
fluid flow is presented.

2. Circulatory Flow Multi-Channel Heat Sink

A heat sink was modified to create a circulatory flow of cooling media. It contained four concentric
channels (width 4 mm and depth 3.5 mm) with alternate opening slots (Figure 1). The cooling fluid
was fed centrally to the heat sink to facilitate higher heat removal. An electronic device such as a
processor generates more heat at the center, whereas peripheral portions or parts can dissipate heat to
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the surroundings. Cooling liquid from the inlet pipe entered centrally, and the flow bifurcated after
passing through the first slot or opening. The liquid then flowed through the first channel again and
then bifurcated after it passed through the second slot. The outlet for circulating liquid was provided
at the outer periphery. The interior view of the heat sink (as shown in Figure 1) was made of copper
and sealed on top with a copper plate. This top cover was provided with an inlet pipe which allowed
the flow of inlet water through the channel. The geometrical dimensions of concentric circulatory flow
heat sink are listed in Table 1.

 

Figure 1. Proposed circulatory flow multi-channel heat sink.

Table 1. Specifications of the heat sink.

Parameters Size, mm

Diameter of heat sink (D) 50
Height of channel (H) 3.5
Width of channel (W) 4
Thickness of channel wall (t) 1
Thickness of heat sink base plate (t2) 2
Thickness of heat sink cover plate (t1) 1
Total height of heat sink (H + t1 + t2) 5.5
Flow passage slot for the water to flow (W1) 3
Dimensions of the water outlet duct (W1× H) 3 × 3.5
Width of the slots (passage) 3
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The copper plate of required dimensions is used as heat sink material (Figure 2a). Due to the
miniature size of the heat sink, it is fabricated using CNC machining (Figure 2b). In this study, cooling
performance of the heat sink has tested under simulated controlled conditions. The electronic device
that dissipates heat and needs cooling is replaced with equivalent heating block illustrated in Figure 3.
The heating block majorly comprised of nichrome plate heaters placed directly beneath the lower
surface of the heat sink. The amount of heat flow through this heater can regulated through different
knob settings of the dimmerstat. The wattage of the electrical input is computed based on measured
value of current and voltage. The heating block is provided with insulation to avoid heat losses to the
surroundings. The experimental set up is assisted with instruments for measuring surface temperature
of heat sink, inlet and outlet cooling liquid temperature, mass flow measurement, voltmeter and
ammeter for voltage and current measurement, dimmerstat for wattage control, and control valves.
Set up is created for continuous operation under steady-state conditions with the help of flow from
water tank.

 
(a) (b) 

Figure 2. Heat sink during fabrication: (a) copper plate; (b) interior view of heat sink with channels.

 

Figure 3. Arrangement showing water and heating.

During the experiment, a constant input power of 50 W was supplied to the heating block.
The bottom wall temperature of the heating block was recorded after the attainment of steady-state
conditions. Experiments were conducted at different flow rates. A set of three trials were conducted to
check reproducibility of the experimental data.
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3. Numerical Modelling

3.1. Geometry

The present numerical work aimed at providing an insight into thermal performance throughout
the flow direction. The limitation of installing temperature sensors in a mini-channel restricts the
provision of any details on channel-to-channel heat removal. As a result, the three-dimensional
modeling and meshing were created using software package GAMBIT 2.3.16 as shown in Figure 4.
CFD Software package FLUENT 6.3.26 was used to perform numerical computations.

Figure 4. Three-dimensional geometry meshed model.

3.2. Nanofluid Properties

In this investigation, Al2O3 nanoparticles were used due to their ability to enhance heat transfer.
The thermophysical properties of base fluid (water) and nanoparticles (Al2O3) are listed in Table 2.

Table 2. Properties of base fluid and nanoparticles.

Properties Pure Water Alumina (Al2O3)

Mass density, kg/m3 995.81 3880
Specific heat, J/kgK 4178 765

Thermal conductivity, W/mK 0.6172 40
Viscosity, kg/ms 0.0008034 −

For a lesser volume fraction of nanoparticles in the base fluid, the nanofluid can be treated as a
single-phase, homogenous liquid. Nanofluid properties depend on the percentage of nanoparticles used
in the base fluid. The thermophysical properties of nanofluids are calculated by the following equations:

Density [27–29]:
ρn f = (1−∅)ρb +∅ρp (1)
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Viscosity, Einstein’sequation [30]:

μn f = μn f (1 + 2.5∅) (2)

Thermal conductivity [31–33]:

kn f =

⎡⎢⎢⎢⎢⎢⎢⎣kp + 2kb f + 2
(
kp − kb f

)
(1 + β)3

∅

kp + 2kb f − 2
(
kp − kb f

)
(1 + β)3

∅

⎤⎥⎥⎥⎥⎥⎥⎦kb f (3)

where β is taken as 0.1 [34].
Specific heat [34,35]: (

ρCp
)
n f

= (1−∅)
(
ρCp

)
b f
+∅

(
ρCp

)
p

(4)

where φ denotes volume fraction of nanoparticles and subscript nf, bf, p denotes nanofluid, basefluid
and particle, respectively.

3.3. Governing Equation and Boundary Conditions

The nanofluid was taken as single-phase fluid and subjected to the following flow assumptions:
steady state, incompressible, laminar, and constant properties. The governing equations for solving
flow conditions are given below [36]: Continuity equation:

∇(ρv) = 0 (5)

Momentum equation:
∇(ρvv) = −∇P + ∇(μ∇v) (6)

Energy equation for the fluid:
∇
(
ρvCpT

)
= ∇(k∇T) (7)

Energy equation for the solid wall:
∇(k∇T) = 0 (8)

Boundary conditions:
Heat sink walls are subjected to no-slip boundary conditions, whereas the inlet and the outlet

of the domain are given as velocity inlet and pressure outlet, respectively. As shown in Figure 1, the
lower bottom surface of the heat sink was heated at a constant heat flux condition based on dissipated
power of 50 and 70 W.

3.4. Numerical Scheme and Validation

The control volume-based approach was adopted for solving governing equations
(Equations (6)–(9). The SIMPLE algorithm was chosen for pressure-velocity coupling. A steady-state
laminar model was used for the analysis, and the convergence criteria for residuals of continuity and
velocity equations were of the order of 10−6. For the energy equation, they were of the order of 10−9.
The results were obtained once the solutions were converged. Figure 4 shows the plot of surface
temperature and water outlet temperature measured experimentally as described in Section 2. The
area-weighted surface and water outlet temperatures were obtained at similar flow conditions and
were plotted in Figure 5. It was observed that numerical results were in good agreement with the
experimental data and, therefore, the present numerical scheme should be adopted for further study to
give insights into heat transfer.
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Figure 5. Validation of the numerical model adopted for the analysis.

4. Discussion

The cooling performance of the heat sink was carried out at heat generation rates of 50 and 70 W.
Under each heating condition, heat dissipation was computed out for four different flow rates at 30 to
180 mL/min. The computational results are presented below.

4.1. Flow Field in Heat Sink

Due to the miniature size involved in the mini-/microchannel heat sink and difficulty in
sensor placement, flow field and temperature distribution were difficult to measure experimentally.
The post-processing tools available in computational software allowed detailed flow-field analysis.
Figures 6–9 show sample contours of temperature for a heat generation rate of 50W. Temperature flow
fields were analyzed at depths of 0.1 mm and 0.5 mm from the base surface of the heat sink. It can be
observed that the temperature of the cooling fluid increased along the flow direction. At the center
of the heat sink, cooling fluid was at its lowest temperature. It collected heat from the heat sink as it
passed through different channels. It was observed that the fluid layers adjacent to the solid bottom
wall collected heat by conduction, whereas other fluid layers above underwent forced convective heat
transfer. The temperature fields developed in the heat sink were also analyzed at different flow rates.
It was observed that lower flow rates were not adequate in maintaining a lower heat sink temperature.
At a lower flow rate, there could be potential danger of obtaining a temperature that is beyond that of
safe operation. The maximum local temperature (~77◦C) attained at a low flow rate (Figure 6) can be
reduced to 58◦C (Figure 7), 49.31◦C (Figure 8), and 44.61 ◦C (Figure 9) for flow rates of 60, 120, and 180
mL/min, respectively.
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y = 0.1 mm y = 0.5 mm 

Figure 6. Contours of the temperature field in the heat sink for a flow rate of 30 mL/min.

 
y = 0.1 mm 

 
y = 0.5 mm 

Figure 7. Contours of the temperature field in the heat sink for a flow rate of 60 mL/min.

 

y = 0.1 mm 

 

y = 0.5 mm 

Figure 8. Contours of the temperature field in the heat sink for a flow rate of 120 mL/min.
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y = 0.1 mm 

 

y = 0.5 mm 

Figure 9. Contours of the temperature field in the heat sink for a flow rate of 180 mL/min.

4.2. Heat Transfer Enhancement with Nanofluids

The fluid outlet temperature was considered to analyze the device’s cooling performance. Initially,
the heat sink was cooled with water for different flow rates and taken as base for its comparison with
nanofluid. The computations were carried out for different volume fractions of nanoparticles, namely
0.5%, 1%, 3%, and 5%. The following two temperature differences were compared:

ΔT = T f ,out − T f ,in
dT = Tn f ,out − Tb f ,out

}
(9)

where Tf,out is the liquid outlet temperature, Tf,in is the liquid inlet temperature, Tnf,out is the
nanofluid outlet temperature, and Tbf,out is the water outlet temperature. The results are plotted in
Figures 10 and 11.
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Figure 10. Temperature difference between liquid outlet and liquid inlet and its comparison with base
fluid at (a) 30 mL/min, (b) 60 mL/min.
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(a) 

 
(b) 

Figure 11. Temperature difference between liquid outlet and liquid inlet and its comparison with base
fluid at (a) 120 mL/min, (b) 180 mL/min.

The computed data were analogous to the experimental observation shown earlier in Figure 5.
The liquid outlet temperature was reduced when the liquid flow rate was increased and, therefore,
ΔT also reduced the constant liquid inlet temperature. At a low mass flow rate of 30 mL/min and
when Q = 50 W, ΔT was approximately 24 ◦C. Under this condition, the nanoparticle addition in the
base fluid enhanced ΔT. The use of nanoparticles increased dT by 0.5 ◦C to ~3.97 ◦C for nanoparticles
volume concentrations of 0.5% and 5%.Similarly, for the same flow rate of 30 mL/min and Q = 70 W,
ΔT was approximately 34 ◦C. The nanofluid raised dT by 0.7 ◦C to ~5.55 ◦C for nanoparticles volume
concentrations of 0.5% and 5%. The other computational results are plotted in Figure 11.

5. Conclusions

In the present work, modified heat sink geometry was introduced for heat dissipation from
electronic devices. The cooling performance of the proposed heat sink was compared with Al2O3–water
nanofluids. The conclusion can be summarized as follows:

(1) The maximum local temperature (~77 ◦C) attained at a low flow rate (30 mL/min) can be reduced
to 58, 49.31, and 44.61 ◦C for flow rates of 60, 120, and 180 mL/min, respectively.

(2) At a lower mass flow rate of 30 mL/min and Q = 50 W, the temperature difference between water
outlet temperature and water inlet temperature was approximately 24 ◦C. This reduced to ~4 ◦C
as the mass flow was increased to 180 mL/min.

(3) A higher rate of heat generation of around 70 W produced a water outlet temperature of ~34 ◦C
for a water flow rate of 30 mL/min. This was reduced to ~5 ◦C when the water flow was increased.

(4) Heat rejection rate enhanced with nanofluid usage. The enhancement was calculatedby measuring
the temperature difference of nanofluid outlet temperature and water outlet temperature under
similar operating conditions. The enhancement was ~2% for 0.5% volume fraction nanofluids to
~17% for a 5% volume fraction.
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Abstract: Nanofluids in minichannels with various configurations are applied as cooling and heating
fluids. Therefore, it is essential to have an optimal design of minichannels. For this purpose,
a square channel with a cylinder in the center connected to wavy fins at various concentrations of an
Al2O3 nanofluid is simulated using the finite volume method (FVM). Moreover, central composite
design (CCD) is used as a method of design of experiment (DOE) to study the effects of three
input variables, namely the cylinder diameter, channel width, and fin radius on the convective heat
transfer and pumping power. The impacts of the linear term, together with those of the square
and interactive on the response variables are determined using Pareto and main effects plots by an
ANOVA. The non-dominated sorting genetic algorithm-II (NSGA-II), along with the response surface
methodology (RSM) is applied to achieve the optimal configuration and nanofluid concentration.
The results indicate that the effect of the channel width and cylinder diameter enhances about
21% and 18% by increasing the concentration from 0% to 5%. On the other hand, the pumping
power response is not sensitive to the nanofluid concentration. Besides, the channel width has
the highest and lowest effect on the heat transfer coefficient (HTC) and pumping power, respectively.
The optimization for a concentration of 3% indicates that in Re = 500 when the geometry is optimized,
the HTC enhances by almost 9%, while the pumping power increases by about 18%. In contrast, by
increasing the concentration from 1% to 3%, merely an 8% enhancement in HTC is obtained, while
the pumping power intensifies around 60%.

Keywords: ANOVA; geometrical optimization; nanofluid; non-dominated sorting genetic algorithm;
response surface methodology

1. Introduction

Nanofluids are nanoparticle suspensions dispersed in a host fluid, usually including water, oil,
and ethylene glycol. Nanofluids, which are extremely useful with remarkable thermal properties,
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are innovative fluids with various applications in the industry. Hence, it has been exciting for
many scholars [1,2]. Several studies have been conducted, and it is still undergoing at universities
and research centers in this field. Additionally, many scientists have also reviewed and classified
the studies performed in this area [3,4]. In recent years, minichannels and microchannels have attracted
much attention, and scholars have investigated the combination of different configurations using
nanofluids as cooling or heating fluids [5,6]. A summary of the studies on the employment of nanofluids
in various shapes is presented in Table 1.

Furthermore, research has been conducted to predict [7–9] and optimize [10–12] the desired
performance of nanofluids in multiple conditions. It should be noted that a few studies have
been conducted on the optimization of configuration to obtain the conditions with the expected
thermohydraulic attributes. Nanofluids promise thermal fluids. However, heat transfer can be
intensified by employing nanofluids and using an optimized configuration simultaneously.

In the case of single-objective problems, the main target of solving problems is to improve
the index of single performance so that either the maximum or the minimum value utterly indicates
the outcome quality [13]. Nevertheless, in several conditions, relying on merely one index in an
optimization problem to evaluate a hypothetical response would not be possible. Therefore, there is a
need for defining more than one objective function or index to then optimize all of them simultaneously.
The non-dominated sorting genetic algorithm-II (NSGA-II) is a standard algorithm used in intelligence
optimizations. The suggested method by Box and Wilson, namely the response surface methodology
(RSM), is a mathematical and statistical approach that can be employed for studying the effects of
diverse input variables at various levels.

Moreover, RSM utilizes a design such as a central composite design (CCD) to fit a model [14].
The efficiency of the model could be verified by checking the tools provided by an analysis of variance
(ANOVA). The Pareto and main effects plots could be employed to assess the impact of the input
variables on the response variables.

Table 1. Studies on employing nanofluids in different configurations.

Researchers Nanofluid Type Configuration Type Main Results

Ahmadi et al. [5] Water-Al2O3
Minichannel with cylinder, No

fin, wavy fin, flat fin

Nanofluid concentration increment:
thermal conductivity improvement. Heat

transfer enhancement: 199.6%. Decreasing
particles size: HTC increases

Bahiraei and Heshmatia
[15] Water-Ag A liquid block heat sink

Using nanofluid at ϕ = 1% and Re = 500:
temperature reduces by 2.21 ◦C with
the least entropy of 56.2%. Increasing

concentration from 0% to 1% at Re = 1500:
convective HTC enhancement of 15.2%

Bahiraei et al. [16] Water-CMC/TiO2
C shaped minichannel
Straight minichannel

Concentration and Re increment: frictional
entropy generation increases; thermal

entropy generation decreases.

Liu et al. [17] Water-Al2O3 curved duct

Al2O3 nanoparticle in a curved duct
increase the convective heat transfer.

Nanoparticle shape affects the convective
heat transfer of nanofluid. Nanoplatelets
show the highest convective heat transfer

and pressure drop among all other shapes.
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Table 1. Cont.

Researchers Nanofluid Type Configuration Type Main Results

Bahiraei et al. [18]
hybrid nanofluid
containing coated

Fe3O4/CNT
Double-tube heat exchanger Maximum heat transfer enhancement:

53.8%

Ghasemi et al. [19] Water-Al2O3 minichannel heat sink

Nanofluid concentration increment:
thermal resistance decreases. Thermal

performance factor enhancement at Re 490
and ϕ = 1.5%: 1.24

Bahiraei and Majd [20] Water-Al2O3 Triangular minichannel

Re increases from 100 to 500 at ϕ = 5%:
HTC enhances by 56%. At ϕ = 5%,

Re increment from 100 to 300: the thermal
entropy generation rate decreases by 29.7%.

Bergman [21] Water-Al2O3 minichannel heat sinks Nanofluids are not useful in this
application due to minimal enhancement.

Many studies performed RSM to model the thermophysical properties of nanofluids [22–24].
However, a limited number of them applied optimization in configuration while employing a nanofluid
as a working fluid [25–27]. Kumar and Dinesha [28] optimized the thermal characteristics of heat
transfer improvement in a double pipe heat exchanger using RSM. Rashidi et al. [29] optimized
the flow of a nanofluid around an equilateral triangular obstacle in which the optimum conditions
for the maximum heat transfer rate and the minimum drag coefficient were predicted using RSM.
The multi-objective optimization of the corrugated tube with a loose-fit twisted tape through RSM is
done to correlate the Reynold number, twisted ratio, and clearance ratio with the Nusselt number ratio,
friction factor ratio, and overall heat transfer performance to estimate the optimum design range of a
heat exchanger [30,31]. The optimization of the viscosity and thermal conductivity of the Al2O3/water,
CuO/water, SiO2/water, and ZnO/water nanofluids is performed using RSM and NSGA-II, in which
the thermal conductivities of the Al2O3/water and CuO/water nanofluids determine the maximum
increment at different temperatures and volume fractions [32]. It also should be noted that the current
optimization method can be used for entropy generation [33].

According to the review of the relevant literature, it is concluded that using a nanofluid enhances
the HTC [34–36]. In contrast, nanofluids not only improve the convective heat transfer but also
intensify the pressure loss and, consequently, the pumping power [37,38]. Several studies have been
conducted on employing nanofluids in various configurations [39–41]. However, a few studies are
carried out to employ the nanofluid in an optimized configuration. The objective of this research
is to perform a method for multi-objective optimization of configuration of a minichannel while
having the Al2O3/water nanofluid using the NSGA-II algorithm. This nanofluid is widely employed
in this area and has many applications. The mathematical models for predicting the maximum HTC
and minimum pumping power of the nanofluid are presented using an ANOVA.

2. Material and Methods

The present numerical research is to study the heat transfer and pressure drop of the water
and nanofluid flow containing Al2O3 nanoparticles in a square channel with a cylinder in the center,
consisting of a fin with a constant heat flux condition (see Figure 1a). To simulate the laminar
flow regime in a constant mass flow rate of 0.03 Kg/s, the finite volume method (FVM) is applied.
Furthermore, the constant uniform heat flux on the channel wall is considered as a thermal boundary
condition (see Figure 1b). A numerical investigation is carried out for the nanofluid with concentrations
of 0% to 5% through a straight channel. Also, the basic dimension of minichannel is tabulated in Table 2.
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(a)

(b)

Figure 1. The study case: (a) isometric view of the channel with an inner cylinder and with a wavy fin;
(b) side view.

Table 2. Description of the under-study channel, basic dimensions.

