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ABSTRACT

Many studies show that nanofluids, especially with carbon nanotubes, improve heat transfer.
Other studies show that a nanofluid is a good candidate for solar systems because of its good
absorptivity. We are facing an increasing number of miniaturized and more powerful systems.
Especially in microelectronics, small heat sinks with high heat transfer are being developed,
called micro-channel heat sinks (MCHS). In this paper, the heat transfer behavior of carbon
nanotube—water nanofluid in a microchannel solar collector is studied experimentally. The
exchanger is composed of 16 micro-channel hydraulic diameters of 1 mm and a glass or quartz
cover with a surface area of 25 cm?® Solar radiation is simulated by a halogen lamp. The
experimental set-up includes a solar meter, pressure, and temperature sensors, and it is allowed
to control the flow. The nanofluid is a solution of water containing a 0.01%, 0.05%, 0.1%, and
0.5% weight fraction, respectively, of the carbon nanotubes, which are 9.2 nm in diameter and
1.5 pm in length. Viscosity and density are measured experimentally. The evolution of
efficiency and the pressure drop are presented according to the Reynolds number and are
compared with the results obtained with distilled water.

Keywords: Experimental; Nanofluid; CNT; Micro-Channel Heat Sink (MCHS); Solar
collector; Pressure drop; Efficiency

1. INTRODUCTION

Nanofluids have been studied heavily and are good candidates for the improvement of heat
transfer. Composed of solid nanoparticles in an aqueous medium, they greatly increase the
thermal conductivity of the fluid obtained. Generally, nanoparticles can be classified according
to their shapes: (i) spherical nanoparticles (copper, Cu; iron, Fe; gold, Au, silver, Ag; aluminum
oxide, Al,Os; copper oxide, CuO; titanium oxide, TiO,; etc.) and (ii) nanotubes (carbon
nanotubes, CNT). The base fluids are usually water, oil, or water-ethylene glycol. Wang &
Mujumdar (2007) compiled experimental results regarding the thermal conductivity of CNT-
based nanofluids. Their results show an improvement of nanofluids’ thermal conductivity
compared to that of the base fluid depending on the volume fraction concentration. Similar
experimental results regarding nanofluids’ optic and fundamental properties have been
published by Eastman et al. (2001), Garg et al. (2008), Zhang et al. (2014), and Otanicar et al.
(2010). Carbon nanotubes are characterized by a large aspect ratio and high thermal
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Conductivity (Karami et al., 2014; Keblinski et al., 2002). In addition, Mizuno et al. (2009)
found that a CNT acts as a blackbody in the heat transfer mechanism.

The suspension of CNT implementation is usually accompanied by ultrasound, chemical, and
mechanical processes with the use of a surfactant to homogenize the distribution of the CNT in
the base fluid and to strengthen the stability of the suspension (Kohei et al., 2009; Yu &
Huaqing, 2012). Phuoc et al. (2011) show experimentally that the dynamic viscosity of CNT
nanofluids increases with the volume concentration. Many studies have shown that the dynamic
viscosity of nanofluids decreases as the temperature increases (Aladag et al., 2012). Other
effects may also influence the dynamic viscosity and rheological behavior of CNT-based
nanofluids, such as the presence of agglomerates (Chen et al., 2013), thixotropic behavior
(Estellé et al., 2013), and the synthesis methods of the CNT. Most recently, nanofluids with
carbon-nanoparticles have also been suggested as working fluid because of their unique thermal
and optical properties (Sabourin et al., 2009; Gan & Li, 2012). The other study has confirmed
that the addition of the CNT can bring thermal gains with a relatively large performance (Maré
etal., 2011).