L (m) W (mm) D (mm) R (mm)

3 50 50 25

2.1. Multi-Objective Optimization

2.1.1. Design of Experiments

To reduce the number of tests, time, and cost, the design of experiments (DOE) is an essential
tool to solve multi-variable engineering problems. Further, CCD is a second-order design in which
merely three levels of every variable are needed. CCD provides a survey on the effects of each
variable and their interaction throughout the responses by means of fewer experimental runs compared
with a full-factorial model. Additionally, CCD can be used to predict and optimize responses [42].
In the current study, the CCD consists of 15 numerical experiments at three independent input variables,
including cylinder diameter, channel width, and fin radius with three levels. The design space for
each input variable is based on the design limitations; therefore, the possible range is selected. Table 3
demonstrates the actual values of the three independent variables. The experimental layout, which is
implemented in the current study in actual form, is tabulated in Table 4.
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Table 3. The design space for each input variable.

Input Variable Symbol Lower Bound Basic Value Upper Bound

Cylinder diameter (mm) D 22.5 25 27.5
Channel width (mm) W 45 50 55

Fin radius (mm) R 21 28.5 36

Table 4. Experimental layout.

Expt. No. Cylinder Diameter (mm) Channel Width (mm) Fin Radius (mm)

1 25 50 28.5
2 22.5 50 28.5
3 27.5 50 28.5
4 25 45 28.5
5 25 55 28.5
6 25 50 21
7 25 50 36
8 22.5 45 21
9 27.5 45 21
10 22.5 55 21
11 27.5 55 21
12 22.5 45 36
13 27.5 45 36
14 22.5 55 36
15 27.5 55 36

2.1.2. Response Surface Methodology

The RSM is widely adopted as a statistical approach applied for experimental purposes. The RSM
performs by conducting a statistical design of the experiments, followed by assessing the coefficients
in the mathematical model, and by predicting the responses and sufficiency examining of the model.
In the RSM, the quantitative interaction pattern response variables and independent variables can be
equally interpreted. The flowchart of the RSM is demonstrated in Figure 2.

Figure 2. The response surface methodology (RSM) flowchart.
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A second-order polynomial equation is assigned to the numerical results that in its general form is

Y = β0 +
k∑

i=1

βiXi +
k∑

i=1

βiiX2
i +

k∑
i=1

k∑
i� j=1

βi jXiXj + ε (1)

where Y assigns a response, Xi and Xj are the independent variables, β0 is the constant coefficient,
the coefficient of the linear term together with those of the quadratic and the interaction are considered
as βi, βii, and βij, respectively, k denotes the number of independent variables that in this study are
equal to 3, and ε is used for error [43].

2.1.3. NSGA-II Algorithm

The NSGA-II is known as the secondary type of NSGA algorithm. Both types of NSGA are
generated based on the genetic algorithm and extracted from the evolution theory of Darwin as well
as genetic science. These two algorithms utilize the rule of “survival of the fittest” on responses to
problems, intending to achieve proper outcomes. In the initial type of the algorithm, the users are
supposed to find the suitable quantity through changing the σ shared in different problems. However,
to avoid any accumulation of population members and support of every level of design interval,
the subprogram of the crowding distance (CD) is used in the second version of NSGA.

Through the optimization with two objective functions, the allocated value of the CD to each
chromosome is precisely equal to the perimeter of a rectangular created by the next and previous
chromosomes. The magnitude of the CD of each population member, in comparison with the next
and former members, together with the first and last population members, is calculated based on
Equation (2) [7].

dij =

∣∣∣∣ f k
1 − f j

1

∣∣∣∣
f max
1 − f min

1

, dik =

∣∣∣∣ f k
2 − f j

2

∣∣∣∣
f max
2 − f min

2

, CDi = dij + dik (2)

The process of optimization is in a way that the N numbers of the primary populations are firstly
generated by random. Then, the values of the objective functions are calculated for the primary
population, and these members are classified, and their CD is specified. Parents are selected based on
their rank and CD scale through the binary tournament selecting method, crossover, and mutation
operators that are used on them. This new population is combined with the prior population,
and the sorting operation is repeated. Between the total available populations, which their members
are even more than the primary population, the N numbers of the population’s upper members are
chosen for the other generation. Upper fronts are initially determined to select the population of
the other generation. Then, if by selecting another front, the number of population members gets more
than the N, an adequate number of that front is selected based on the CD scale.

The flowchart of NSGA-II is illustrated in Figure 3. The optimization method utilizes the RSM
to assign the function of fitness, as shown in Figure 3. Besides, new operators, namely, mutation
and crossover, are applied for the populations generating. By the end, the process of optimization
would be finalized with the condition of some iterations.

2.2. Governing Equations

For modeling the laminar flow, the Navier–Stokes equations are employed to solve the performance
of the fluid. As a result, the governing equations at the steady-state flow are as below [44]:

Mass conservation:
∇ · (ρn f Vn f ) = 0 (3)

Momentum conservation:

∇ · (ρn f VVn f Vn f ) = −∇Pn f + ∇ · (μn f∇Vn f ) (4)
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Energy conservation:
∇ · (ρn f Vn f Cp,n f Tn f ) = ∇ · (kn f∇Tn f ) (5)

where ρ (kg m−3) and k (W m−1 K−1) represent the density and thermal conductivity, respectively.
μ (N m−2 s) and Cp (J kg−1 K−1) show the dynamic viscosity and the specific heat, respectively.
Meanwhile, V (m s−1), T (K), and P (N m−2) are the velocity, temperature, and pressure, respectively.

Figure 3. Flowchart of the non-dominated sorting genetic algorithm-II (NSGA-II).

2.3. Nanofluid Properties

The base fluid is water with temperature-dependent properties. Its viscosity is calculated via
Equation (6) [45]. Further, Equation (7) calculates the thermal conduction of water, while its density
and specific heat are evaluated by Equations (8) and (9), respectively [1].

μb f = 0.00002414× 10(
247.8

(T−140) ) (6)

kb f = 2.33417− 0.0328575T + 0.000185702T2 (7)

ρb f = 753.2 + 1.88T − 3.570× 10−3T2 (8)

cp,b f = −29664.8 + 403.224T − 1.78895T2 + 0.00349982T3 − 0.00000254434T4 (9)

To assess the density and specific heat of the nanofluid, Equations (10) and (11) are used,
respectively [1].

ρn f = (1−ϕ)ρb f + ϕρp (10)

cp,n f =
ϕρpcp,p + (1−ϕ)ρb f cp,b f

ρn f
(11)

The nanofluid viscosity is attained by employing the below model [46]:

μn f

μb f
= 1 + 1631(

ϕ

1−ϕ )
2.8

(12)
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Vajha and Das [47] offered Equation (13) to evaluate the thermal conductivity of the nanofluid.
This model consists of two terms, which are demonstrated in Equations (14) and (15). The first
and second terms, respectively, denote the static and dynamic part of the model. Equation (15) is for
the Brownian motion of the nanoparticles.

kn f =
kp + 2kb f − 2

(
kb f − kp

)
ϕ

kp + 2kb f +
(
kb f − kp

)
ϕ

kb f + 5× 104βϕρb f cpb f

√
kT
ρbdp

f (T,ϕ) (13)

f (T,ϕ) = (2.8217× 10−2ϕ+ 3.917× 10−3)(
T
T0

) + (−3.0669× 10−2ϕ+ 3.91123× 10−3) (14)

β = 8.4407(100ϕ)(−1.07304); 1% ≤ ϕ ≤ 100%, 298K ≤ T ≤ 363K (15)

T0 is equal to 273 K and indicates the reference temperature [48].
The properties of the aluminum oxide particles are presented in Table 5 [48].

Table 5. Thermophysical properties of the Al2O3 nanoparticles [48].

Properties k (W/mK) ρ (kg/m3) Cp (kJ/kgK)

Value 36 3600 765

2.4. Boundary Conditions

A laminar and steady-state flow of the nanofluid with a uniform velocity and temperature profile
with different concentrations (the inlet temperature is 25 ◦C) is considered. A constant and uniform
heat flux, as much as 200 W/m2 is applied as the thermal condition on the channel walls. Furthermore,
the relative pressure is set to zero at the outlets of the channel (Figure 1b). Also, the no-slip condition is
considered on the walls. The boundary conditions are described in mathematical forms as follows:

At the inlets: T = T0, v = v0;
At the outlets: Pgage = 0;
At the walls: v = 0.
Equation (16) evaluates the Reynolds number as follows:

Re =
4m.

πDhμ
(16)

where m· denotes the mass flow rate, and Dh is the hydraulic diameter calculated by
applying Equation (17).

Dh =
4W2 −πD2

4W + πD
(17)

To evaluate the HTC, the Equation (16) is applied [48].

h =
q′′

Tw − Tm
and Tm =

Tin + Tout

2
(18)

The temperatures of the fluid are Tin and Tout in the outlet and inlet, respectively. Furthermore,
q” denotes the heat flux applied to the channel wall, and Tw and Tm indicate the average wall
temperature and the average fluid temperature, respectively.

To evaluate the pumping power, Equation (19) is applied.

P = QΔP (19)

where Q represents the rate of fluid flow, and ΔP indicates the pressure loss.
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2.5. Numerical Solution

The control volume method is used to solve the present case numerically. To couple the pressure
and velocity, the SIMPLE algorithm is employed. Moreover, the second-order upwind scheme is
utilized to solve the continuity, momentum, and energy equations. For all variables, the minimum
divergence criteria are assumed to be 10−5.

2.6. Grid Generation and Grid Independency

For evaluating the mesh independency, the effect of different grids on the HTC at the channel
exit is assessed. According to Figure 4, finer cells along the radius to the walls are employed where
gradients are high. Water enters the channel at a temperature of 25 ◦C and Re = 500, as shown in
Figure 1, and the properties are calculated by Equations (6)–(9). A constant heat flux of 200 W/m2

is applied to the channel walls. The HTC at the channel exit is achieved by the different elements
represented in Table 6. It is seen in Table 6 that minifying grids more than 2673173 have no noticeable
effect on the HTC. Hence, this grid is adopted for further simulation in the current study.

Figure 4. Channel gridding.

Table 6. Cell number studied in mesh independent study.

Grid Cell Number HTC Error

Grid 1 191185 116.979 -
Grid 2 1004566 116.198 −0.7%

Main Grid 2673173 115.962 −0.2%
Grid 4 4276219 115.961 0.0%

3. Results and Discussion

3.1. Validation

For the validation of the current simulation, the numerical results are evaluated with the correlation
presented by Sieder–Tate [49] and the experimental data from Reference [50] for laminar flow with
the constant wall temperature boundary condition. Laminar water flows in a 1-m long tube with a
6 mm diameter under the constant wall temperature condition, and the achieved results are shown
in Figure 5. According to Figure 5, the almost same response from the simulation of the data from
the experimental and theoretical study [49,50] highlights the accuracy of the current simulation.
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Figure 5. Comparison between the current simulation and those reported by Sieder–Tate [49] and Heris
et al. [50] for water at the constant wall temperature.

3.2. DOE Results

The HTC and pumping power are selected as the two response variables in every design of an
experiment’s numerical simulation, including water-based and nanofluids in the concentration of 1%,
3%, and 5%. The magnitude of every response variable is tabulated in Table 7.

Table 7. Response values.

Expt. No.
ϕ = 0% ϕ = 1% ϕ = 3% ϕ = 5%

h
(W/m2K)

Pumping Power
(×10−5) (W)

h
(W/m2K)

Pumping Power
(×10−5) (W)

h
(W/m2K)

Pumping Power
(×10−5) (W)

h
(W/m2K)

Pumping Power
(×10−5) (W)

1 234.25 7.51 233.25 7.77 229.48 8.23 231.08 8.61
2 230.88 6.26 229.26 6.47 225.67 6.84 228.58 7.12
3 238.96 9.17 237.25 9.52 232.90 10.11 235.671 10.58
4 326.87 13.88 322.41 14.51 316.59 15.56 342.95 16.36
5 214.40 4.37 213.19 4.52 209.85 4.77 213.48 4.98
6 234.75 7.51 233.09 7.78 229.06 8.24 231.79 8.61
7 233.91 7.51 232.32 7.78 228.23 8.24 231.04 8.61
8 315.36 11.08 311.46 11.56 306.31 12.36 329.19 12.97
9 348.94 17.88 343.25 18.72 335.09 20.10 365.94 21.17
10 208.90 3.79 208.00 3.91 206.16 4.10 209.72 4.26
11 220.94 5.14 218.75 5.33 215.41 5.66 218.62 5.89
12 306.55 11.09 303.94 11.56 299.16 12.37 319.85 12.98
13 344.78 17.88 339.14 18.72 331.36 20.10 361.57 21.17
14 208.18 3.80 207.80 3.92 205.83 4.09 209.75 4.26
15 220.48 5.13 218.00 5.32 215.29 5.65 218.33 5.88

3.3. Analysis of Variance

An analysis of variance is employed to assess the data using the least square method. All required
ANOVA assumptions consisting of case independence, normality of residuals distribution, and equality
of variances are analyzed to determine the goodness of the fitted model. Therefore, the residual plots
are drawn, as shown in Figures 6 and 7. The regression coefficient of the linear term, in addition
to those of the quadratic and interaction, existed in the fitted model, and their impacts are assessed.
All terms of the fitted model are verified utilizing their probability magnitudes at a 95% confidence
level (p-value < 0.05). To acquire the best model, the adjusted coefficient of determination (R2

adj) is
applied to assess the efficiency of the models. Once the ultimate model is reached, the main effect plots
are performed to illustrate the effects of the input variables on the responses. The value of R2

adj for
each response is tabulated in Table 8.

Table 8. The percentage of the adjusted coefficient of determination for each response.

Concentration HTC Pumping Power

0% 99.44 99.60
1% 99.54 99.59
3% 99.59 99.58
5% 99.54 99.58
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Figure 6. Normal probability plot of the residuals for the heat transfer coefficient (HTC), (a): ϕ = 0%,
(b): ϕ = 1%, (c): ϕ = 3%, and (d): ϕ = 5%.

Figure 7. Normal probability plot of the residuals for the pumping power, (a): ϕ = 0%, (b): ϕ = 1%, (c):
ϕ = 3%, and (d): ϕ = 5%.

The second-order equations with all the mentioned terms are provided due to the results of
the numerical experiments to create a mathematical model to predict the value of the heat transfer
coefficient and pumping power for each studied condition. The relevant correlations are tabulated
in Table 9.

Table 9. Correlations of the heat transfer coefficient and pumping power.

Concentration Heat Transfer Coefficient Pumping Power

0% h = 3805 − 147.48 W + 27.90 D
+ 1.4795 W2 − 0.475 WD

P = 83.0 − 5.523 W + 6.225 D
+0.07260 W2 − 0.10915 WD

1% h = 3672 − 141.83 W + 26.85 D
+ 1.4224 W2 − 0.4603 WD

P = 90.6 − 5.944 W + 6.546 D
+0.07772 W2 − 0.11477 WD

3% h = 3653 − 140.30 W + 24.61 D
+ 1.4014 W2 − 0.4227 WD

P = 102.5 − 6.607 W + 7.053 D
+0.08572 W2 − 0.12357 WD

5% h = 4747 − 186.98 W + 34.62 D
+ 1.8924 W2 − 0.610 WD

P = 109.4 − 7.046 W + 7.492 D
+0.09143 W2 − 0.1314 WD

The Pareto charts are drawn to demonstrate the effect of each term on both responses. These charts
for the HTC and pumping power in each condition are shown in Figures 8 and 9, respectively.
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The Pareto charts show that the effect of the optimization is more intense in the higher concentration.
The effect of the channel width and cylinder diameter increase around 20.8% and 18% by enhancing
the concentration from 0% to 5%. In contrast, the pumping power response is not sensitive to
the nanofluid concentration. Further, the channel width has the highest and lowest impact on the HTC
and pumping power, respectively.

Figure 8. Pareto chart of the standardized effects (response is HTC, α = 0.05). (a): ϕ = 0%, (b): ϕ = 1%,
(c): ϕ = 3%, and (d): ϕ = 5%.

Figure 9. Pareto chart of the standardized effects (response is pumping power, α = 0.05). (a): ϕ = 0%,
(b): ϕ = 1%, (c): ϕ = 3%, and (d): ϕ = 5%.

The main effects of the plots are drawn to better identify the impact of the input variables on
the responses, as shown in Figures 10 and 11. As can be seen, the fin radius has the least effect on
the HTC and pumping power compared with the channel width and cylinder diameter. Moreover,
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it should be noted that a wavy fin with a smaller radius will result in better thermal performance
because the area of heat transfer is increased. The channel side is the most effective factor in all
concentrations. Figure 10 illustrates the HTC in terms of the channel dimension change, where it
denotes that at ϕ = 5%, by decreasing the W from 50 to 45 mm, the HTC improves by about 49%.
Further, the cylinder diameter change indicates the enhancement of about 12% by increasing the D
from 25 to 27.5 mm. Regarding Figure 11, decreasing the W from 50 to 45 mm intensifies the pumping
power by about 94%. In comparison, it increases by about 37% with the increment of the D from 25 to
27 mm. All in all, for the enhancement of the same magnitude in the HTC, the W causes a smaller
increase in the pumping power. Hence, in the Pareto chart, the W has the highest and lowest effect on
the HTC and the pumping power, respectively. Figures 10 and 11 show the result that an increment of
the D accompanied by the W decrement can have, which results in a hydraulic diameter reduction.
The mass flow rate increases the Re, and higher HTCs are expected in higher Reynolds numbers.

As it is mentioned, the RSM can not only be utilized to illustrate the impact of some input
variables on certain response variables but is also an easy way to predict the optimal values. In this
study, the optimization is performed to achieve the optimum geometry by the NSGA-II method based
on the controlled elitism concepts. The pros of the NSGA-II overweighting method are a regularly
distributed Pareto-optimal front and suitable for detecting. The Pareto-optimal front is used for
non-convex multi-objective problems to avoid time-consuming delays. Moreover, it is applied to
represent the Pareto-optimal solutions in a single run. This method also supports multiple objectives
and constraints and targets at reaching the global optimum (Figure 3). In this method, after generating
600 samples per iteration, three candidate points are predicted, while a maximum of 20 iterations is set
up [51]. The objective functions in the current survey are selected to maximize the HTC and minimize
the pumping power with the same importance level. Table 10 represents the candidate points generated
by the RSM.

Figure 10. Main effects plots for the HTC. (a): ϕ = 0%, (b): ϕ = 1%, (c): ϕ = 3%, and (d): ϕ = 5%.
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Figure 11. Main effects plots for the pumping power. (a): ϕ = 0%, (b): ϕ = 1%, (c): ϕ = 3%, (d): ϕ = 5%.

Table 10. Predicted candidate points provided by the response surface optimization.

Candidate NO. Cylinder Diameter (mm) Channel Width (mm) Fin Radius (mm) h (W/m2K) Pumping Power × 10−5 (W)

0%
1 22.50 45.00 21.00 314.16 11.1
2 24.23 45.01 21.35 326.62 12.9
3 22.58 45.39 24.52 298.43 10.7

1%
1 22.53 45.01 21.08 308.00 11.5
2 22.71 45.10 23.04 306.10 11.6
3 24.16 45.04 28.62 316.16 13.4

3%
1 22.50 45.00 21.00 307.85 12.4
2 22.51 45.02 23.58 306.53 12.3
3 22.70 45.00 26.04 307.48 12.6

5%
1 22.50 45.00 21.00 327.17 13.0
2 22.53 45.01 23.79 326.03 12.3
3 22.78 45.01 30.78 327.04 13.3

According to Table 10, the optimum points to maximize HTC while minimizing the pumping
power are determined. Adding the nanoparticles at a constant mass flow rate changes the Reynolds
number. Thus, it would be better to assess the hydrothermal characteristics of the channel at constant
Reynolds numbers instead of constant mass flow rates. Figure 12a demonstrates the convective HTC
at the channel exit in terms of the Reynolds number at different concentrations for the channel with a
W = 45 mm and D = 22.5 mm. It can be perceived that the convective HTC improves when the Reynolds
number is enhanced.

Consequently, the convective HTC intensifies by almost 21.5% when the Reynolds number is
increased from 250 to 1,000 at ϕ = 3%. Additionally, enhancing the concentration augments this
parameter because adding the nanoparticles intensifies the thermal conductivity, which improves
the rate of heat transfer. Therefore, when the concentration increases from 0% to 5% at Re = 1000,
the convective HTC improves by about 46.2%.

Hydraulic characteristics, including the pumping power and pressure drop of the channel,
also should be noted since they indicate the energy consumption rate needed for the operation of
the channel. The pressure loss and heat transfer are enhanced by adding the nanoparticles; however,
the pressure loss increment is undesirable.
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Figure 12b shows the concentration effect on the pumping power in the different Reynolds
numbers for the channel with a W = 45 mm and D = 22.5 mm. From the figure, it is expected to
have a higher HTC while obtaining a smaller pumping power. It can be noted that the pumping
power is intensified when either the Reynolds number or the concentration is increased. The velocity
gradient increases when the Reynolds number enhances; therefore, the pressure loss augments.
Moreover, increasing the Reynolds number enhances the velocity and leads to a higher rate of fluid flow.
Consequently, the pumping power is signified by the Reynolds number (see Equation (19)). Therefore,
the pumping power value at Re = 1000 is almost 17 times higher than that at Re = 250 for ϕ = 5%.
Moreover, the viscosity, augmented by adding nanoparticles, increases the pressure loss, and as a result,
the pumping power is raised. For instance, a 170% enhancement is seen in the pumping power when
the concentration is increased from 0% to 5% at Re = 1000. Further, it should be noted that the impact
of nanoparticle dispersion in the pumping power is more intense at higher Reynolds numbers.

(b)(a)

Figure 12. Convective HTC (a) and pumping power (b) versus Reynolds number for concentrations
from 0% to 5% for the channel with a H = 45 mm and D = 22.5 mm.

Figure 13 displays the effect of the volume concentration on the Nusselt number of the nanofluid
for four Reynolds numbers. Accordingly, the Nusselt number in the different Reynolds numbers
is signified with any rise in the volume concentration. Enhancing the particle density increases
the momentum and HTC. It should be noted that the nanofluid viscosity intensifies when the particle
volume concentration augments. As a result, by the concentration increment, the nanofluid pressure
loss increases compared with the base fluid. Figure 13 also illustrates the variations in the pressure
loss for Al2O3/water in terms of the volume concentrations at four Reynolds number. Like the base
fluid, increasing the Reynolds number at a constant concentration raises the nanofluid pressure loss.
For instance, by changing the Reynolds number from 500 to 1000 at a 3% volume concentration,
the pressure loss intensifies by almost 70%. The slope of pressure loss experiences growth with
the volume concentration.

Figure 14 illustrates the convective HTC at the channel exit and the pumping power in terms
of the Reynolds number for the channel with basic dimensions (Table 2) with a 3% concentration.
The optimum values for the channel dimensions are obtained, and one of them is evaluated in Figure 14,
such that the convective HTC enhances while the pumping power has a negligible increment. For
instance, in Re = 500, when the geometry is optimized, the HTC enhances by almost 8.8%, while
the pumping power rises by about 18%. In contrast, by increasing the concentration from 1% to 3%,
only a 7.6% enhancement in HTC is achieved, while the pumping power rises by about 60%.
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Figure 13. Variation of Nusselt number and pressure drop in terms of volume concentration at four
Reynolds number obtained from the current optimized dimensions (H = 45 mm and D = 22.5 mm).

(b)(a)

Figure 14. Comparison of the convection HTC (a) and pumping power (b) obtained from the current
optimization and basic dimensions (Table 2) for the water/Al2O3 nanofluid at ϕ = 3%.

For a better evaluation of the heat transfer variation with the geometry changing, the temperature
contour at the channel exit is illustrated in Figure 15 for two Reynolds numbers at ϕ = 3%. It can be
seen that the nanofluid experiences a lower temperature at the wall, for both Reynolds at an optimized
channel. It shows a higher rate of heat transfer in the channel with the optimized dimensions. Moreover,
the dimensions of the two channels are displayed in Table 11.

Figure 15. Velocity contour comparison between the channel with the base size (left Figure)
and the optimum size (right Figure) at the channel exit at ϕ = 3% for: (a) Re = 500, and (b) Re = 1000.
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Table 11. The dimension of channels compared in Figure 15.

L (m) W (mm) D (mm) R (mm)

Base size 3 50 50 25
Optimum size 3 45 22.5 21

4. Conclusions

In the present research, the impacts of geometry properties of a minichannel including the cylinder
diameter, channel width, and fin radius on the convective heat transfer coefficient and pumping power
in concentrations of 0%, 1%, 3%, and 5% of Al2O3/water nanofluid is assessed. The second-order
models are demonstrated to recognize the correlation between the independent and response variables.
The results are presented based on the constant mass flow rate and a constant Reynolds number.
The main results achieved from the current study are as follows:

- The R2
adj is found to be more than 99% for each response in the various concentrations by

the ANOVA;
- Applying the NSGA-II indicates that the effect of the channel width and cylinder diameter

improves by about 20.8% and 18% through increasing the concentration from 0% to 5%;
- The pumping power response is not sensitive to the nanofluid concentration;
- The smaller the fin radius, the higher the HTC and pumping power;
- Channel width has the highest and lowest effect on the HTC and pumping power, respectively;
- The optimization for the concentration of 3% demonstrates that in Re = 500 when the geometry is

optimized, the HTC enhances about 8.8%, while the pumping power increases by almost 18%.
In contrast, by increasing the concentration from 1% to 3%, merely a 7.6% enhancement in the HTC
occurs, while the pumping power intensifies around 60%.
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Nomenclature

Cp Specific heat, J/kg.K
D Cylinder diameter, m
g Gravity Acceleration, m/s2

h Convective heat transfer coefficient, W/m2.K
k Heat Conductivity, W/m.K
m Mass, kg
Nu Nusselt number
P Pressure, Pa
Q Heat flux, W/m2

R Fin radios, m
Re Reynolds Number
t Time, s
T Temperature, K
V Velocity, m/s
W Channel height, m
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x Axial length, m
Greek symbols
ρ Density, kg/m3

μ Dynamic Viscosity, Pa.s
ϕ Volume concentration
Subscripts
bf Base fluid
m mean
nf nanofluid
P Particle
Abbreviations
ANOVA Analysis of variance
CCD Central composite design
CD Crowding distance
DOE Design of experiments
FVM Finite volume method
HTC Heat transfer coefficient
NSGA Non-Dominated Sorting Genetic Algorithm
RSM Response surface methodology
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Abstract: A new micro heat exchanger was analyzed using numerical formulation of conjugate heat
transfer for single-phase fluid flow across copper microchannels. The flow across bent channels
harnesses asymmetric laminar flow and dean vortices phenomena for heat transfer enhancement.
The single-channel analysis was performed to select the bent channel aspect ratio by varying width and
height between 35–300 μm for Reynolds number and base temperature magnitude range of 100–1000
and 320–370 K, respectively. The bent channel results demonstrate dean vortices phenomenon at the
bend for Reynolds number of 500 and above. Thermal performance factor analysis shows an increase
of 18% in comparison to straight channels of 200 μm width and height. Alumina nanoparticles at 1%
and 3% concentration enhance the Nusselt number by an average of 10.4% and 23.7%, respectively,
whereas zirconia enhances Nusselt number by 16% and 33.9% for same concentrations. On the other
hand, thermal performance factor analysis shows a significant increase in pressure drop at high
Reynolds number with 3% particle concentration. Using zirconia for nanofluid, Nusselt number of
the bent multi-channel model is improved by an average of 18% for a 3% particle concentration as
compared to bent channel with deionized water.

Keywords: laminar flow; conjugate heat transfer; dean vortices; Nusselt number; friction factor

1. Introduction

Intelligent systems being used in recent times come equipped with microprocessor chips which
allow for increased functionality, occupy less space, and provide greater portability. While the
development of microelectronic devices continues to provide convenience to humankind, however, the
reduced durability of such devices due to their heat-sensitive nature remains a persistent problem.

In most practical applications, heat transfer between one or more fluids takes place through heat
exchangers. For cooling of Micro-Electro-Mechanical Systems (MEMS), micro heat exchangers serve
as a solution to the heating problem at small scales. With applications ranging from small phones to
significant industrial heat generating units, the advantage of heat exchangers being used at micro-scale
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lies with their compact size, low material cost, mobility, and better performance. Much like their
conventional counterparts, the micro heat exchanger consists of confined ducts that constrain the flow
of fluid or gas stream. The higher surface area to volume ratio provided by microchannels results in
reduced thermal resistance and higher heat transfer rates. The heat transfer rates for microchannel
heat exchangers are dependent upon the performance of fluids, with the thermal conductivity of fluid
restricting the achievable heat transfer rates. However, the introduction of nanoparticles inside the
base fluid can help overcome such barriers. Such mixtures, known as nanofluids consist of a base fluid
and solid particles, are developed by mixing a suspension of nanoparticles in base fluids.

In 1981, Tuckerman and Pease [1] demonstrated that a confined flow of liquid could aid in
increasing convective heat dissipation from the electronic chip through the application of high aspect
ratio microchannels. The detailed study by Peterson et al. [2] concluded that heat sinks perform
at their best when the heat exchanger is properly in contact with the electronic device junction.
Tuckerman [3] further performed numerical analysis on the efficient cooling system for dissipating
1000 W/cm2 heat while maintaining structure temperature inside the limit of the safe functionality of
transistors. Moon and Jhong [4] numerically and experimentally investigated the cooling performance
of micro heat exchanger on stacked multi-chip modules with single-phase laminar flow. Amirah
et al. [5] performed numerical and experimental investigations for single and multi-channel micro
heat exchanger configurations using a range of hydraulic diameters, concluding that transition from
laminar to turbulent flow occurs at Reynolds number magnitude of 1600 and that the presence of
significant conjugate effect results in the difference between numerical and experimental results. While
working at a micro-scale, a question arises about whether or not the conventional flow and heat
transfer theories can be safely applied to micro-scale flows. Some studies contradict conventional
theories [6,7]. However, other studies were unable to find a significant difference between flow and
heat transfer for conventional and micro-scale applications. The absence of difference concludes that
discrepancies in literature can be a result of scaling effect and uncertainties which can arise due to
viscous heating, surface roughness, properties dependent on temperature, and entrance and conjugate
heat transfer [8–11]. While considering scaling effects, axial wall conduction is also a significant
problem that contributes to the decrease in the thermal efficiency of the microchannel heat exchanger.
Experimental and numerical studies demonstrate that, by increasing the thermal conductivity of the
micro heat exchangers, axial wall conduction can also increase, resulting in lower overall thermal
efficiency. Therefore, the conclusion is that low thermal conductivity materials are efficient for resisting
axial wall conduction [12,13]. However, the use of low thermal conductivity material for heat transfer
has limited applications.

Various studies utilize numerical simulations as a tool for predicting the behavior of microchannels,
as they tend to provide flexibility in design aspects allowing for greater opportunity in exploring new
channels and design variations. A numerical study on microchannel heat exchangers conducted by
Liu and Garimella [14] showed that for laminar flow across channels both microscale and conventional
channels have the same behavior for a range of hydraulic diameters. Xu et al. [15] numerically studied
the flow characteristics for Reynolds number range of 20–4000, showing that flow characteristics in
microchannels are similar to Navier–Strokes predicted behavior, suggesting that deviation in early
studies could be due to error in dimensions. Hetsroni et al. [16] validated the available experimental
data through numerical studies by considering hydrodynamic characteristics of laminar flow inside a
micro heat exchanger with uniform flux while keeping necessary allowance for channel geometry, wall
conduction, energy dissipation, and physical properties of the fluid. Allen et al. [17] experimentally
and numerically investigated fluid flow and heat transfer in copper micro heat exchangers considering
constant heat base temperature. Results from the experiments were found to be in good agreement
with simulation results. Heat transfer enhancement in curved microchannel has been studied by many
researchers concluding a significant increase in Nusselt number with little increase in pressure drop
when the curved microchannel is compared to straight microchannel [18–21].
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Sui et al. [22] performed experimental and numerical analysis on wavy microchannels, concluding
that an increase in heat transfer was disproportionate to the increase in the corresponding increase in
pressure drop for wavy microchannel due to the formation of dean vortices. Wang et al. [23] performed
a numerical study on friction factor and Nusselt number in curved channels, concluding that the
increase in mean Nusselt number and friction factor occurs as a result of vortex generation due to the
effect of buoyancy.

Diverging-Converging plenum geometry of triangular-shaped was used due to its better flow
distribution for the multi-channel model [4,24]. Sehgal et al. [25] studied convective heat transfer and
pressure drop of the microchannel with top and side inlet plenum and found side inlet to be 13% more
efficient. Balaji et al. [26] concluded inlet and outlet in-line with microchannel evenly distributes the
pressure drop.

In recent times, the use of nano-scale technology has emerged widely and revolutionized several
technological fields. Nanofluid technology is one specific area where a homogenous mixture of
nanoparticles and a base fluid is used to develop nanofluids. Such fluids have vast applications in
tribology [27,28], heat transfer enhancement [29–32], and biomedical filed [33–35].

Since these fluids form a colloidal solution of the solid-liquid particles, therefore, the computational
domain for nanofluids can be evaluated using either Eulerian or Lagrangian approach, depending
upon the application. For a simplifying model, to minimize the computational effort, in engineering
applications, like heat exchanger, the Eulerian approach is preferred [29]. However, in biomedical
application, the Lagrangian approach is considered more effective, as the primary focus is on the study
of Brownian motions and interaction of individual particles [33,36].

Nanofluids are commonly used in heat transfer units for performance enhancement of cooling
fluids. Convective heat transfer using nanofluids, like Al2O3 [37–39], ZrO2 [39,40], CNT [41,42],
CuO [38], Cu [38], and TiO2 [43,44], have been investigated in numerical studies. Williams et al. [39]
investigated the heat transfer and pressure drop in horizontal tubes under turbulent flow conditions
by performing experimental analysis on setup using alumina-water (Al2O3)- and zirconia-water
(ZrO2)-based nanofluids. Rea et al. [40] experimentally investigated convective heat transfer and
pressure drop in vertical heated tubes in laminar flow conditions using Al2O3 and ZrO2 nanofluids
with enhancement in heat transfer coefficient [45–49]. Thus, the design of geometry, selection of
nanofluids types, and concentration contributes to obtaining high thermal effectiveness.

This study focused on the numerical analysis of bent microchannel for evaluating the behavior of
the fluid flow and conjugate heat transfer. The microchannel design is the most critical parameter as it
can be harnessed to achieve maximum heat transfer with a lesser corresponding increase in pressure
drop. Geometry, flow, and temperature of the single microchannels are varied to achieve the desired
performance. Variations in width, height, the hydraulic diameter of the channel for a range of Reynolds
number, and base temperatures were studied. Analysis on a single channel with a 25-degree bend
was performed by varying width and height to obtain the best geometric parameter for multi-channel.
Alumina and zirconia nanoparticles were introduced in the optimum bended single channel to calculate
Thermal Performance Factor (TPF). After the selection of a single channel, a multi-channel micro heat
exchanger was analyzed with and without nanoparticles, providing a comprehensive design of micro
heat exchanger with multiple design parameter considerations.

2. Materials and Methods

2.1. Geometric Configuration and Computational Domain

2.1.1. Single Channel

The numerical study of conjugate heat transfer problem accounts for convective heat transfer
through fluid-solid interface and conductive heat transfer within both the solid and fluid domains.
The geometry of single channel with fix length is shown in Figure 1. The effect of bend in the
conventional straight channel was investigated to determine the changes in pressure drop and Nusselt
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number. The geometrical parameters of the channel with its width and height were varied between
35–300 μm. Table 1 provides dimensional details of single channel for optimum bend angle selected
through numerical study. The length of a single channel was kept such that it covers the entire
28 × 7-mm cross-section of the electronic chip when introduced in the multi-channel model.

 
Figure 1. Single channel geometric parameters.

2.1.2. Multi-Channel

The multi-channel configuration given in Figure 2 was developed using a series of single channels
after carefully analyzing performance parameters for each geometric variation across single channels,
as discussed in the previous section. The performance of multi-channel was investigated by varying
channel height and base temperature at Reynolds number range from 100–1000 while keeping the
length and width of all channels the same. The dimensional constraint for the multi-channel model is
also given in Table 1.

Figure 2. Multi-channel configuration (solid with grey color and fluid with white color).
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Table 1. Multi-channel model corresponding parameters.

Symbol Dimension (μm)

l1 18,000

l2 4120

l3 2000

l4 1000

w1 440

w 200

ws 200

L 28,300

W 7000

2.2. Mathematical Formulation

The working fluid for the present case was de-ionized water with temperature-dependent
properties, while the solid material was copper with fixed properties, as given in Table 2. The conjugate
heat transfer problem was simplified using the below-mentioned assumptions and idealizations:

1. 3D incompressible fluid with the steady-state formulation.
2. Constant density and variable specific heat, viscosity, and thermal conductivity with respect to

temperature is used for fluid. Viscosity, specific heat, and thermal conductivity are a piece-wise
linear function of temperature, as shown by Peiyi et al. and Okhotin et al. [50,51].

3. Constant wall temperature is assumed, considering uniform temperature distribution throughout
the channel base.

4. Constant solid properties are used, with side walls having the adiabatic condition.
5. Radiation and viscous dissipation are neglected.

Table 2. Temperature dependent fluid and fix solid properties.

Properties Deionized Water [50,51] Copper [52]

μf (Pa.s) 0.0194− 1.065× 10−4T + 1.489× 10−7T2 –

knf (W/m.k) −0.829 + 0.0079T− 1.04× 10−5T2 387.6

Cpf (J/kg.k) 5348− 7.42T + 1.17× 10−2T2 381

ρf (kg/m3) 998.2 8978

By considering the above assumptions, governing equations for the description of fluid flow and
heat transfer can be given as:

Conservation of mass:
∇.(ρV) = 0; (1)

Conservation of momentum:

V.∇(ρV) = −∇p + ∇.(μ∇V); (2)

Conservation of energy (Fluid):

V.∇
(
ρCpTf

)
= ∇.(kf∇Tf); (3)

Conservation of energy (Solid):
∇.(kso∇Tso) = 0. (4)
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The uniform velocity boundary condition was applied at inlet and pressure outlet condition at the
outlet, as the flow was assumed to be incompressible. The sidewall boundaries were assigned no-slip
condition, whereas top and sidewall were assigned adiabatic condition, and constant temperature was
applied on the bottom wall. The boundary conditions given in Figure 1 show a thin wall boundary
condition applied to the channel sides. It was assigned in ANSYS Fluent (Canonsburg, PA, USA) to
model conjugate heat transfer without modeling solid geometry, and a fixed value of wall thickness for
thin-wall model was assigned as half of the channel width.

2.3. Numerical Procedures and Parameter Definition

The design, meshing, and analysis tools available within ANSYS 18.1 (Canonsburg, PA, USA) were
used for the study of microchannels. The design modeler tool was used to develop the model, and the
inbuilt meshing tool was used to generate a structured non-uniform mesh using hexahedron elements,
as shown in Figure 3, for computational domain discretization. The mesh was accomplished in the
meshing module with minimum mesh orthogonality of 0.96734, the maximum aspect ratio of 1.2, and
a maximum skewness of 0.16. The viscous laminar model was used with a Semi-Implicit Method for
Pressure Linked Equations (SIMPLE) scheme for solving pressure velocity coupling [5]. Second-order
upwind scheme was used for solving momentum and energy equations. Converging criteria for
governing equations were set to 10−5. The average mesh elements for single-channel were 3.2 million,
whereas, for the multi-channel model, the average mesh elements were 25 million. The analysis was
performed using the Fluent module within ANSYS 18.1 software, and computation was performed on
dual Xeon X5650 12 core processor with 72 gigabytes RAM. The average computation time for a single
channel model was two hours, whereas the average computation time for the multi-channel model
was 48 h.