We are facing an increasing number of miniaturized and more powerful systems. Especially in
microelectronics, they develop small-size heat sinks with high heat transfer, called micro-
channel heat (MCH). MCHS usually contains a large number of parallel micro-channels with
hydraulic diameters ranging from 10 to 1000 um. Gunnasegaran et al. (2010) numerically
compared the effects of different cross-sections on heat transfer. They showed, with water as a
transfer medium, that a rectangular cross-section is better than triangular or trapezoidal cross-
sections. They also showed that the thermal resistance varies from 10% to 35% depending on
the hydraulic diameter. Halelfadl et al. (2014) have recently shown from numerical
optimization analysis that CNTs’ water-based nanofluid as a working fluid reduces the total
thermal resistance of MCHS and can significantly enhance the thermal performance of the
working fluid, particularly at high temperatures. The performance of solar radiation absorption
in a short wave by a CNT is demonstrated by Shende and Sundara (2015). Saeedinia et al.,
(2012) present a review of solar applications with a nanofluid. They confirm that the gain is
13% greater than that of a conventional fluid in solar applications. The experimental and
numerical results demonstrate an initial rapid increase in efficiency with volume fraction,
followed by a leveling off in efficiency as the volume fraction continues to increase (Himanshu
et al., 2009). Faizal et al. (2013a) and Faizal et al. (2013b) evaluated the potential of four
different water-based nanofluids, including nanoparticles such as CuO, SiO,, TiO,, and Al,O3,
to reduce the size of solar collectors. They concluded that CuO and Al,Os/water nanofluids are
the best option for reducing the size of solar collectors.

The flow and heat transfer research of the MCHS can help with estimating the thermal
performance and optimizing the design of MCHS. The aim of the present study is to investigate
the use of nanofluid-CNT with a low weight fraction as a working fluid in a solar collector. The
exchanger is composed of 16 micro-channel hydraulic diameters of 1 mm, and its total surface
area is 25 cm®. Solar radiation is simulated by a halogen lamp of 100 W. The experimental
setup consists of a solar meter, pressure, and temperature sensors, and it is allowed to control
the flow. The nanofluids are a solution of water containing a 0.01%, 0.05%, 0.1%, and 0.5%
weight fraction, respectively, of CNTs that are 9.2 nm in diameter and 1.5 um in length.
Viscosity and density are measured experimentally. In this study, the results of the nanofluids
of two weight fractions are presented. The evolutions of heat flux and pressure drop are
presented according to the Reynolds number and are compared with the results obtained with
distilled water.
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2. DISPARITY LINE UTILIZATION FACTOR

The nanofluid presently investigated consists of multi-walled CNTs (purity of 90%) of 1.5 um
in average length and 9.2 nm in average diameter dispersed in a mixture of deionized water and
sodium polycarboxylate as a surfactant. The nanotube weight fraction varies from 0-0.5%. Due
to the true density of nanotubes, this corresponds to a volume fraction of 0-0.278%.

The nanofluid was obtained from the dilution of a starting suspension containing 1% in the
weight fraction of the nanotubes and 2% in the weight fraction of the surfactant initially
prepared by Nanocyl. Mechanical stirring was also applied to the diluted nanofluid to ensure the
nanotubes’ dispersion. Measurements of density in the continuation of this work are made using
a tube densimeter vibrating Anton PAAR coupled with a cell DMA 602, which allows for
accuracy of the order of 1.10-5 g/cm®.

The specific heat is based on the assumption of thermal equilibrium between the particles and
the base fluid (O’Hanley et al., 2012) confirmed experimentally with a calorimeter differential
scanning rather than with the valid Equation 1 for concentrations less than 1%. The specific
heat is defined as following in Equation 1.

_ Py (pCp)np +(1_(0‘/)(’0Cp)bf
p.nf —
govpnp +(1_¢v)pbf (1)

Rheological measurements of the nanofluid are conducted with a Kinexus Pro-rheometer
(Malvern) with a well-controlled temperature under +0.01°C. The comprehensive experimental
procedure is detailed in Estellé et al., (2014). The maximum deviation in viscosity measurement
was previously evaluated to 3%. Experimental data of the nanofluids are presented in Table 1.