 

Figure 3. Single (Left) and Mmulti-channel (Right) mesh.

2.3.1. Friction Factor

The numerical results are evaluated in terms of certain performance parameters, namely friction
factor and Nusselt number. The Reynolds number (Re) is a function of liquid density (ρ); dynamic
viscosity (μ); and Inlet velocity vin of fluid, and hydraulic diameter (DH) of the channel is defined by
Equation (5):

Re =
ρDHvin

μ
, (5)

where
DH =

2wh
(w + h)

. (6)

The friction factor and pumping power is calculated by Equations (7) and (8):

f =
DH

Lc

2 ΔP
ρ v2

in

, (7)
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Ppower = ΔP
.

V, (8)

where:
.

V is the volume flow rate of fluid, Lc is the length of the microchannel understudy, and ΔP is
the pressure difference calculated by subtracting pressure of outlet going fluid from inlet coming.

Hansel [53] suggested a friction factor equation for the analytical formulation of pressure drop by
substituting f in Equation (9).

f =
64

Re
[

2
3 + 11h

24w

(
2− h

w

)] . (9)

Upadhye et al. [54] used pressure drop and Poiseuille number equation to analytically find
pressure drop in a microchannel.

ΔP =
2Poρ v2

in

Re
L

DH
. (10)

Poiseuille number equation in friction factor form is expressed by Equation (11) [55]:

Po = fRe. (11)

In Equation (11), the value of Po can be calculated from Shah and London [56] for the microchannel:

Po = 24
(
1− 1.13553αch + 1.9467α2

ch − 1.7012α3
ch + 0.9564α4

ch − 0.2537α5
c

)
, (12)

where αch is the aspect ratio of the microchannel.

2.3.2. Heat Transfer

Heat transfer co-efficient values h is necessary to determine microchannel thermal performance.
Non-dimensional parameter Nusselt number is considered for heat transfer evaluation of micro heat
exchanger. Nusselt number (Nu) is expressed by Equation (13):

Nu =
hDH

k
. (13)

h can also be represented in total heat rate form by Equation (14):

h =
Q

Aht ΔT
, (14)

where ΔT is the difference in temperature between the solid surface and flowing fluid, and

Q =
.

mCp(To − Ti). (15)

The energy balance depicting fluid flow through a microchannel, with assumptions of constant
base temperature (Tw), negligible accumulation of mass, and no change in property with time, is given
by Equation (16):

Cp
.

m(To − Ti) = hAht
To − Ti

ln ( Tw−Ti
Tw−To

)
. (16)

Equation (15) can be substituted into Equation (16) for obtaining non-dimensional Nusselt number
(Nu) [57] form given by Equation (17):

Nu =
(DH

k

)
ln
(
(Ts − Ti)

(Ts − To)

)⎛⎜⎜⎜⎜⎝
.

mCp

Aht

⎞⎟⎟⎟⎟⎠, (17)
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where k is the thermal conductivity of fluid at mean temperature; Cp is the specific heat of fluid at
mean temperature; Ts is bottom wall temperature; Ti is fluid inlet temperature;

.
m is the mass flow rate

of fluid; To fluid outlet temperature; and Aht is the area of base at which temperature is applied.

2.3.3. Nanofluids

The heat transfer by nanofluids depends on their thermos-physical properties that are a function
of nanoparticle volume percentage (∅) in relation to the properties of water and nanoparticles [39,40].
The density and specific heat of nanoparticles is defined as follows:

∅ ρnp + (1−∅) ∅ρf, (18)

∅ ρnpCnp + (1−∅) ρfCf

ρnf
, (19)

where ρnp and Cnp represent density and specific heat of nanoparticles. The National Institute of
Standards and Technology (NIST) database was used for alumina and zirconia properties (Table 3).

Table 3. Nanoparticles’ properties.

Property Alumina Zirconia

Cnp (J/kgk) 880 418

ρnp (kg/m3) 3920 5600

The temperature-dependent thermal conductivity (knf) and viscosity (μnf) of nanofluids in curve
fitting form is expressed as follows:

Alumina-water:
k(∅, T) = kf(T)(1 + 4.5503∅), (20)

μ(∅, T) = μf(T) exp
[

4.91∅
(0.2092−∅)

]
. (21)

Zirconia-water:
k(∅, T) = kf(T)

(
1 + 2.4505∅− 29.867∅2

)
, (22)

μ(∅, T) = μf(T)
(
1 + 46.801∅+ 550.82∅2

)
. (23)

The constraint of the temperature range for these equations is between 20 ◦C and 80 ◦C for the
volumetric concentration of 6% in the case of alumina and 3% for zirconia.

Equation (24) represents TPF, which is utilized as a parameter for the selection of microchannel by
comparing the thermo-hydraulic performance of channels.

TPF =

Nu
Nuo(
f
fo

) 1
3

. (24)

3. Results and Discussion

3.1. Grid Independence

Since the finite volume method involves discretization of the domain into a finite number of
volumes, grid independence is the first necessary step towards the numerical solution of problems.
Grid independence studies are conducted on successively dense mesh sizes to predict a stage where
the result stabilizes and the variation between numerical and analytically formulated results becomes
almost negligible. The grid independence in terms of pressure drop magnitudes has been shown
both in graphical and tabular form in Figure 4 and Table 4, respectively. A closer look at the pressure
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drop curve shows that, for a coarse mesh, the simulation error is significant; however, as the mesh
becomes relatively dense, the numerical solver can capture additional pressure losses across the bends
and provides a much more accurate solution as we approach 1 million mesh elements. Upon further
increasing the mesh density, we observe stabilization of results as the number of elements is increased
from 2.8 to 4.3 million with no discernable increase in pressure drop magnitude. Therefore, a mesh of
4.3 million elements having an acceptable error of 5.5%, in comparison with the analytical solution
given by Upadhye et al. [54]’s relation, is chosen as the optimum size.

Figure 4. Grid independence and comparison with the analytical solution.

Table 4. Single channel mesh characteristics.

Number of Elements Pressure Drop (kPa) Analytical [54] % Error

11,664 122.3 146.5 16.5

22,350 132.6 146.5 9.5

59,486 143.4 146.5 2.1

181,000 149.3 146.5 1.8

384,813 151.5 146.5 3.3

1,958,264 154.2 146.5 5.2

2,844,375 154.6 146.5 5.5

4,373,200 154.7 146.5 5.5

3.2. Data Validation and Reduction

The Poiseuille number approach used by Upadhye et al. [54] was used to validate the pressure
drop in bended channels. The results were also counter-validated using the Hansel relation [53].
Both these relations provide analytical results for straight channel configuration, and the graph given
in Figure 5 shows the numerical data validation for a single bend channel. It can be seen that, at a low
Reynolds number, straight channel equations suit well with a 25-degree bend channel, but, at high
Reynolds number values, the effect of bend becomes prominent, and error in pressure drop increases to
a maximum of 8% for Upadhye’s and 12% for Hansel’s solution. At a low Reynolds number, the effect
of dean vortices is not prominent, resulting in no increased pressure drop; therefore, the results are in
good agreement with straight channel relations. However, an increase in Reynolds number enhances
the formation of dean vortices. Hence, the effect of bend becomes prominent. Thus, numerical
simulation defies Upadhye’s and Hansel’s approach at a high Reynolds number. The Nusselt number
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was validated through the experimental study of Chen et al. [57], showing a maximum of 8% error
when compared with numerical study for Reynolds number range of 500 to 1000.

Figure 5. (a) Pressure drop validation for microchannel. (b) Nusselt number validation for microchannel.

Design of microchannel involves a trade-off between Nusselt number and friction factor since they
represent the convective heat transfer rate and pressure drop, respectively. For single-channel models,
a total of 360 cases are formulated for a Reynolds number range of 100–1000 at varying cross-sections
and base temperatures. For data reduction, a total number of 360 single-channel case studies are
reduced to 64 by using the design point approach. The design point approach involves the selection
of optimum points by plotting the Nusselt number (Nu) and friction factor (f) at different Reynolds
numbers. The intersection points of these curves are chosen as the design point for each specific model,
as shown in Figure 6.

 

Figure 6. Design point selection depending upon performance parameters.
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3.3. Bend Selection

The selection of bend is executed by considering geometric constraints as chip size and the number
of channel adjustments in the multi-channel model. Furthermore, performance evaluation in the form
of Nusselt number and pressure drop, as well as the formation of dean vortices, is also considered.
By considering geometric constraints angle is limited to range 0◦ to 45◦. Figure 7 depicts graphical
information about Nusselt number and pressure drop for 200 × 200 μm channel at different Reynolds
numbers. It can be observed from Figure 7a that, until 300 Reynolds number, no significant change in
Nusselt number is visible by changing the bend angle. However, at 300 and above, improvement is
significant, which can be correlated with velocity contours in Figure 8. Furthermore, with increment in
the Reynolds number, a rise in pressure drop can be seen in Figure 7b.

Figure 7. (a) Nusselt number variation with change in bend angle at different Reynolds numbers.
(b) Pressure drop variation with change in bend angle at different Reynolds numbers.

Figure 8. Velocity contours formation at different bend angles for Re = 300. (a) Contours at different
cross-sections of 15◦ bend. (b) Contours at different cross-sections of 25◦ bend. (c) Contours at different
cross-sections of 35◦ bend.

It can be observed that, after 15◦ change in angle, a sudden increase in Nusselt number with
Reynolds number is visible compared to change in angle from 25◦ to onwards. A comparison of
Figures 7a and 8 demonstrates that, due to the generation of dean vortices in the 25◦ bend channel,
Nusselt number increased. It is identified that, with the 25◦ to onward bend, Nusselt number and
pressure drop increases in equal proportion. Therefore, considering the increase in Nusselt number,
generation of dean vortices, and consideration of geometric constraints, 25◦ angle was selected for
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the multi-channel model. The longitudinal cross-section of the microchannel in Figure 8 depicts the
mixing of fluid by variation in its contours at the bend region.

The study focuses on improving convective heat transfer by introducing a bend in the straight
channel, which will increase convective heat transfer by asymmetric laminar flow, dean vortices
generation, and increased flow length of the channel. Since this configuration provides the dean
vortices and increased fluid contact with a heated surface, the pressure drops and heat transfer
magnitudes for such bended channels are studied. From gathered design points, the 25◦ angle is
selected, and a comparison with the straight channel of the same length is made, which shows a 5.3%
increase in Nusselt number, while an increase in pressure drop is 3.3%, as shown in Figure 5. The angle
is selected while considering the Nusselt number and pressure drop as performance parameters and
space covered as a geometric parameter. The occupied space due to bend is of most concern as an
increase in angle will widen the overall size of a single channel, creating difficulty in the multi-channel
arrangement of bend channels.

The performance of 200 × 200 μm in the form of thermal effects can be seen in Figure 9a, depicting
TPF greater than 1 for Reynolds number from 100–900. TPF value greater than 1 represents more
heat transfer than pressure drop when bend channel is compared with the benchmark of the straight
channel. Thus, bend will enhance thermal performance. Figure 9b illustrates that using the bend
channel improves Nusselt number with increasing Reynolds number when compared with the straight
channel of the same dimension of 200 × 200 μm; however, increment in pressure drop can also be
observed. Thus, for the single channel case, a significant effect of Nusselt number can be achieved when
the Reynolds number is higher. Figure 10 depicts the selection of the design point for 200 × 100 μm
width and height channel at 320 K and 325 K temperature. With the increase of Reynolds number,
lower values of friction factor can be observed, whereas the overall Nusselt number increases. It can be
seen that, by varying base temperature, points of intersection of Nusselt number and friction factor
changes, showing a trend that will be discussed for all single channel configurations. Data is reduced
by plotting only design points in further study for all combinations of cross-sectional dimensions.

 

Figure 9. (a) Thermal Performance Factor (TPF) of bend channel (200 by 200 μm) with the straight
channel (200 by 200 μm) as a benchmark. (b) The performance difference of bend channel (200 by
200 μm) with the straight channel (200 by 200 μm).
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Figure 10. Nusselt number (Nu) and Friction factor (f) for 200 μm width and 100 μm height at (a) 320 K
and (b) 325 K temperature.

3.4. Single Channel Configuration

The 25◦ bend angle is employed in the study of microchannel at different cross-sections to find the
optimum aspect ratio for multi-channel consideration. Table 5 shows a range of width and height for
optimum selection.

Table 5. Studied channels with corresponding parameters.

Group
Width Range

μm
Height Range

μm
Temperature

K
Number of Cases

G1 35–300 35–300 320 120

G2 35–300 35–300 325 120
G3 35–300 35–300 365 120
G4 35–300 35–300 370 120

Following the same technique of design point selection optimum points of pressure drop and
Nusselt number for G1, G2, G3, and G4 were gathered. The surface contour of the design point values
of friction factor and Nusselt number is generated and discussed.

The friction factor and Nusselt number for G1 and G2 at 320 K and 325 K can be seen in Figure 11.
It depicts that friction factor increases slightly when the width is varied by keeping height between 35
to 100 μm; however, high friction factor is obtained by varying height, while keeping width between
35 to 100 μm. By keeping a width between 35 to 100 μm and varying height minimum, the Nusselt
number value is obtained due to less area in the bottom surface; thus, convective heat transfer is
less. However, maximum Nusselt number is obtained above the width and height of 150 μm due to
sufficient convective heat transfer; hence, a threshold limit for width and height is found.
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Figure 11. Friction factor (a,c) and Nusselt number (b,d) contours for group G1 (320 K) and G2 (325 K).

The high temperature analysis represented in Figure 12 shows the same behavior as that of friction
factor and Nusselt number in the case of low temperatures; but, for high temperature, high maximum
friction factor and low Nusselt number is seen due to the increase of friction at high temperature as the
fluid excitation energy increases on heating and thus increases resistance. For the Nusselt number, at
high temperature, convective heat transfer is reduced, resulting in increased conductive heath transfer
hindering fluid capability of carrying heat. Nusselt number can be increased by increasing the flow
rate, but this will compromise the friction factor, resulting in high pressure drop.
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Figure 12. Friction factor (a,c) and Nusselt number (b,d) contours for group G3 (365 K) and G4 (370 K).

The pressure drops across the microchannel is an essential factor in designing the micro heat
exchanger as it contributes to the selection of a pump. Figure 13 shows pressure drop contours of
design points showing that, for low temperature, the width of 35 μm and variation of height results in
high pressure drop, whereas, in its inverse case, pressure drop is less, which is due to increased contact
area by increasing the width, reducing fluid viscosity, and resulting in less pressure drop. For high
temperatures, the same effect can be seen. Visualizing pressure drop from low temperature (320 K)
to high temperature (370 K) shows that pressure drop decreases due to a decrease in viscosity by an
increase in temperature.
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Figure 13. Pressure drop contours of (a) G1, G2 and (b) G3, G4.

Results of pressure drop and Nusselt number of all geometric ranges for both width and height
from 35 to 300 μm is shown in Figure 14. For low temperature, maximum Nusselt number and
minimum pressure drop can be achieved with a height of 200 μm and a width of 300 μm. Likewise,
for high temperature, the same width and height show the best performance, but pressure drop and
Nusselt number values of 365 K and 370 K is lower than 320 K and 325 K. The trend is shown in
Figure 14 is different from typical behavior like in Figure 10 because it involves plotting of intersection
design points at different width and height values. It can be observed that, as base temperature
is increased, pressure drop decreases with little decrement in Nusselt number, as compared to the
geometry of the same parameter. The reason for the decrement of pressure drop is due to a decrease in
fluid viscosity and Nusselt number decrease due to an increase in thermal boundary layer thickness,
which decreases temperature gradient.
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Figure 14. Channel selection based on pressure drop and Nusselt number (Nu). (a) Channel data with
height 35 μm and width varying from 35–300 μm, from right to left in graph points, (b) Channel data
with height 100 μm and width varying from 35–300 μm, from right to left in graph points, (c) Channel
data with height 200 μm and width varying from 35–300 μm, from right to left in graph points, and (d)
Channel data with height 300 μm and width varying from 35–300 μm, from right to left in graph points.

Figure 15 demonstrates cross-sectional planes of the microchannel selected by the design point
method. Temperature contours of the channel with 325 K base temperature can be seen at the inlet
(x = 0), before bend (x = 8 mm), after bend (x = 20 mm), and at the outlet (x = 18). It can be seen
that, for Reynolds number 100 and 900, 200 × 300 μm width and height channel are unable to carry
a sufficient amount of heat from inlet to outlet, whereas the other three channels are very useful.
Furthermore, the purpose of a bend can be seen clearly for Reynolds number 900 wherein heat is
diffusing more in the channel as fluid moves across channel bends.
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Figure 15. Temperature distribution in single microchannel at different cross-sections with 325 K base
temperature: (a) Reynolds number = 100; (b) Reynolds number = 900.

Temperature contours in Figure 16 show that, for Reynolds number 100, channels with
300 × 200 μm width and height, respectively (rectangular), as well as 200 × 200 μm (square) channel,
performed best in dissipating heat from inlet to outlet. However, for Reynolds number of 900,
all channels other than of 200 × 300 μm width and height, respectively, showed good performance due
to high base contact area.
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Figure 16. Temperature distribution in single microchannel at different cross-sections with 370 K base
temperature: (a) Reynolds number = 100; (b) Reynolds number = 900.

Flow Behavior at the Bend

In this study, flow behavior at the bend involves the generation of secondary or dean vortices after
Reynolds number value of 500. Velocity contours are shown in Figure 17 for 200 μm width, and height
depicts that, at the initial edge of bend (x = 8 mm), no vortices are available, but the effect of the bend is
starting to appear on outer edges, whereas at the middle of bend, counter-rotating vortices are visible
because of velocity difference phenomena. Vortices help in the diffusion of heat and increase convective
heat transfer at the expense of pressure drop in the channel. At the outer edge of the bend, the vortices
effect becomes minimum. Non-symmetric behavior of the velocity contours is due to an increase in the
kinetic energy of fluid molecule, which increases the average speed of molecules, and, as the channel is
heated only from bottom side, behavior of velocity contours is developed accordingly. Figures 17–20
depict velocity behavior at a low base temperature of 325 K and at a high base temperature of 370 K,
where velocity difference can be observed due to temperature dependent fluid parameters.
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Figure 17. Dean vortices at 200 μm width and 200 μm height for Re = 600.

Figure 18. Dean vortices at 300 μm width and 200 μm height for Re = 600.
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Figure 19. Dean vortices at 200 μm width and 300 μm height for Re = 600.

Figure 20. Dean vortices at 300 μm width and 300 μm height for Re = 600.

179



Nanomaterials 2020, 10, 1796

Figure 18 depicts the behavior of dean vortices in the channel of 300 μm width and 200 μm height.
The velocity of a fluid on the outer wall is more whereas the effect of vortices at the inner wall is less
due to more width of the channel than the height, making less convective heat transfer. Vortices in
Figure 19 are more symmetric than others due to less contact of channel base with fluid; hence, less
fluid particles kinetic energy can be observed through contours. Comparison of the channel with
300 μm width and 200 μm height (rectangular shape) with the channel of width and height 300 μm
(square channel) vortices from Figures 18 and 20 shows that more heat diffusion is possible in the
square channel due to more vortices’ dispersion in the square channel.

Kang et al. [4] study showed that an increasing number of channels increases the performance of
a micro heat exchanger. In addition, flow uniformity increases by using microchannel with a small
width, long length and sizeable manifold area [26,58]. Hasan et al. [59] studied the effect of channel
geometry on micro-heat exchanger performance and concluded that the square channel provided the
best overall performance than a rectangular channel.

TPF was used to evaluate the overall thermos-hydraulic performance of the channel by comparing
the performance of the required channel with the benchmark channel. Figure 21 depicts TPF found
using Equation (24), where Nu and f represent Nusselt number and friction factor of required channel,
and Nu0 and f0 represent that of benchmark channel. TPF of more than one represents a higher
convective heat transfer than the benchmark channel. In Figure 21, B100 represents a benchmark width
of 100 microns, and w200 represents a width of 200 microns for the channel in which performance
is to be compared. It can be observed clearly that the transfer of channel width from 100 microns to
200 microns shows greater TPF value as compared to width change from 200 microns to 300 microns.
The width of 200 microns is satisfied for a low base temperature of 320 K to a high base temperature of
370 K.

Figure 21. (a) TPF for single channel with 320 K base temperature. (b) TPF for single channel with
370 K base temperature.

Figure 22 portrays the validation of single microchannel considering different concentrations
of alumina nanoparticles. The numerical methodology predicts the performance of channel with at
maximum of 8% difference from reference study [30]. It can be observed that increase in concentration
reduces the wall temperature, thus improving the cooling effect.
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Figure 22. Average wall temperature (Tw) along the length of channel.

Figure 23 clearly depicts that, for Reynolds number value of 100, no significant difference in
Nusselt number is available, whereas, for higher Reynolds number, a surge in Nusselt number in
the case of the bend channel is prominent. It can be observed that the overall trend of Nusselt
number remains same with increase in Reynolds number for alumina and zirconia, with and without
concentration. Furthermore, zirconia showed a higher Nusselt number than alumina for 1% and 3% of
nanoparticles concentration. Curve fitting correlation for Nusselt number variation with Reynolds
number range from 100 to 1000 Reynolds number is represented in Table 6. The average R-squared
value of these equations is 0.99.

 

Figure 23. Effect of nanoparticles type and concentration on (a) straight and (b) bend channel.

Table 6. Correlations of Nusselt number based on curve fitting.

Channel No Nanofluid 1% Alumina 3% Alumina 1% Zirconia 3% Zirconia

Straight 0.4396Re0.42 0.4058Re0.4533 0.3891Re0.4911 0.3973Re0.4686 0.4186Re0.5042

Bend 0.3177Re0.50 0.3109Re0.5227 0.3365Re0.5365 0.3138Re0.532 0.3715Re0.5442
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TPF represents effectiveness of heat transfer enhancement technique. Figure 24 depicts effectiveness
of bend channel by considering straight channel of same nanoparticles concentration as benchmark. It
can be seen that using nanofluids enhances the heat transfer, as TPF in all cases is above 1. It can be
observed that, for higher Reynolds number, friction factor dominates; thus, the slope of TPF starts
decreasing at high Reynolds number. Furthermore, for 3% nanoparticles concentration, for both
nanoparticles, the lowest performance is observed, depicting increasing in friction factor. However,
when best performance is considered in comparison to without nanoparticles, 1% alumina concentration
at Reynolds number of 300 standout. Likewise, for zirconia 1%, concentration with 600 Reynolds
number proved best.

 
Figure 24. TPF of 200μm width and height bend channel with (a) alumina concentration and (b) zirconia
concentration with straight channel as benchmark.

3.5. Multi-Channel Configuration

3.5.1. Multi-Channel without Nanoparticles

Thus, the width of 200 microns is adjusted for multi-channel micro heat exchanger analysis.
The number of channels is set to 13 for adjusting 200-micron channel in the complete multi-channel
chip as depicted in Figure 2. Table 7 provides information about cases for multi-channel.

Table 7. Cases for simple and modified multi-channel design.

Group
Width
(μm)

Height
(μm)

Temperature
(K)

1 200 100–200 320

2 200 100–200 325

3 200 100–200 365

4 200 100–200 370

Figure 25 shows the temperature distribution of two multi-channel models for Reynolds number
100 and 600. The outlet temperature of the channel with the width and height of 200 × 100 μm is
higher than a channel with width and height of 200 × 200 μm for both high and low temperatures,
but Nusselt number of the channel with 200 × 200 μm width and height is more significant due to
more mass flow rate and bigger hydraulic diameter, as can be seen in Figure 26. Furthermore, fluid
reaches near base temperature earlier in 200 × 100 μm channel. It can be seen that the temperature in
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the middle of microchannel reaches the base temperature slower than side walls due to the higher
velocity in the middle of the microchannel.

 

Figure 25. Temperature distribution in multi-channel for 325 K and 370 K temperature.

 
Figure 26. (a) Fluid outlet temperature and (b) Nusselt number at different Reynolds number.

Some high temperature zones can be seen after inlet for Reynolds number of 600. Low temperature
area is due to the high velocity of fluid having less time to carry heat, whereas high temperature fluid
contour is due to the low velocity of the fluid at expansion after entering plenum. By varying height
from 100 to 200 μm, increase in Nusselt number is observed from 33% to 50%.

3.5.2. Multi-Channel with Nanoparticles

The effect of nanoparticles on Nusselt number (Nu) can be observed in Figure 27 in the form
of percentage increase. The Nusselt number in case of zirconia is more than alumina showing a
maximum of 20% increase in convective heat transfer at Reynolds number of 600. Furthermore,
increase in concentration of particles enhanced the heat transfer. For concentration increase, a surge in
performance can be observed for zirconia with concentration shift from 1% to 3%.
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Figure 27. Percent increase in Nusselt number (Nu) by adding nanoparticles in multi-channel.

The effectiveness of multi-channel micro heat exchanger given in Figure 28 with respect to bended
channel as base model depicts that zirconia with 3% particle concentration is suitable for heat transfer by
exhibiting increased cooling in comparison to increased viscous losses due to nanoparticles. Moreover,
with increase in Reynolds number, pressure drop in the channel with nanoparticles starts dominating,
resulting in decrement of TPF slope.

 
Figure 28. TPF of multi-channel micro heat exchanger with bend channel as benchmark.

Table 8 represents the Nusselt number correlations for 100 to 600 Reynolds number range with
R-square value of 1.
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Table 8. Correlations of Nusselt number based on curve fitting.

Nanoparticles 0% 1% 3%

Alumina 3× 10−7Re2 + 0.001Re + 2.7808 −4× 10−7Re2 + 0.0018Re + 2.8255 −5× 10−7Re2 + 0.0019Re + 2.9944

Zirconia 3× 10−7Re2 + 0.001Re + 2.7808 −7× 10−7Re2 + 0.002Re + 2.8547 −7× 10−7Re2 + 0.0024Re + 3.2058

4. Conclusions

Numerical study was performed on bended microchannels to investigate heat transfer and fluid
flow physics. Single and multi-channel heat transfer performance was studied by using deionized
water, as well as water-based nanofluids. The following results are concluded from our study:

1. For bended channels, the straight channel relations are reasonably valid at low Reynolds number
with a 4% error in comparison to analytical results; however, at high Reynolds number, an increased
error of up to a maximum to 17% can be seen due to an increase in pressure drop, non-uniformity
of flow, and development of dean vortices.

2. Channels with less or equal height to that of width results in better convective heat transfer
due to availability of more contact area with heated surface and increased space for asymmetric
fluid to enter and leave bend. Moreover, secondary vortices phenomena are encountered due to
the introduction of bend for channels of different hydraulic diameters, and it is found that the
introduction of bend in channel significantly enhances the formation of dean vortices at Reynolds
number greater than 500.

3. The increment in base temperature decreases the pressure drop due to a reduction in overall
fluid viscosity and also decrease Nusselt number in comparison to low base temperature for the
geometry of same parameter.

4. By utilizing performance parameters from the design point approach in Thermal Performance
Factor (TPF) analysis, the performance of a single channel with 200 microns width is considered
optimum and studied for height range from 35 to 300 microns for selection of multi-channel
cross section.

5. For selected single channel, enhancement in thermal effectiveness is observed for both alumina
and zirconia nanoparticles. At very low Reynolds number of around 100, nanofluids concentration
showed no significant improvements. However, at very high Reynolds number, the TPF starts
decreasing, representing dominance of pressure drop over convective heat transfer. Therefore,
both alumina and zirconia with 1% and 3% concentration showed highest effectiveness at Re = 300.
Maximum TPF value of 1.18 is achieved by zirconia with 1% concentration at Re = 600. It is
seen that, by increasing nanoparticles concentration, pressure drop starts dominating at high
Reynolds number.

6. For multi-channel with water as fluid, channel width is fixed at 200 μm and height is varied from
100 μm to 200 μm. Channel with 200 μm width and height showed a 33% to 50% increase in heat
transfer for Reynolds number within a range of 100 to 900.

7. The introduction of nanofluids in 200 μm width and height multi-channel model showed
enhancement in Nusselt number with an increase in Reynolds number from 100 to 600. The highest
increment of 20% is observed in the case of zirconia, with 3% concentration at Re = 600. For 1%
and 3% concentration of nanoparticles, zirconia outperformed alumina. Analysis of TPF showed
that, after Re = 300, the slope of curve starts flattening in the case of 1% alumina and starts
decreasing in the case of 1% and 3% zirconia and alumina 3% concentration, depicting increase in
pressure loss with high concentration and Reynolds number due to increased viscosity.
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Abbreviations

l1 Microchannel length (mm)
l2 Plenum Length (mm)
l3 Bend length (mm)
l4 Inlet/Outlet length (mm)
w1 Inlet/Outlet width (mm)
w Width of microchannel (mm)
ws Space between microchannels (mm)
L Multi-Microchannel model length (mm)
Lc Microchannel model length (mm)
W Microchannel model width (mm)
αch Aspect ratio of microchannel
θ Angle of plenum (mm)
Re Reynolds Number
Nu Nusselt Number
Nuo Benchmark Nusselt Number
f Friction Factor
fo Benchmark Friction Factor
DH Hydraulic Diameter (mm)
Aht Base area of microchannel (mm2)
Q Total heat rate (J/s)
.

m Mass flow rate (kg/s)
.

V Volume flow rate (m3/s)
h Height of microchannel (mm)
vin Inlet velocity (m/s)
Ppower Pump power (W)
Cp Specific heat (J/kg.k)
ρ Fluid density (kg/m3)
μ Fluid Viscosity (Pa.s)
k Thermal Conductivity (W/m.k)
T Temperature (K)
TW Wall Temperature (K)
ΔT Temperature Difference (K)
ΔP Pressure Difference (Pa)
TPF Thermal Performance Factor
Subscript
f Fluid (Water)
nf Nanofluid
np Nanoparticle
i Inlet
o Outlet
m Mean
s Source
so Solid
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Abstract: The mixed convection two-phase flow and heat transfer of nanofluids were addressed
within a wavy wall enclosure containing a solid rotating cylinder. The annulus area between the
cylinder and the enclosure was filled with water-alumina nanofluid. Buongiorno’s model was applied
to assess the local distribution of nanoparticles in the host fluid. The governing equations for the
mass conservation of nanofluid, nanoparticles, and energy conservation in the nanofluid and the
rotating cylinder were carried out and converted to a non-dimensional pattern. The finite element
technique was utilized for solving the equations numerically. The influence of the undulations,
Richardson number, the volume fraction of nanoparticles, rotation direction, and the size of the
rotating cylinder were examined on the streamlines, heat transfer rate, and the distribution of
nanoparticles. The Brownian motion and thermophoresis forces induced a notable distribution of
nanoparticles in the enclosure. The best heat transfer rate was observed for 3% volume fraction of
alumina nanoparticles. The optimum number of undulations for the best heat transfer rate depends
on the rotation direction of the cylinder. In the case of counterclockwise rotation of the cylinder,
a single undulation leads to the best heat transfer rate for nanoparticles volume fraction about 3%.
The increase of undulations number traps more nanoparticles near the wavy surface.

Keywords: mixed convection; thermophoresis and Brownian motion; wavy cavity; two-phase
nanofluid concept; wavy heater; rotating circular cylinder

1. Introduction

Natural convection and heat transfer mechanisms in the annulus spaces have been the topic of
many pioneer investigations due to its essential engineering applications. Such tools into enclosed
spaces give strong non-linear behavior due to the effective coupling between the flow and heat

Nanomaterials 2020, 10, 1138; doi:10.3390/nano10061138 www.mdpi.com/journal/nanomaterials191
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equation. Shu et al. [1] modeled the free convection heat transfer within a square outer cylinder and
a circular central cylinder. The authors assumed an isothermal hot temperature at the cylinder and
cold isothermal temperature at the enclosure boundaries. Shu et al. [1] probed the influence of the
location of a cylinder toward the measure of the heat transfer and fluid circulation. They found that
the top portion within the enclosure boundaries and cylinder has a significant use in the formation
of the natural convection plume. In another study, Shu and Zhu [2] investigated the outcome of the
aspect ratio (the ratio of cavity size/cylinder diameter) at the natural convection heat transfer, and they
reported that both Rayleigh number and aspect ratio are critical to the flow patterns and thermal fields.
The natural convection heat transfer in the annulus space among a cylinder and a square was also
investigated by Ding et al. [3], Angeli et al. [4], and Alsabery et al. [5].

The present study involves the conjugate heat transfer, rotating cylinder, wavy wall enclosures
and nanofluids. Hence, the literature works related to these topics are explored here. The natural
convection heat transfer in enclosures containing solid thermal conductive blocks has been studied in
some recent studies. The presence of a solid block contributes to the heat transfer inside the enclosure
while it affects the fluid circulation. This type of problems is classified as conjugate heat transfer
as the liquid and solid are in thermal interaction. Kuznetsov and Sheremet [6] modeled the free
convection within an air-filled enclosure containing a solid block. The block enclosed a heat source.
Jami et al. [7] examined the heat transfer in a cavity filled including solid cylinder at various locations.
These authors reported that the area of the cylinder is the critical parameter testing the flow circulation
and heat transfer.

Sheremet [8] examined the mechanism of heat transfer into a cylindrical cavity holding a solid
heated block toward the bottom portion. The results show that a cylindrical cavity can be of essential
advantages for the cooling of electronic components. Butler et al. [9] experimentally inspected the
conjugate natural convection mechanism and heat transfer over a cylinder enclosed inside an air-filled
cubic enclosure. The left and right vertical sidewalls of the cavity were at temperature difference
while the other walls were insulated. The observations indicate that the presence of the cylinder could
interfere with the structure of natural convection flow circulation in the enclosure. Various aspect of
conjugate heat transfer toward a cavity such as radiation [10], mixed convection [11], and turbulent
effects [12] have been addressed during past years.

The presence of a moving or rotating object changes the natural convection flow to the
mixed convection. The moving objects have found numerous applications in engineering designs.
For instance, a shaft of turbine or pump enclosed in a shell, rotation of gears in a casing, vibration
of a thermal fin in an enclosed space, and fluid bearings with a slow rotation, and the receiver of a
solar collector are just a few examples. Costa and Raimundo [13] displayed the combined convection
and heat transfer mechanisms within a square hollow holding a rotating solid cylinder. The vertical
surfaces of the cavity occurred with cold and hot temperatures, and the top and bottom surfaces
remained insulated. The cylinder was rotating at a certain angular velocity and contributed into the
flow circulation and heat transfer. The results show that the cylinder’s size induces a notable impact
on the fluid circulation and transfer since it confines the liquid area for fluid flow inside the cavity.
However, the angular velocity of the cylinder is another important parameter. The cylinder rotation
could improve the rate of the heat transfer at the enclosure aspect ratio (the cylinder radius to the
cavity size) is large. However, in the case of small aspect ratio (small cylinder), the rotation of the
cylinder could deteriorate the overall heat transfer inside the cavity. Wang et al. [14] studied the mixed
convection technique and entropy generation of a rotating hollow cylinder within a square hollow.
They found that the increase in rotation velocity boosts the total entropy generation. Many aspects of
mixed convection and heat transfer mechanisms within the geometry of a rotating cylinder in a square
cavity have been addressed. For example, the appearance of a porous medium layer [15], the location
of rotating cylinder [16], rotation speed [17,18], and two rotating cylinders [19] have been explored in
the literature.
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Enclosures with wavy (curved) walls have numerous practical applications in solar systems,
heat exchangers, and reactors. Hence, the convective heat transfer in enclosures with wavy walls has
been investigated in numerous recent studies. Adjlout et al. [20] questioned the natural convection
flow, including heat transfer in a tilted wavy wall cavity. They explored the influence of the number of
the undulations of the wall on the heat transfer. The undulation of hot wall reduced the heat transfer
rate for an inclination angle greater than 75◦. Bhardwaj et al. [21] analyzed the natural convection
heat transfer toward a porous-filled triangular cavity including a curved cold wall. They found
that undulations on the cold wall improve the heat transfer rate. Considering the wavy wall forms,
the entropy generation [22,23], non-uniform heating [24], partially heated wall [25,26], and micropolar
fluids [27] have been investigated in recent years.

Using nanotechnology in the improvement of heat transfer, by scattering nanosized solids with
high conductivity such as metal, metal oxide, and carbon single- and multi-layer tube in such base
fluids as water, oil, and other standard coolants has been investigated in the past decades [28].
Using nanofluids is considered as a proper choice in fluid-based cooling. Heat transfer of nanofluids
has, therefore, a wide variety of applications such as cooling electronic devices and chips. Considering
the considerable bulk of calculations and hence the generated heat, CPU and electronic chips need
fluids to be cooled, so nanofluids are cutting edge technology in this regard [29,30]. Therefore,
modeling the nanofluid heat transfer is a significant problem in this field. Accurate modeling of the
motion of nanoparticles into the base liquid has complexities. One of the recommended models for
simulating the heat transfer of nanofluids is Buongiorno’s two-phase approach. In this model, two
bold movements of nanoparticles, due to changes of temperature and volume fraction distribution,
are analyzed as valid parameters, along with other aspects of the classic equations of survival [31]. In
addition, in this model, the non-uniform distribution of nanoparticles is studied. On the other hand,
the migration of particles has an important role in heat transfer of nanofluid. As shown by Buongiorno
[31], two migration term called Brownian movement and thermophoresis effects have a significant role
in heat transfer of nanofluids. Many researchers have used Buongiorno’s two-phase model to simulate
the flow and heat transfer of nanofluids [32–39].

The accordance of mixed convection heat transfer due to the rigid rotating body is one of the
challenges of nanofluids heat transfer, about which few articles have been published. In this study,
by using Buongiorno’s model, mixed convection of a nanofluid in the cavity, along with warm
corrugated wall and a rigid rotating body, was analyzed. To the authors’ knowledge and according
to the literature mentioned above, the current study is unique and initiative. Moreover, when a
nanofluid is synthesized, it is placed into the application to see how the synthesized nanofluid could
improve the heat transfer. Various aspects, such as dynamic viscosity and migration of nanoparticles,
would participate in the heat transfer behavior of a nanofluid.