Table 1 Physical properties of the nanofluid

Weight fraction Density Viscosity Specific heat
(%) (kg/m?) (Pa.s) (kd/kg.K)
0 1000 0.001 4.18179
0.01 1000.52 0.001 4.18179
0.05 1000.69 0.001016 4.180065
0.1 1001.45 0.001 4.17809
0.5 1004.643 0.00225 417218

3. MICRO-CHANNEL HEAT SINK

3.1. Objective Function

The experimental set-up is presented in Figure 1. In the setup, the components are connected by
tubes to a thermal-controlled bath®@ and centrifugal pump® to regulate the flow rate. Platinum
probes with a maximum accuracy of 0.1°C are inserted into the flow at the inlet (T;) and outlet
(To) of each tube®. In addition, two pressure sensors with an accuracy of 1% are also
connected to the inlet (P;) and the outlet (P,) ®. The flow rate ranging from 0—150 ml/min is
measured directly from the time required to accumulate a fixed volume of the nanofluid using a
three-way valve®, with an accuracy of 1 ml/min. All of the data are connected to a data
acquisition system (Labview). To minimize heat loss, all pipes and MCHS are covered with a 4
cm-thick insulating material (thermal conductivity of 0.04 W/mK). The micro-channel heat sink
is depicted in Figure 2. It is made of copper and has sixteen Immx1mm parallel square cross-
section channels. The total dimensions are 150mmx70mmx15mm. Two transparent surfaces @
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of thickness 4 mm, glass and quartz, are placed on a surface of 0.00785 m? with a gap of 2 mm.
The lamp® placed at 30 cm is a Philips Halogen A PAR38 100 W lamp, used to simulate the
solar spectrum in the experimental setup. Radiation is measured by the solar meter "KippzonSp
lite 2,” with a precision of 0.15%.

Figure 1 Experimental setup Figure 2 Schematic picture of MCHS

3.2. Reduction of Loss
The Reynolds number is given by the following Equation 2:

Hs (2)
where v, and D,, are the fluid velocity within a channel and the hydraulic diameter of the same
channel, respectively. The heat transfer rate in the MCHS is defined in Equation 3 as:

®=p,qC,(T,-T,)

Re

@)
The pumping power is defined by Equation 4 using the pressure drop (AP) and flow rate (q).
P(w) =Ap.q (4)

4. RESULTS AND DISCUSSION

Nanofluids having weight fractions of 0.05 and 0.5% carbon nanotubes were used for
comparison. Water was selected as the base fluid. We investigated the effects of pumping
power, heat transfer, and pressure drop on the heat and flow characteristics of nanofluids by
experimental study. In addition, glass and quartz were tested to show how the absorption of
sunlight is affected. The measured pumping power of the base water and two concentrations of
nanofluids with glass and quartz are shown in Figures 3a and 3b. The results show that the
pumping power increases when the Reynolds number increases in all of the studied cases. The
pumping power of the nanofluid at a 0.5% weight fraction is higher than those of the nanofluid
with the lower weight fraction and the base fluid under the same conditions. These results are
consistent with experimental results of the heat transfer characteristics of CuO-based oil
nanofluids (Sabourin et al., 2009).

As can be seen from Figures 3a and 3b, the pumping power of MCHS is strongly affected by
the weight fraction of the nanofluid and the type of glass at the top of the heat exchanger.
Almost identical results were obtained for the nanofluid at a weight fraction of 0.05% and the
base fluid; however, the pumping power of the nanofluid at a 0.5% weight fraction is found to
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be much bigger than in the other two cases. The variations of the heat transfer as a function of
the Reynolds number for the studied fluids when using glass and quartz are given in Figures 4a
and 4b, respectively. The radiation is transmitted through the glass or quartz at the top surface
of the heat exchanger. When the nanofluid is exposed to the radiation generated from the
halogen lamp, most of the radiation energy is reflected into the MCHS surface. Radiation
absorption by both the base fluid and the suspended CNT can enhance the heat transfer.
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Figure 3 Comparison of pumping power for MCHS for water and the studied nanofluids: (a) glass; and
(b) quartz