2. Mathematical Formulation

The mixed convective heat transfers into a wavy-walled cavity by length L and continues as
a rotating solid cylinder inside the center with radius r, as outlined in Figure 1. The left vertical
surface preserves a fixed cold temperature (Tc) while the right wavy surface remains at a higher
isothermal temperature (Th). The bottom and top surfaces are maintained adiabatic. All the edges of
the examined domain are expected to be impermeable, the fluid inside the hollow is a water-based
nanofluid having Al2O3 nanoparticles, and the Boussinesq approximation remains applicable. In the
present laminar flow study, the surface effects on the concentration distribution of nanoparticles are
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neglected. Examining the assumptions mentioned above, the continuity, momentum, and energy
equations regarding the laminar and steady convection are as follows:

∇ · v = 0, (1)

ρn f v · ∇v = −∇p +∇ · (μn f∇v) + (ρβ)n f (T − Tc)�g, (2)

(ρCp)n f v · ∇T = ∇ · (kn f∇T)− Cp,p Jp · ∇T, (3)

v · ∇ϕ = − 1
ρp

∇ · Jp, (4)

Since the inner cylinder denotes a moving mass block including an associated force, the energy
equation up the solid cylinder is:

(ρCp)svs · ∇T = ∇ · (ks∇T), (5)

where v is the velocity vector, vs = r × ω is the vector velocity over the solid cylinder surface, �g means
the gravitational acceleration vector, ϕ denotes the local nanoparticles volume fraction, and Jp is the
mass flux of nanoparticles. According to the two-phase nanofluid model, nanoparticles mass flux can
be formulated as:

Jp = Jp,B + Jp,T , (6)

Jp,B = −ρpDB∇ϕ, DB =
kbT

3πμ f dp
, (7)

Jp,T = −ρpDT
∇T
T

, DT = 0.26
k f

2k f + kp

μ f

ρ f T
ϕ. (8)

Tc

LL

L g r
Θ

Solid

Water

Al O2 3

�

0 0( ,    )x y

Tc

LL

L g r
Θ

Solid

Water

Al O2 3

��

0 0( ,    )x y

(a) Case 1 (ω) (b) Case 2 (−ω)

Figure 1. Schematic diagram of the physical model together with the coordinate system for: (a) Case 1,
counterclockwise (CCW); and (b) Case 2, clockwise (CW).

The thermophysical properties of nanofluids including effective thermal diffusivity, heat capacitance,
thermal expansion coefficient, and effective density are addressed as, respectively,

αn f =
kn f

(ρCp)n f
, (9)

(ρCp)n f = (1 − ϕ)(ρCp) f + ϕ(ρCp)p, (10)

(ρβ)n f = (1 − ϕ)(ρβ) f + ϕ(ρβ)p, (11)

ρn f = (1 − ϕ)ρ f + ϕρp. (12)
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The thermal conductivity ratio of Al2O3-water nanofluids calculated by the Corcione model [40] is:

kn f

k f
= 1 + 4.4Re0.4

B Pr0.66

(
T

Tf r

)10(
kp

k f

)0.03

ϕ0.66, (13)

where ReB is shown as [40]:

ReB =
ρ f uBdp

μ f
, uB =

2kbT
πμ f d2

p
. (14)

Here, kb = 1.380648 × 10−23(J/K) is the Boltzmann constant, l f = 0.17 nm is the mean path of
fluid particles, and d f is the molecular diameter of water given by Corcione [40] as:

d f =
6M

N∗πρ f
, (15)

where M denotes the molecular weight of the base liquid, N∗ means the Avogadro number, and ρ f is
the density of the base liquid toward the regular temperature (310 K).

We propose the following non-dimensional variables:

X =
x
L

, Y =
y
L

, V =
vL
ν f

, P =
pL2

ρn f ν2
f
, ϕ∗ = ϕ

φ
,

D∗
B =

DB
DB0

, D∗
T =

DT
DT0

, δ =
Th − Tc

Tc
,

θ =
T − Tc

Th − Tc
, θs =

Ts − Tc

Th − Tc
, R =

r
L

, Ω =
ωL2

α f
. (16)

Applying the variables mentioned above, the following dimensionless governing equations
are derived:

∇ · V = 0, (17)

V · ∇V = −∇P +
ρ f

ρn f

μn f

μ f

1
Re

∇2V +
(ρβ)n f

ρn f β f
Ri · θ, (18)

V · ∇θ =
(ρCp) f

(ρCp)n f

kn f

k f

1
Re · Pr

∇2θ +
(ρCp) f

(ρCp)n f

D∗
B

Re · Pr ·Le
∇ϕ∗ · ∇θ

+
(ρCp) f

(ρCp)n f

D∗
T

Re · Pr ·Le · NBT

∇θ · ∇θ

1 + δθ
, (19)

V · ∇ϕ∗ =
D∗

B
Re · Sc

∇2 ϕ∗ +
D∗

T
Re · Sc · NBT

· ∇2θ

1 + δθ
, (20)

Vs · ∇θ =
(ρCp)n f

(ρCp)s

ks

kn f
∇2θ, (21)

where V shows the dimensionless vector of velocity (U0, V0), DB0 = kbTc
3πμ f dp

is the reference coefficient of

Brownian diffusion
(

D∗
B = DB

DB0

)
, DT0 = 0.26

k f
2k f +kp

μ f
ρ f Tc

φ is the reference coefficient of thermophoretic

diffusion
(

D∗
T = DT

DT0

)
, Sc =

ν f
DB0

is Schmidt number, NBT = φDB0Tc
DT0(Th−Tc)

is the parameter of diffusivity

ratio (Brownian diffusivity/thermophoretic diffusivity), Le =
k f

(ρCp) f φDB0
is the Lewis number,
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Re = U0L
ν f

is Reynolds number, Ri = Gr
Re2 is Richardson number, and Pr = ν f /α f is the Prandtl

number for the base fluid. The dimensionless boundary conditions of Equations (17)–(21) are:

On the adiabatic top horizontal wall:

U = V = 0,
∂ϕ∗

∂n
= 0,

∂θ

∂n
= 0, (22)

On the cold left vertical wall:

U = V = 0,
∂ϕ∗

∂n
= −D∗

T
D∗

B
· 1

NBT
· 1

1 + δθ

∂θ

∂n
, θ = 0, (23)

On the heated right wavy wall: A(1 − cos(2NπX)), 0 ≤ Y ≤ 1

U = V = 0,
∂ϕ∗

∂n
= −D∗

T
D∗

B
· 1

NBT
· 1

1 + δθ

∂θ

∂n
, θ = 1, (24)

On the adiabatic bottom horizontal wall:

U = V = 0,
∂ϕ∗

∂n
= 0,

∂θ

∂n
= 0, (25)

θ = θs, at the outer solid cylinder surface, (26)

U = −Ω(Y − Y0), V = Ω(X − X0),
∂ϕ∗

∂n
= −D∗

T
D∗

B
· 1

NBT
· 1

1 + δθ

∂θ

∂n
,

∂θ

∂n
= Kr

∂θs

∂n
, (27)

where Kr = ks/kn f is the thermal conductivity ratio upper the surface of the rotating
conductive cylinder.

The boundary conditions for nanoparticles are dictated from the physics of nanofluid, in which
the nanoparticles cannot penetrate the surface of the enclosure. The hydraulic boundary conditions
are prescribed from the fact that the velocity of a fluid and the adjacent surface should be identical.
The thermal boundary conditions simulate the heat transfer of a rotating shaft in a housing. The cavity
is cooled by the side walls while the other side is subject to a process system of hot temperature.

Regarding the nanoparticles, we employed Buongiorno’s mathematical model to investigate the
concentration distribution of nanoparticles in the host fluid when the liquid is exposed to temperature
gradients. The size of variation in the size of the nanoparticles can affect the concentration distribution
of nanoparticles. As we used the average size of nanoparticles in a sample, the produced concentration
distribution would also show the average of possible concentration distributions. Such outcomes
could be adequate for most of the engineering designs.

The local Nusselt number (Nun f ) evaluated at the hot wavy wall of the cavity is represented by:

Nun f = − kn f

k f

(
∂θ

∂W

)
W

. (28)

In addition, we can define the interface local Nusselt number (Nui) evaluated at the interface wall
between the rotating conductive cylinder and the wavy-walled cavity as follows:

Nui = −
(

∂θs

∂S

)
S

. (29)

where W and S represent the total length of the wavy heater and the interface wall around the rotating
solid cylinder, respectively. The average Nusselt number evaluated at the hot wavy wall is defined
as follows:

Nun f =
∫ W

0
Nun f dW. (30)

196



Nanomaterials 2020, 10, 1138

3. Numerical Method and Validation

The dimensionless form of the governing equations in Equations (17)–(21) controlled by
dimensionless boundary conditions in Equations (22)–(27) were solved by the Galerkin weighted
residual finite element method. First, we transferred the momentum equations in Equation (18) to the
Cartesian X and Y coordinates as follows:

The momentum equation in the X-direction:

U
∂U
∂X

+ V
∂U
∂Y

= − ∂P
∂X

+
ρ f

ρn f

μn f

μ f

1
Re

(
∂2U
∂X2 +

∂2U
∂Y2

)
. (31)

The momentum equation in the Y-direction:

U
∂U
∂X

+ V
∂U
∂Y

= − ∂P
∂Y

+
ρ f

ρn f

μn f

μ f

1
Re

(
∂2V
∂X2 +

∂2V
∂Y2

)
+

(ρβ)n f

ρn f β f
Ri θ (32)

The Finite Element Method (FEM) was employed to solve the governing equations. Applying the
FEM to the momentum in Equations (31) and (32) leads to the following process:

Primary, we applied the penalty FEM by excluding the pressure (P) including a penalty parameter
(λ) as:

P = −λ

(
∂U
∂X

+
∂V
∂Y

)
. (33)

This led to the following momentum equations:

U
∂U
∂X

+ V
∂U
∂Y

=
∂λ

∂X

(
∂U
∂X

+
∂V
∂Y

)
+

ρ f

ρn f

μn f

μ f

1
Re

(
∂2U
∂X2 +

∂2U
∂Y2

)
,

U
∂V
∂X

+ V
∂V
∂Y

=
∂λ

∂Y

(
∂U
∂X

+
∂V
∂Y

)
+

ρ f

ρn f

μn f

μ f

1
Re

(
∂2V
∂X2 +

∂2V
∂Y2

)
+

(ρβ)n f

ρn f β f
Ri θ. (34)

The weak (or weighted-integral) formulation of the momentum equations was obtained by
multiplying the equation with an internal domain (Φ) and integrating it over the computational
domain. The following weak formulations were then obtained:

∫
Ω

(
ΦiUk ∂Uk

∂X
+ ΦiVk ∂Uk

∂Y

)
dXdY = λ

∫
Ω

∂Φi
∂X

(
∂Uk

∂X
+

∂Vk

∂Y

)
dXdY

+
ρ f

ρn f

μn f

μ f

1
Re

∫
Ω

Φi

(
∂2Uk

∂X2 +
∂2Uk

∂Y2

)
dXdY, (35)

∫
Ω

(
ΦiVk ∂Vk

∂X
+ ΦiVk ∂Vk

∂Y

)
dXdY = λ

∫
Ω

∂Φi
∂Y

(
∂Uk

∂X
+

∂Vk

∂Y

)
dXdY

+
ρ f

ρn f

μn f

μ f

1
Re

∫
Ω

Φi

(
∂2Vk

∂X2 +
∂2Vk

∂Y2

)
dXdY +

(ρβ)n f

ρn f β f
Ri
∫

Ω
Φiθ

kdXdY, (36)

where the superscript k is the relative index. The interpolation functions including any of the velocity
distribution, temperature, and the nanoparticle distribution are approximated by employing a basis
set {Φj}N

j=1 as,

V ≈
N

∑
j=1

VjΦj(X, Y), θ ≈
N

∑
j=1

θjΦj(X, Y), ϕ∗ ≈
N

∑
j=1

ϕ∗
j Φj(X, Y). (37)
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Then, the residual form of equations was computed by integrating the weak form of equations
over a discrete domain:

R(1)i =
m

∑
j=1

Uj

∫
Ω

[(
m

∑
j=1

UjΦj

)
∂Φj

∂X
+

(
m

∑
j=1

VjΦj

)
∂Φj

∂Y

]
ΦidXdY

+λ

[
m

∑
j=1

Uj

∫
Ω

∂Φi
∂X

∂Φj

∂X
dXdY +

m

∑
j=1

Vj

∫
Ω

∂Φi
∂X

∂Φj

∂Y
dXdY

]

+
ρ f

ρn f

μn f

μ f

1
Re

m

∑
j=1

Uj

∫
Ω

[
∂Φi
∂X

∂Φj

∂X
+

∂Φi
∂Y

∂Φj

∂Y

]
dXdY, (38)

R(2)i =
m

∑
j=1

Vj

∫
Ω

[(
m

∑
j=1

UjΦj

)
∂Φj

∂X
+

(
m

∑
j=1

VjΦj

)
∂Φj

∂Y

]
ΦidXdY

+λ

[
m

∑
j=1

Uj

∫
Ω

∂Φi
∂Y

∂Φj

∂X
dXdY +

m

∑
j=1

Vj

∫
Ω

∂Φi
∂Y

∂Φj

∂Y
dXdY

]

+
ρ f

ρn f

μn f

μ f

1
Re

m

∑
j=1

Vj

∫
Ω

[
∂Φi
∂X

∂Φj

∂X
+

∂Φi
∂Y

∂Φj

∂Y

]
dXdY

+
(ρβ)n f

ρn f β f
Ri
∫

Ω

(
m

∑
j=1

θjΦj

)
ΦidXdY, (39)

where the relative index is denoted by the superscript k and subscripts of i and j represent the residual
and node number, respectively. Here, m shows the iteration number. The integrals were performed
by second-order Gaussian quadrature. The Newton–Raphson iteration algorithm was applied to
iteratively solve the residual equations with the following stopping condition for every field variable:

∣∣∣∣Γm+1 − Γm

Γm+1

∣∣∣∣ ≤ η. (40)

where m represents the iteration number and η is the convergence criterion.
To verify the current numerical data, the outcomes were compared with earlier published

numerical outcomes achieved by Costa and Raimundo [13] concerning the problem of mixed
convection heat transfer into a cavity filled with pure liquid and heated vertically into the presence of
rotating cylinder, as depicted in Figure 2. The streamlines indicate the CW rotation for Ω = −500, 0,
and 500. At Ω = 500, the streamlines are more powerful than Ω = 0 and 500. In addition, the isotherms
show horizontal lines for Ω = 0 for both works. Besides, comparisons performed among the existing
streamlines, isotherms, and nanoparticles volume fraction inside a free cavity and the numerical ones
received by Corcione et al. [41] and Wang et al. [42] are demonstrated in Figure 3, where similar
nanoparticle distribution is recorded. In addition, for natural convection flow in a cavity filled with
nanofluid utilizing Buongiorno’s two-phase model as exhibited in Figure 4a, the average heat transfer
matched the experimental results of Ho et al. [43] and numerical outputs of Sheikhzadeh et al. [44]
and Motlagh and Soltanipour [36] with various Rayleigh numbers toward φ = 0.03. Figure 4b displays
a comparison among the current outcomes and the experimental arrangements of Putra et al. [45] and
the numerical result of Corcione et al. [41] using Buongiorno’s model and for various Rayleigh numbers
at φ = 0.01, N = 0, and R = 0. Figure 5 gives alternative observations concerning the enhancement
in the thermal conductivity and dynamic viscosity due to the addition of the Al2O3 nanoparticles
with two different experimental outcomes and the numerical outcomes of Corcione et al. [41] as well.
The maximum accuracy of the measurements of thermal conductivity in the study of Chon et al. [46]
(experimental) was 3.90%. The accuracy of viscosity measurements in the study of Ho et al. [43]
(experimental) was 1%. Based on those validations, the numerical results of the actual numerical code
significance to a great level of reliability.

198



Nanomaterials 2020, 10, 1138

Figure 2. Comparisons between the results of (top) Costa and Raimundo [13] and (bottom) the present
work for Ω = −500 (left), Ω = 0 (middle), and Ω = 500 (right) of streamlines (a) and isotherms (b) at
Ra = 105, N = 0, Kr = 1, R = 0.2, and Pr = 0.7.

Figure 3. Validations of (left) streamlines, (middle) isotherms, and (right) nanoparticle distribution
for (a) Corcione et al. [41], (b) Wang et al. [42], and (c) the present study at Ra = 3.37 × 105, φ = 0.04,
N = 0, and R = 0.
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Figure 4. Comparisons of the average Nusselt number of the current numerical work with: (a) the
experimental outcomes of Ho et al. [43], numerical outcomes of Sheikhzadeh et al. [44], and numerical
outcomes of Motlagh and Soltanipour [36] with various Rayleigh numbers for φ = 0.03; and (b) the
experimental outcomes of Putra et al. [45] and the numerical outcomes of Corcione et al. [41] with
various Rayleigh numbers at φ = 0.01, N = 0, and R = 0.
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Figure 5. Comparisons of: (a) thermal conductivity ratio between the current numerical results,
Chon et al. [46] (experimental), and Corcione et al. [41] (numerical); and (b) dynamic viscosity ratio
of the current results with Ho et al. [43] (experimental) and Corcione et al. [41] (numerical) at
Ra = 3.37 × 105, N = 0, and R = 0.

4. Results and Discussion

Current segment displays numerical outcomes concerning the streamlines, isotherms,
and nanoparticle distribution among two cases of the angular rotational velocity (Ω and −Ω),
Richardson number (0.01 ≤ Ri ≤ 100), nanoparticle volume fraction (0 ≤ φ ≤ 0.04), number of
undulations (0 ≤ N ≤ 4), and dimensionless radius of the rotating cylinder (0.05 ≤ R ≤ 0.25),
where the values of other parameters are fixed at Re = 100, ks = 0.76, Pr = 4.623, Le = 3.5 × 105,
Sc = 3.55 × 104, Θ = 360, and NBT = 4.1. The thermophysical properties of the base liquid and
solid Al2O3 phases are tabulated in Table 1. Following the Buongiorno’s model, the suspension of
nanoparticles is assumed a dilute suspension, and, hence, the outcomes could be valid for low volume
fractions of nanoparticles, i.e., φ < 0.05.
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Table 1. Thermophysical properties of base liquid with Al2O3 nanoparticles at T = 310 K [36,47].

Physical Properties Base Liquid Phase (Water) Al2O3

k (Wm−1K−1) 0.628 40
μ × 106 (kg/ms) 695 –

ρ (kg/m3) 993 3970
Cp (J/kgK) 4178 765

β × 105 (1/K) 36.2 0.85
dp (nm) 0.385 33

Figures 6 and 7 show the changes of streamlines and isotherms among the changes of Richardson
number (Ri) and also with clockwise and CCW rotations of the rigid body. In these figures, distribution
of volume fraction and remarkable changes with the variations of Ri can be observed. In general,
considering the momentum equation, the velocity of nanofluid increases with an increase of Ri, which
is indicated in maximum amounts of streamlines. Another notable point observed in streamlines in
both states is the occurrence of tiny whirlpools created by the increase of Ri. When Re is constant, an
increase of Ri leads to increase of Gr, and with the addition of buoyancy, the pattern of flow increase
and some whirlpools are observed at high values of Ri. In two states, as Ri increases, isothermal
lines change with a certain trend, so that with the increase of Ri, isothermal lines of corrugated wall
get closer to each other, as clearly observed at the lower corner of cavity. In the mentioned model,
nanoparticles movement is affected by two factors: Brownian and thermophoresis. In the state of
the low gradient for Ri, the temperature is very high. Thus, nanoparticles travel from the cool wall
toward the warm one, as a result of the temperature gradient. Among the rise of Ri and drop of the
gradient of temperature, the movement of nanoparticles will be confined to a couple of lines. However,
due to Brownian motion, the movement of nanoparticles near the rotating rigid body is observable;
therefore, as shown in Figure 6, the nanoparticles travel from the right wavy surface and middle of the
cavity to the bottom and left walls, especially the corners of the left wall. This trend can also be seen
for nanoparticle distribution in Figure 7. Furthermore, the thermophoresis force tends to move the
nanoparticles in a direction opposite to the temperature gradient. At the hot side of a nanoparticle,
the liquid molecules are with more energy, and the impact of collision of nanoparticles and the liquid
molecules induces a net force. This net force, thermophoresis force, tends to move the nanoparticles
from hot to cold. The Brownian motion tends to make the nanoparticles in the liquid uniform. Hence,
the Brownian motion exerts a net force on the nanoparticles to move them from a high concentration
area to a low concentration one. This way, the Brownian motion and thermophoresis forces adjust the
distribution of nanoparticles in a liquid in the presence of notable temperature gradients.

Figure 8 reveals the variations of local Nu against the warm wall and rotating rigid body, with an
addition of Ri. Since Ri raises, isothermal lines shown in Figure 6, near the corrugated wall, get closer
and become more dense and therefore the temperature gradient increases. Local Nu is also expected
to increase. The density of isothermal lines at the concave points of the corrugated wall is much
higher than at the convex points, and hence the local Nu gets its maximum value at the concave points.
By moving along the circumference of the rotating rigid wall, temperature gradient decreases and
gets a negative value. This negative gradient firstly increases and then drops. Afterwards, isothermal
lines will have a positive slope, and after passing the maximum point, the negative gradient decreases.
This trend accounts for the occurrence of a minimum and a maximum location at the local Nu of the
rotating rigid body. The same pattern is noticed for local Nu results in Figure 9.
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Figure 6. Variations of the (left) streamlines, (middle) isotherms, and (right) nanoparticle distribution
evolution by Richardson number (Ri) for Case 1 (Ω), φ = 0.02, N = 3, and R = 0.15.
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Figure 7. Variations of the (left) streamlines, (middle) isotherms, and (right) nanoparticle distribution
evolution by Richardson number (Ri) for Case 2 (−Ω), φ = 0.02, N = 3, and R = 0.15.
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Figure 8. Variations of local Nusselt number interfaces with (a) W and (b) S for different Ri at Case 1
(Ω), φ = 0.02, N = 3, and R = 0.15.
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Figure 9. Variations of local Nusselt number interfaces with (a) W and (b) S for different Ri at Case 2
(−Ω), φ = 0.02, N = 3, and R = 0.15.

Figure 10 shows the distribution of nanoparticles at the middle plane of the cavity (Y = 0.5)
along the X-direction. Figure 10a,b depicts the results for the rotating Cases 1 and 2, respectively.
As seen, both cases show similar behavior except the concentrations near the rotating cylinder. In both
figures, a sharp variation of particles concentration next to the hot and cold surfaces can be observed.
A high level of nanoparticles could be located at the cold surface. That is due to the thermophoresis
effect, which tends to move the nanoparticles of hot to cold zones. Close to the heated surface,
the concentration of nanoparticles is low. This is again due to the thermophoresis effect, which sweeps
the particles away from the hot surface. The intensity of the concentration boundary layer remains
minimum compared to the temperature and hydrodynamic boundary layers. This thin boundary layer
is the results of the vast Lewis and Schmidt numbers for nanofluids.
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Figure 10. Variations of local normalized solid volume fraction interfaces with the horizontal center
line (Y = 0.5) for different Ri at (a) Case 1 (Ω) and (b) Case 2 (−Ω) for φ = 0.02, N = 0, and R = 0.15.

Far from the walls, where the temperature gradients are smooth, a uniform concentration of
nanoparticles could be found. The consistent level of nanoparticles at such regions is due to the
Brownian motion effects, which tend to move the nanoparticles of an enormous concentration area
toward a low concentration one. At the center of the cavity, where the rotating disc is located, there are
no nanoparticles, and, hence, there is no concentration gradient. In the case of low Richardson number,
the influence of the cylinder’s rotation on the concentration distribution is minimal since the rotation
of the solid cylinder remains slow compared via the natural convection flow. In the case of high Ri,
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the concentration profiles are greatly affected by the rotation and shifted downward. This downward
shift is due to the change of the cold flow toward the down bottom of the cylinder.

Figure 11 represents the continuous increase of the average Nu, i.e., the heat transfer rate, with an
increase of Ri, for both cases. However, the maximum increase of heat transfer is observed at the
volume fraction of 3%. To investigate this trend with more analysis at constant amounts of Ri, the effects
of variations of volume fraction toward the average Nu was analyzed (Figure 12). For all values of
Ri, except for the case of Ri = 0.01, an optimum point is observed for the average Nu number. This
means that, given a constant Re, Gr increases with the increase of Ri. Thus, forced convection is
overshadowed by the free type. In the free convection of nanofluids, an addition of volume fraction
along with the rise in viscosity points to the decrease of heat transfer and, hence, for the geometry
studied, an increase of volume fraction after passing the maximum score heads to the reduction of Nu.
φ = 0.03 may be considered as the optimum point for volume fraction.
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Figure 11. Variations of the average Nusselt number with Ri for different φ for (a) Case 1 (Ω) and
(b) Case 2 (−Ω) at N = 3 and R = 0.15.
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Figure 12. Variations of the average Nusselt number with φ for different Ri at Case 1 (Ω), N = 3 and
R = 0.15.
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Figure 13 reveals the impact of increasing the number of grooves toward the flow patterns,
temperature, and heat transfer. At the two sides regarding the rigid body, streamlines have CCW
rotations, so that they are pulled toward the corrugations as the right warm wall gets corrugated.
The maximum value of streamline is seen at N = 2. Isothermal lines have a remarkable density
above the cool wall and below the warm wall, so that the density will be highly noticeable at the
concave points as the warm wall becomes corrugated. Primarily, the movement of nanoparticles has a
meaningful symmetry around the rigid body, so that with corrugating the warm wall and accordingly
the change of flow pattern and temperature, they are pulled into the concave regions of the warm wall
(Figure 13). Generally, via increasing N, the nanoparticles migration decreases. The concentration of
nanoparticles near the rotating cylinder at N = 4 is higher than other parts of the cavity. In different
values of N, the level of nanoparticles at the corner of the left and bottom walls is very notable.
Considering the isothermal lines, the maximum value of local Nu of the warm wall is seen at N = 4.
However, at X = L and Y = 0, the maximum value of Nu happens at N = 0. As noted above, local Nu
has some peaks at the concave points. For local Nu, the rotating rigid body has its minimum and
maximum values as a result of its high temperature gradient (Figure 14).

Figure 13. Variations of the (left) streamlines, (middle) isotherms, and (right) nanoparticle distribution
evolution by number of undulations (N) for Case 1 (Ω), Ri = 10, φ = 0.02, and R = 0.15.
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Figure 14. Variations of local Nusselt number interfaces with (a) W and (b) S for different N at
Case 1 (Ω), Ri = 10, φ = 0.02, and R = 0.15.

As displayed in Figure 15, the rate of heat transfer increases by the growth of Ri. At a relatively
low number of undulations N = 1, the highest volume of heat transfer rate and also the maximum
increase of it is observed by the rise of volume fraction of nanoparticles. The maximum amount of
heat transfer rate is seen at 0.02 < φ < 0.03.
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Figure 15. Variations of the average Nusselt number with (a) Ri and (b) φ for different N at Case 1 (Ω),
R = 0.15.

Figures 16–18 show the effects of size of rotating rigid body toward the patterns of flow and heat
transfer. Since the volume grows, vortexes get nearer to the body, and the rotations get more prominent
because the route of nanofluid has more barriers as the area of rigid body has more cases and thus
more massive vortexes are generated. At low values of R, the flow pattern makes the isothermal lines
become horizontal at a large area of the middle region of cavity. However, with the increase of R,
isothermal lines get a circle shape at the middle region and are still dense at the concave points of
warm wall. For all values of R, nanoparticles move from the left corner of the lower surface toward
the warm wall, especially the highest point of it. In addition, because of the movement of rigid body
and the corroboration of the Brownian motion of nanoparticles, the accumulation of nanoparticles is
also noticeable near the moving wall. This accumulation is maximum at R = 0.05.
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Figure 16. Variations of the (left) streamlines, (middle) isotherms, and (right) nanoparticle distribution
evolution by the radius of the rotating cylinder (R) for Case 1 (Ω), Ri = 10, φ = 0.02 and N = 3.

Considering the density of isothermal lines, the maximum amount of local Nu is seen at the first
concave region of all amounts of R. At the second concave region, considering the proximity of rotating
rigid body, the value of local Nu is maximum for large values of R, especially for R = 0.25. At the last
concave region, density of isothermal lines becomes very low and Nu is expected to be lower at the
third peak, compared to the other two peaks. This is clearly observed in Figure 17a. At R = 0.25, as a
result of density at the first two peaks and remarkable reduction of temperature gradient at the last
concave region, the behavior of local Nu is highly noticeable. Considering the isothermal lines, Nu of
rotating body may be described this way: nearly at the beginning of motion on the wall, temperature
gradient is negative, while at the symmetrically opposite region is positive. Thus, a Sin behavior in the
Nu of rotating wall, including a negative minimum and a positive maximum, is observed. Considering
the aggregation of temperature gradient at R = 0.25 and the presence of vortexes, local Nu has a
remarkable growth at its positive maximum, in comparison with other values of R (Figure 17b).
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Figure 17. Variations of local Nusselt number interfaces with (a) W and (b) S for different R at
Case 1 (Ω), Ri = 10, φ = 0.02, and N = 3.

Considering Figure 18, the maximum value of the average Nu is seen at R = 0.05, while for low
amounts of Ri, the maximum amount of average Nu occurs at R = 0.25. From Ri ≥ 10 and at all
values of R, the most significant heat transfer is detected at R = 0.05. With the increase of φ, a different
behavior for heat transfer is seen with various values of R. For all values of R, an optimum value of φ is
seen and, for various states of R, the following values for volume fraction can be offered, which result
in the highest amount of heat transfer: 0.05 < R < 0.2 and φ = 0.025 as well as R = 0.25 and φ = 0.01.
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Figure 18. Variations of the average Nusselt number with (a) Ri and (b) φ for different R at Case 1 (Ω),
N = 3.

5. Conclusions

Combined convection flow and heat transfer mechanisms toward an enclosed cavity including
heated wavy surface and rotating circular cylinder were examined numerically using Buongiorno’s
two-phase approach. The current outcomes have directed the following concluding statements:

1. An addition of the average Nu with the rise of Ri, for both CW and CCW rotating, is experienced.
In addition, the maximum increase of heat transfer is perceived toward the nanoparticles volume
fraction of 3%.

2. The most significant amount of streamline is noticed at a relatively high number of undulations
N = 2.
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3. In the situation of rotating the solid cylinder in counterclockwise (Case 1), the maximum mean
Nusselt number is observed at singular undulation N = 1 and the nanoparticles volume fraction
in the range 0.02 < φ < 0.03.

4. For the case of ruled natural convection (Ri ≥ 10) and all amounts of R, the maximum significance
of heat transfer is recognized at R = 0.05.

5. For all amounts of R, an optimum value of φ is seen and, for various states of R, the following
values for volume fraction can be offered, which result in the highest amount of the heat transfer
rate: 0.05 < R < 0.2, φ = 0.025, and R = 0.25, φ = 0.01.
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Abstract: This study investigated the laminar convective heat transfer and fluid flow of Al2O3

nanofluid in a counter flow double-pipe heat exchanger equipped with overlapped twisted tape
inserts in both inner and outer tubes. Two models of the same (co-swirling twisted tapes) and opposite
(counter-swirling twisted tapes) angular directions for the stationary twisted tapes were considered.
The computational fluid dynamic simulations were conducted through varying the design parameters,
including the angular direction of twisted tape inserts, nanofluid volume concentration, and Reynolds
number. It was found that inserting the overlapped twisted tapes in the heat exchanger significantly
increases the thermal performance as well as the friction factor compared with the plain heat exchanger.
The results indicate that models of co-swirling twisted tapes and counter-swirling twisted tapes
increase the average Nusselt number by almost 35.2–66.2% and 42.1–68.7% over the Reynolds number
ranging 250–1000, respectively. To assess the interplay between heat transfer enhancement and
pressure loss penalty, the dimensionless number of performance evaluation criterion was calculated
for all the captured configurations. Ultimately, the highest value of performance evaluation criterion
is equal to 1.40 and 1.26 at inner and outer tubes at the Reynolds number of 1000 and the volume
fraction of 3% in the case of counter-swirling twisted tapes model.

Keywords: overlapped twisted tape; two-phase; heat transfer; nanofluid; double-pipe

1. Introduction

In thermal engineering systems, convective heat transfer involves wide applications, including
fuel cells [1], refrigeration [2], electronic device cooling [3], solar air collectors [4], and aerospace
engineering [5]. The rise of energy demand at the turn of the new century has provoked the attention
of researchers in this field of study to promote the efficiency of thermal energy systems. To increase
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the thermohydraulic performance of engineering systems, different techniques have been proposed,
among which using twisted tape inserts has been widely used [6,7]. Twisted tape generates a swirl flow
that disturbs boundary layers of velocity and temperature inside the tube, which directly improves the
heat transfer coefficient in a tube [8–11]. Applying additive nanoparticles to the base fluid to enhance
the thermophysical properties of the working fluid has also been considered as an effective technique
to modify heat transfer [12,13]. The hybrid nanofluids such as Ag–MgO–water [14,15], Ag–TiO2 [16],
Cu–Al2O3 [16,17], and MgO–MWCNTs/EG [18] as well as using of nonencapsulated phase change
material suspension [19] are also promising for enhancement of heat transfer. On the other hand,
combining different techniques to promote the thermohydraulic performance of thermal engineering
systems as much as possible has been paid a lot of attention in recent years [20,21].

One of the recent compound methods in heat transfer enhancement is the hybrid employment of
nanofluids and inserted twisted tapes [22]. In what follows, the recent achievements of such problem
are discussed. Some researchers have focused on the effects of pitch and width ratios of twisted tapes.
Jaramillo et al. [23] used the twisted tape inserts in a parabolic collector. Their results indicate the
higher thermal performance of the collector in low twisted ratios operating at low values of Reynolds
number. This type of collector equipped with wall-detached twisted tape inserts was also investigated
numerically by Mwesigye et al. [24]. They showed that, as twist ratio increases and width ratio reduces,
the optimal Reynolds number enhances. A numerical study of a tri-lobbed tube equipped with twisted
tapes was performed by Esfe et al. [25]. They showed that pitch ratio enhancement causes an increase
in Nusselt number, friction factor, and overall thermal performance.

Using twisted tapes in double-pipe heat exchangers has also been examined by many researchers.
The use of twisted tape elements in the inner tube of a double-pipe heat exchanger with clockwise and
counterclockwise swirling directions was performed experimentally by Man et al. [26]. The results
indicate a higher heat exchanger efficiency by using twisted tape inserts so that the highest PEC
number was equal to 1.42 and was reported under the empirical conditions. The use of twisted tapes
in a double-tubes at various pitch ratios was examined by Lim et al. [27]. They predicted heat transfer
characteristics for different Reynolds number values. Ravi Kumar et al. [28] evaluated the thermal
performance of a double-tube U-bend system inserting twisted tapes using the ε-NTU method and
found higher effectiveness and number of heat transfer units.

Another enhancement technique of twisted tape inserts is to enhance the flow mixing and
secondary flow effects by changing the geometry of twisted tapes. Saylroy and Eiamsa-ard [29]
analyzed square-cut twisted-tape inserts in a circular tube and showed the highest PEC number of
1.37 with thermal performance improvement of about 1.32 times higher than the classically twisted
tape inserts. In another study [30], they investigated the multi-channel twisted tapes with constant
wall temperature. They showed an enhancement of laminar convection heat transfer by applying such
twisted tapes. He et al. [31] applied to cross hollow twisted tape inserts in a tube to study the thermal
characteristics empirically. They showed that the PEC number ranges from 0.87 to 0.98 for Reynolds
numbers varying from 5600 to 18,000. Samruaisin et al. [32] embedded quadruple twisted tapes in a
tube to analyze experimentally and numerically the efficacies of twisted tape arrangement and free
space ratio in a turbulent regime. They reported the maximum value of 1.27 for PEC numbers in the
range of studied operational conditions. Ruengpayungsak et al. [33] investigated centrally perforated
twisted tape inserts numerically in both laminar and turbulent regimes. They reported the maximum
value for PEC number equal to almost 8.92 and 1.33 for laminar and turbulent regimes, respectively.
Hasanpour et al. [34] investigated a corrugated tube inserting twisted tapes using the optimization
method on experimental tests. The maximum heat transfer rate is gained at V-cut twisted tape model,
and the minimum pressure drop is achieved at perforated twisted tape model.

The application of using nanofluid combined with twisted tape is also studied. Sunder et al. [26]
examined a solar water heater experimentally using passive techniques of nanofluid and twisted tape.
They concluded that, for Reynolds number equal to 13,000 with 3% nanoparticles, 49.75% enhancement
in heat transfer was achieved for the case in the presence of twisted tape with a pitch to diameter ratio
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of 5, while it is equal to only 21% for the plain tube. Qi et al. [35] accomplished an experimental study
of convective nanofluid employing rotating and static built-in twisted tapes. They showed that using
rotating twisted tape along with the nanofluid results in a 101.6% enhancement in heat transfer.

Another form of twisted tape inserts technique to enhance the thermal performance over the
pumping power penalty, namely overlapped twisted tapes. Hong et al. [36] conducted an empirical
study of a spiral grooved tube equipped with twin overlapped twisted tapes with Reynolds numbers of
8000 to 22,000, showing an enhancement in both heat transfer and friction coefficient as the overlapped
twisted ratio augments. In another study [36], they employed overlapped multiple twisted tapes in
a similar experiment. They showed higher entropy generation due to friction resistance and lower
entropy generation due to heat transfer for a higher number of tapes and lower overlapped twisted
ratios. Eiamsa-Ard and Samravysin [37] conducted an empirical study on overlapped-quadruple
twisted tape inserts comparing to typical quadruple twisted tape elements for various Reynolds number
under a turbulent regime. They reported the maximum value of 1.58 for PEC number at Reynolds
number of 5000. Eiamsa-Ard et al. [37] in a numerical and experimental study employed overlapped
dual twisted tapes along with nanofluid using TiO2 nanoparticles. They showed an 89% enhancement
in heat transfer and 113% in thermal performance compared with the plain tube. Overlapped dual
twisted tapes along with Al2O3 nanofluid were studied by Rudrabhiramu et al. [38]. They reported
that using 1% nanofluid volume concentration and twisted tape twist pitch ratio of 2 causes the best
result compared to all other captured cases.

According to the aforementioned literature review, the simultaneous implementation of various
enhancement techniques leads to hybrid effects that offer higher thermal performance relative to the
corresponding values achieved from each method. Applying both nanofluid and twisted tape inserts
has been introduced as a promising way. However, reviewing the preceding papers reveals that the
effects of overlapped twisted tape inserts in inner and outer tubes of double-pipe heat exchangers are
rarely discussed in the literature. Motivated by this research gap, the main objective of this study was
to investigate the heat transfer enhancement and fluid flow characteristics of Al2O3 nanofluid in a
double-pipe counter flow heat exchanger equipped with overlapped twisted tape inserts in inner and
outer tubes with the same and opposite angular directions. Different effective parameters, including
Reynolds number and the volume fraction of nanoparticles, were also analyzed by various contour
plots and diagrams.

2. Problem Statement

Figure 1 schematically shows the counter flow double-pipe system equipped with overlapped
twisted tapes in inner and outer tubes. The inner and outer tubes diameters are 10 and 29 mm,
the thickness of the twisted tape is 0.4 mm with equivalent pitches of 100 mm. Two models for
embedding the overlapped twisted tapes are considered: in the first model, the inner and outer twisted
tapes swirl in the same angular direction (Co-STT as an abbreviation of co-swirling twisted tapes),
and, in the second model, the inner and outer twisted tapes swirl in an opposite angular direction
(Counter-STT as an abbreviation of counter-swirling twisted tapes). The plain heat exchanger (PHE) is
also studied compared with the twisted tape cases. Al2O3–water nanofluid enters the inner and outer
tubes at a temperature of 300 K, considering four different Reynolds numbers.
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Figure 1. (a) Current study Schematic diagram with overlapped twisted tapes; and (b) comparison of
the different proposed cases.