From Figures 4a and 4b, it is obvious that the heat transfer of the nanofluids is much bigger
than that of the base fluid for both types of glass (quartz and glass), as mentioned in Gan & Li
(2012).
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Figure 4 Comparison of heat transfer rate for MCHS: (a) glass; and (b) quartz

In addition, it can be seen that the heat transfer is augmented as the weight fraction of the
nanofluid increases. It is shown that aggregation rarely occurred in the nanofluid with a low
weight fraction because of the flow regime and viscosity of the nanofluid. In our study, results
for the base fluid were compared with those of the studied nanofluids for the measured heat
transfer and pressure drop. When the top surface of the MCHS was covered with quartz glass,
an enhancement of the heat transfer was obtained: An average increase in heat transfer of
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19.5% for the 0.05% weight fraction and an average increase of 25% for the 0.5% weight
fraction were found. It can be concluded that the efficiency of heat transfer was improved by
between 5 and 7% by using quartz as compared to glass. This enhancement of the heat transfer
was caused by the radiative properties of quartz glass during the absorption and transmission
process, as analyzed by Trukhin (2009). Moreover, it is seen that the heat transfer is increased
with the increase of the Reynolds number. These results indicate that more radiation energy
may be absorbed and will dissipate in the nanofluids with CNTs when compared with the base
water, as mentioned in Mizuno et al. (2009).

The variation of the measured pressure drop as a function of the Reynolds number for the base
fluid and nanofluids with two weight fractions with glass and quartz are given in Figures 5a and
5b, respectively. As can be seen from Figures 5a and 5b, the nanofluid with a 0.5% weight
fraction has the highest pressure drop values compared to the base fluid and the nanofluid with
a 0.05% weight fraction for both types of glass.
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Figure 5 Comparison of pressure drop for MCHS: (a) glass; and (b) quartz

Also, the pressure drop of the nanofluids increases when the Reynolds number increases, as
reported by Aladag et al. (2012) and Halelfadl et al. (2015). With regard to the pressure drop,
almost identical results were obtained for the nanofluid at a 0.05% weight fraction and the base
fluid, with similar pumping power and heat transfer. When quartz is used at the top surface of
the MCHS, the nanofluid with a high weight fraction has a lower pressure drop than when glass
is used. The trend of a pressure drop is linear for glass, while it becomes exponential for quartz
with the same nanofluid. In total, 250 experimental performances were studied. The aggregation
of nanofluid at a 0.5% weight fraction was observed in these studies. However, the reason for
this problem in the MCHS was not determined, but the following could be possible reasons: the
limited number of experimental studies, the weight fraction of the nanofluid, the sensitivity of
devices, and the flow regime in the channels. The next studies on this problem could focus on a
detailed analysis of each of the above effects individually.

5. CONCLUSION

In this study, to evaluate the heat transfer and flow characteristics of nanofluids in MCHS, CNT
nanofluids of 0.05 and 0.5% were used. As the weight fraction of nanofluids increased, the
measured heat transfer, pump power, and pressure drop increased. The heat transfer of
nanofluids is higher than that of the base fluid. The high-weight-fraction nanofluids become
more effective when quartz is used at the top surface of the heat exchanger. We have concluded
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that the heat transfer and the flow characteristics of the studied nanofluids are in accord with the
findings of earlier studies in the literature.

6. NOMENCLATURE

Greek letters: Symbols:
® Concentration, % Re Reynolds number
p Density, kg/m® T Temperature, °C
u Viscosity, Pa.s P Pressure, Pa
¢ Heat transfer flux, W v Velocity, m/s
q Flow rate, m*/s
Indices: Cp Heat capacity, J/kgK
nf Nanofluid
Volume
np Nanoparticle
f Fluid
i Inlet
0 Outlet
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