2.1. Governing Equations

A steady-state laminar incompressible Al2O3–water nanofluid flow neglecting the effects of
radiation and viscosity losses is studied. The two-phase mixture model is used to simulate Al2O3

nanoparticles dispersed in water as follows:

• Continuity equation:
→∇.
(
ρm
→
Vm

)
= 0 (1)

• Momentum equation:
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where the drift velocity of the secondary phase drift is computed from:

→
Vdr,k =

→
Vk −
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Vm (3)

• Energy equation:
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[∑n

k=1

(
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)
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Vm andρm are the average mass velocity and mixture density, respectively, which are determined as:

→
Vm = 1/ρm

(∑n

k=1
φkρk

→
Vk

)
(5)

ρm =
∑n

k=1
φkρk (6)

In Equation (5), φk represents the volume fraction of the mixture kth phase.
The relative velocity for the two phases and the mixture viscosity are calculated as:

→
Vp f =

→
Vp −

→
V f (7)
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μm =
∑n

k=1
φkμk (8)

The relative velocity proposed by Manin [39] and Shiller Newman drag function [40] are used
as follows:

→
Vp f =

ρpd2
p

(
ρp − ρm

)
18μ f fdragρp

[
g−

(→∇.
→
Vm

)→
Vm

]
(9)

fdrag =

{
1 + 0.15Re0.687

p ; Rep ≤ 1000
0.0183Rep ; Rep > 1000

(10)

Hence, the drift velocity is given as:

→
Vdr,p =

→
Vp f −

∑n

k=1

(
φkρk

ρm

→
V f k

)
(11)

2.2. Nanofluid Thermo-Physical Properties

The thermophysical properties of water–Al2O3 nanofluid are presented in Equations (12)–(15).
The density of water–Al2O3 nanofluid is calculated using Khanafer and Vafai [41] model as follows:

ρn f = (1−φ)ρ f + φρs (12)

The specific heat capacity of water–Al2O3 nanofluid is defined using Bianco et al. [42] model as
Equation (13): (

ρcp
)
n f

= (1−φ)
(
ρcp

)
f
+ φ

(
ρcp

)
s

(13)

The effective dynamic viscosity of water–Al2O3 nanofluid is determined using Maiga et al. [43]
model as below:

μn f =
μ f

(1−φ)2/5
(14)

The effective conductivity of water–Al2O3 nanofluid is calculated using Qi et al. [35] model as the
following equation:

kn f = 1 + 2.72φ+ 4.97φ2 (15)

The water–Al2O3 nanofluid with three values of volume fractions are listed in Table 1.

Table 1. Water–Al2O3 nanofluid thermo-physical properties.

Nanoparticle Properties

ρ
(

kg
m3

)
cp

(
J

kgK

)
k
(

W
mK

)
μ(Pa s)

3880 733 36 -

Nanofluid Properties

ρ
(

kg
m3

)
cp

(
J

kgK

)
k
(

W
mK

)
μ(Pa s)

φ = 0 998.2 4182 0.6 1.00 × 10−03

φ = 0.01 1027.018 4147.51 0.616618 0.001089
φ = 0.02 1055.836 4113.02 0.633833 0.001199
φ = 0.03 1084.654 4078.53 0.651644 0.001334

2.3. Boundary Conditions and Data Deduction

At the heat exchanger, inner and outer tubes inlet, uniform velocity and temperature profiles
are applied to the boundary conditions. At the outlets, zero relative gauge pressure is considered.
The outer wall of the outer tube is thermally isolated, and the coupled-wall boundary is used in the
interface wall.
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The hydrothermal parameters employed in this study are defined as follows:

Dh =
4A
P

(16)

f =
2ΔPDh

ρn f U2
mL

(17)

h =
q

Tw − Tb
(18)

Nux =
hxDh

k
(19)

Nuavg =
1
L

∫ L

0
Nuxdx (20)

PEC =
Nu/Nu0

( f / f0)
1/3

(21)

3. Numerical Procedure

The commercial ANSYS-FLUENT code was employed in this study using the Coupled algorithm
for velocity–pressure coupling using the second-order upwind scheme. The convergence criteria for
energy and Navier–Stokes equations were considered 10−6.

3.1. Grid Study

Figure 2 depicts the meshing of the computational domain, which is fully structured to enhance
the quality of the results along with reducing the computational time. Finer mesh near the walls due to
the presence of severe velocity and temperature gradients is also considered.

 

Figure 2. The meshing of the computational domain.

Grids with different numbers of mesh elements are examined considering the average Nusselt
number as the criteria to examine the grid independency. Table 2 presents the cases considered for
mesh independence analysis. The percentage of the difference between two consecutive grids are also
presented. Case 5 is chosen for all the simulations, since using finer meshing leads to relative errors
less than two percent.
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Table 2. Grid independency analysis.

Case Number of Elements Nusselt Number Error (%)

3 2,000,000 15.53 -
4 2,750,000 14.36 7.53
5 3,500,000 13.87 3.41
6 4,250,000 13.65 1.59
7 5,000,000 13.55 0.73

3.2. Validation

To verify the code, the experimental results of Qi et al. [35] for the average Nusselt number for
laminar nanofluid flow in a circular tube made of stainless steel using stationary and rotating twisted
tapes were used. They used a motor to drive the rotation of the twisted tape which was set to 5 RPM.
They experimentally examined different concentrations of TiO2/water nanofluid (0.1%, 0.3%, and 0.5%)
at different Reynolds numbers (600–7000) in a circular tube, with inner diameter, thickness and length
of 22, 2, and 1400 mm (only the middle section (1000 mm) was used as the test section), respectively,
equipped with twisted tape inserts with the length, pitch size, width, and thickness of 1600, 100, 16,
and 2 mm, respectively. They chose relatively low mass concentrations of nanoparticles to reach a
better stability for the nanofluid. They discussed the results based on the line relationship between the
shear stress and shear rate that TiO2 nanofluids can be approximately regarded as a kind of Newtonian
fluid, and the non-Newtonian effects can be ignored.

Figure 3 displays the average Nusselt number for the stationary twisted tape with nanofluid
volume concentration of 0.5% at different Reynolds numbers ranging from 600 to 2200. As shown,
the results are in excellent agreement with the experimental data of Qi et al. [35] where the maximum
difference is less than 3.5%, as displayed in Table 3.

 
Figure 3. Validation results with the study of Qi et al. [35]. Reproduced with permission from [35].
Copyright Elsevier, 2020.
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Table 3. Deviation of current numerical results from experimental data [35]. Reproduced with
permission from [35]. Copyright Elsevier, 2020.

Experimental Data [35] Present Numerical Results Error (%)

11.6901 11.6316 0.5004
13.4444 13.31 0.9997
14.9064 14.7573 1.0002
15.462 16.0032 3.5002
16.7485 16.9997 1.4999
17.2749 18.1386 4.9998
18.6491 18.9288 1.4998
19.2047 19.7808 2.9998
20.3158 20.4174 0.5001

4. Results

Two models for embedding the overlapped twisted tapes were considered: in the first model,
the inner and outer twisted tapes swirl in the same angular direction (Co-STT), and, in the second, model,
the inner and outer twisted tapes swirl in an opposite angular direction (Counter-STT). The proposed
models were analyzed for four Reynolds numbers (250, 500, 750, and 1000) employing Al2O3 nanofluid
at four concentrations (0, 1, 2, and 3%). It should be noted that, in the following, first, the different
cases shown in Figure 1 are examined using pure water as the HTF to find the best configuration. Then,
for the best system, the effects of nanoparticle concentration are assessed.

4.1. Effect of Double-Pipe Configurations

The distribution of bulk temperature in the heat exchanger inner and outer tubes throughout the
channel length for water as the working fluid at various Reynolds numbers is displayed in Figure 4.
The fluid temperature from the inlet to outlet is different for inner and outer tubes so that the fluid
flowing through the outer tube experiences fewer changes than that for the inner tube. The reason is
because of the difference in mass flow rate values of inner and outer tubes since the higher mass flow
rate at the outer tube causes fewer changes in the fluid temperature along the heat exchanger length.
It is also visible that the fluid temperature undergoes more changes in lower Reynolds numbers due to
the lower fluid velocity resulting in more time for fluids flowing through the inner and outer tubes
from the heat exchanger’s inlet to outlet to exchange heat. Another point that is visible in this figure
is that, at a given Reynolds number, the fluid outlet temperature in PHE is different compared with
Co-STT and Counter-STT cases so that the twisted tape cases show a higher temperature difference
between the heat exchanger inlet and outlet in comparison with the PHE. In fact, at a given Reynolds
number, higher variation in fluid temperature from inlet to outlet implies higher heat transferring
between the fluid flowing through inner and outer tubes resulting in higher heat exchanger efficiency.
As a result, applying twisted tapes in both tubes of the heat exchanger causes a thermal enhancement.
The reason is that in the twisted tape cases, secondary flow is created as a result of flow swirling,
which consequently improves the flow mixing, disturbs the thermal boundary layer and enhances the
heat transfer rate. In other words, the twisted tape redirects the colder core fluid with a better cooling
capability to the heat exchanger interface wall causing higher thermal performance of the system.

For a better comparison between the bulk temperature distributions of the proposed cases along
the heat exchanger length at a given Reynolds number, Figure 5 illustrates the local bulk temperature
at the Re = 250. It is visible that the temperature difference of the heat exchanger’s inlet and outlet is
higher in Co-STT and Counter-STT cases in comparison with the PHE. Comparing the two cases of
Co-STT and Counter-STT, a slightly higher fluid temperature difference of the heat exchanger’s inlet
and outlet is visible in the Counter-STT case due to the opposite angular direction of the twisted tapes
in the inner and outer tubes.
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Figure 4. Local bulk temperature distribution along the length of the tube at Reynolds number of
250 for: (a) PHE; (b) Co-STT; and (c) Counter-STT.

 
Figure 5. Local bulk temperature distribution along the length of the tube for PHE, Co-STT and
Counter-STT at Reynolds number of 250.
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Figure 6 displays the heat flux between the inner and outer tubes for different proposed cases.
As shown, the transferred heats for the double-pipe inserts (Cases 2 and 3) are much higher than that
for Case 1. Besides, Case 3 has a slight advantage compared with Case 2 according to the transferred
heat flux between the pipes. For example, for the Reynolds number of 250 and φ = 0, the heat flux for
Case 3 is 6.67 W, which is 29.62 and 4.82% higher than Cases 1 and 2, respectively.

Figure 6. Local bulk temperature distribution along the length of the tube for PHE, Co-STT and
Counter-STT at Reynolds number of 250.

To better quantify the heat transfer rate, the average variations of the Nusselt number of the heat
exchanger’s inner and outer tubes for various cases of PHE, Co-STT, and Counter-STT are shown
in Figure 7 at four different Reynolds number. Using Co-STT and Counter-STT cases increases the
average Nusselt number by about 35.24 and 42.09% at Reynolds number of 250; 43.18 and 52.46%
at Reynolds number of 500; 54.15 and 61.05% at Reynolds number of 750; and 66.20 and 68.69% at
Reynolds number of 1000 with respect to the PHE, respectively. Analyzing the enhanced Nusselt
number percentage for different cases of the inserted twisted tape implies that the Counter-STT case
leads to higher thermal performance compared with the Co-STT case, and both are significantly better
in heat transfer enhancement than PHE. In addition, higher Nusselt number values for higher Reynolds
numbers due to the enhancement of the advection phenomenon and more fluid momentum is visible
at this figure.

Figure 7. Average Nusselt number for PHE, Co-STT, and Counter-STT at various Reynolds numbers.
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Figure 8 demonstrates the friction coefficient variations for the cases of PHE, Co-STT,
and Counter-STT at different Reynolds numbers. Applying twisted tape increases the friction
coefficient due to the added surface area and flow blockage created by the twisted tape inserted in
the tube. Furthermore, there is no difference between the friction coefficient values of the Co-STT
and Counter-STT cases as the secondary flow intensity, added surface area, and flow blockage effects
are the same in both cases. Moreover, the friction coefficient decreases at higher Reynolds numbers.
This can be explained using Equation (17) in which there exists velocity to the power of two in the
denominator of friction coefficient correlation.

Figure 8. Variations of friction coefficient for different cases of PHE, Co-STT, and Counter-STT at
various Reynolds numbers.

Figure 9 shows the cross-sectional velocity contours for PHE, Co-STT, and Counter-STT at Re = 250.
It is visible that applying the twisted tapes at both inner and outer tubes redirects the core fluid with
higher velocity and heat transfer capacity to the vicinity of the interface wall causing higher thermal
performance. There is no difference between the velocity contours of Co-STT and Counter-STT cases
since the direction of the twisted tape does not affect the velocity distribution. In addition, comparing
the red colors of different cases, showing higher velocity at the fluid core, it can be implied that
the twisted tapes create a secondary flow and better mixing causing higher velocity and advection
phenomenon near the interface wall, and, as a result, a higher heat transfer rate is obtained.

 
(a) (b) (c) 

Figure 9. Cross-sectional velocity contours at the Reynolds number of 250 for: (a) PHE; (b) Co-STT;
and (c) Counter-STT.
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Figure 10 displays the cross-sectional temperature contours for PHE, Co-STT, and Counter-STT
at the Reynolds number of 250. The PHE temperature contours show the normal development of
thermal boundary layer in both inner and outer tubes as the fluid flows through the unit; however,
the temperature contours at the cases of Co-STT and Counter-STT are different so that the thermal
boundary layer disturbance occurs and secondary flow and better flow mixing affect the boundary layer
causing higher heat exchanger efficiency. Moreover, looking at the temperature distributions at the
tubes’ outlet implies the fact that using twisted tape causes a higher amount of fluid to participate in the
heat transfer process between the tubes due to the presence of secondary flow and better flow mixing
by substituting the fluid near the interface wall with the core fluid and vice versa. Comparing the
temperature distribution for the two cases of Co-STT and Counter-STT shows that, in the Counter-STT
case, the secondary flow at both tubes causes the regions with thinnest thermal boundary layer in both
tubes to be in direct contact with each other and are placed in the same angular direction, resulting in
higher thermal performance in comparison with Co-STT case. Thus, the regions in the outer tube with
the thinnest thermal boundary layer are in direct contact with the regions in the inner tube with the
thickest thermal boundary layer.

 
(a) (b) (c) 

Figure 10. Cross-sectional temperature contours at Reynolds number of 250 for: (a) PHE; (b) Co-STT;
and (c) Counter-STT.

Figure 11 illustrates the temperature contour at the interface wall of the heat exchanger for
PHE, Co-STT, and Counter-STT at the Reynolds number of 250. The temperature distribution on the
interface wall implies the intensity of the secondary flow affecting the interface wall. In the PHE,
the temperature enhances uniformly as the fluid flows along the heat exchanger length showing the
thermal boundary layer development. In contrast, in the presence of twisted tapes in the inner and
outer tubes, the disturbance in the thermal boundary layer increases, which is enhanced in Counter-STT
compared with Co-STT, implying higher thermal performance.
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(a) (b) (c) 

Figure 11. Temperature contours on the interface wall of the heat exchanger at Reynolds number of
250 for: (a) PHE; (b) Co-STT; and (c) Counter-STT.

4.2. Effect of Nanoparticle Concentration on the Performance of Counter-STT Compared with Co-STT

To investigate the effects of Al2O3 nanofluid in the case of Counter-STT, Figure 12 depicts the
variations of Nusselt number at the inner and outer tubes in terms of Reynolds number at various
volume concentrations of the nanofluid. For all Reynolds numbers, adding nanoparticles to the
base-fluid augments the Nusselt number at both inner and outer tubes of the heat exchanger results
in the higher thermal efficiency of the heat exchanger. Dispersing nanoparticles modifies the fluid
thermal properties, including thermal conductivity, resulting in a higher heat transfer rate.

                                      (a)                               (b) 

Figure 12. Average Nusselt number for different volume fractions of nanoparticles in terms of Reynolds
number for Counter-STT case at (a) inner and (b) outer tubes of the heat exchanger.

Figure 13 depicts the variations of friction factor at the inner and outer tubes in terms of
Reynolds number at various volume concentrations of the nanofluid in the case of Counter-STT.
Using nanoparticles enhances the viscosity of the fluid, causing higher friction coefficient magnitudes.
Moreover, using nanofluids in such geometries, including twisted tape inserts causing intense flow
mixing and secondary flow, seems to be beneficial as it prevents undesirable phenomena, including
the possible agglomeration and sedimentation of nanoparticles.
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                  (a) (b) 

Figure 13. Variations of friction coefficient in terms of Reynolds number for different volume fractions
of nanoparticles for Counter-STT case (a) inner and (b) outer tubes of the heat exchanger.

As discussed above, the twisted tape inserts augment both the heat transfer rate as a desirable
objective and friction coefficient as an undesirable parameter. Therefore, there is a trade-off between
the benefits of using twisted tape in thermal performance enhancement and the side effects in forcing
more pumping power to the system. To analyze this issue, the dimensionless PEC introduced in
Equation (21) is discussed here. In fact, this number is employed to evaluate the practical use of
any enhancement techniques in the viewpoint of energy-saving potential. Generally, higher values
of PEC imply superior energy saving. Figure 14 illustrates the PEC parameter for PHE, Co-SST,
and Counter-SST at the inner and outer tubes. Using nanofluid and increasing its volume concentration
results in higher PEC values showing more enhanced heat transfer than enhanced friction coefficient
in such configurations. In addition, it can be observed that, for a higher Reynolds number, the PEC
number enhances as well, implying better energy saving in higher velocities of the inlet fluid flowing
through both inner and outer tubes. Moreover, the figure shows that the Counter-STT model yields
higher PEC values compared with that for the Co-STT model in all Reynolds numbers and nanofluid
volume concentrations. Ultimately, the highest value of PEC number is equal to 1.40 and 1.26 in the
inner and outer tubes, which are found at Re = 1000, the volume fraction of 3%, and Counter-STT model.

                      (a) 

 

(b) 

Figure 14. PEC parameter at different Reynolds numbers and nanoparticles volume fractions for
different cases of: (a) Co-STT; and (b) Counter-STT.
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5. Conclusions

Benefiting from the compound heat transfer enhancement techniques of overlapped twisted tape
and nanofluid, this study numerically investigated the flow of Al2O3 nanofluid through a counter flow
double pipe in which both inner and outer tubes are equipped with overlapped twisted tape inserts in
two models of the same (Co-STT) and opposite (Counter-STT) angular directions. A parametric study
was conducted to evaluate the effect of key design variables, including the angular direction, Reynolds
number, and nanofluid volume fraction on the thermo-hydraulic characteristics of such a configuration.
Dimensionless number of PEC was employed to assess the trade-off between enhancement in heat
transfer and pressure drop. The following outcomes are obtained from this study:

• Using Co-STT and Counter-STT, respectively, increase the average Nusselt number by about
35.2–66.2% and 42.1–68.7% over the Reynolds number ranging 250–1000 due to the creation of
secondary flow and more intense flow mixing in the presence of overlapped twisted tape inserts.
Ultimately, it was shown that the highest values of PEC number are equal to 1.40 and 1.26 for the
inner and outer tubes, respectively, which are found at the Reynolds number of 1000, the volume
fraction of 3% and Counter-STT model. The finding of this research provides a framework for
researchers working on novel combined techniques for heat transfer enhancement.
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Nomenclature

A area (m2) Greek symbols

cp specific heat transfer (J/kg.K) ϑ kinematic viscosity (m2/s)
f friction coefficient μ dynamic viscosity (kg/ms)
f0 friction coefficient of plain channel ρ density (kg/m3)
F body force (N) φ nanofluid concentration
g gravitational acceleration (m/s2) θ dimensionless temperature
h heat transfer coefficient (W/m2K) Subscripts

k thermal conductivity (W/mK) ave average
n number of phases b bulk
p pressure (Pa) m mixture
q” heat flux (w/m2) f fluid
Re Reynolds number i inner tube
T temperature (K) o outer tube
V velocity vector (m/s) nf nanofluid
Vdr drift velocity Abbreviations

Vf fluid velocity Co-STT co-swirling twisted tapes
Vp particle velocity Counter-STT counter-swirling twisted tapes

PHE plain heat exchanger
IT inner tube
OT outer tube
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