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ABSTRACT: Boiling heat transfer is one of the most applicable heat transfer processes in the industry.
In recent years, many studies have been investigated in nanofluid pool boiling field and reported some
contradictory results. This research is a qualitative and quantitative investigation to understand the
behavior of nanofluid during pool boiling heat transfer. For this purpose, a low concentration (up to
1000mg/l) of CuO-water nanofluid and a copper plate surface heater with a diameter of 10 mm and
surface roughness of 7.5 nm were used. CuO-water nanofluids have been created by 40nm nanoparticles
and 1 to 1000 mg/l of concentrations are used in this research. The measurement of critical heat flux
at different concentrations of nanofluid showed that critical heat flux has improved 92% in optimized
concentration of 100 mg/l compared to distilled water. Atomic force microscopy, scanning electron
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microscopy and contact angle measurements have been done for analyzing properties of surface and

nanocoated which are formed after nanofluid boiling. Results demonstrate that there is a positive effect Critical heat flux

in increasing roughness and a negative impact of thickness enhancement on critical heat flux.

Nanocoated surface

1. Introduction

Boiling is one of the most complex processes in engineering
science. Due to the large latent heat of evaporation of the
fluid in boiling process, A lot of energy is dissipated from
the surface at the lowest temperature difference between the
surface and the fluid. This important feature of boiling is used
in many industrial applications.

Critical heat flux which leads to film boiling, is one of the
limitations in boiling heat transfer. One of the techniques to
improve heat transfer in boiling and enhancement of critical
heat flux is adding nanoparticles to the base fluid that is
named nanofluid. Nanofluid was first used by Choi [1] in
1995. This fluid is made by adding 1-100 nm solid particle
powder to the base fluid, which is in the liquid phase. Since
2003, nanofluid boiling has become an important topic of
nanofluid research [2-4].

Nazari etal. [5, 6] used an electrochemical coating process
called anodizing to create a porous coating of aluminum
oxide nanostructure on the flat surface of aluminum sample.
At this stage by controlling anodizing parameters such as
temperature and voltage and using different acid electrolyte
solutions, porous nanostructures with different pore sizes are
formed on the surface of aluminum samples. Then the pool
boiling test with distilled water is performed on them. The
results obtained in this experiment showed that the use of
anodized samples increases the heat transfer coefficient and
the critical heat flux.

*Corresponding author’s email: anazari@shahroodut.ac.ir

Nazari et al. [7] performed a pool boiling test of water-
aluminum oxide nanofluid with low concentrations of
nanoparticles up to 1000 mg/l on aluminum samples with
smooth and uncoated surface. The experimental results show
that the use of nanofluids generally increases the critical heat
flux and decreases the boiling heat transfer coefficient. At a
concentration of about 100 mg/1, the critical heat flux has the
highest value and shows a 26% increase compared to distilled
water.

The overall aim of this study is to better understand the
effect of copper oxide nanocoating on critical heat flux.

2. Material and Methods
2.1. Preparation of nanofluids

The procedure used for the preparation of nanofluid in
this research is the two-step method. In this research, copper
oxide nanopowder and distilled water-based fluid have been
used to produce nanofluids. Copper oxide nanoparticles with a
purity of 99.9% and with an almost spherical shape and a size
of 40 nm have been used. Also, to prevent the changing of the
thermal properties of the nanofluid, no stabilizing material
was added to the base fluid. The mass of nanoparticles was
measured using a scale (accuracy 0.0001). For stability and
uniform distribution of nanoparticles in the base fluid, first,
a magnetic stirrer for 12 hours and then an ultrasonic device
with a power of 400 watts and a frequency of 40 kHz for
8 hours were used. Nanofluids were prepared in 7 different

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
BY _NC is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

729



A. A. Jamialahmadi et. al., Amirkabir J. Mech. Eng., 53(5) (2021) 729-732, DOI: 10.22060/mej.2020.17892.6685

— Cooling Water

Condenser

Thermocouple T,
Pyrex Glass D:O ; ‘
O e o
%0 00 PTFE Lid
_ a0 @ ° - -~
Accessory I —
Heater / ”// g 77 f"’
=] Thermeotogle Tz
> - -—| Thermocowple s

Test Sample

Thermocouple Ta
Thermocouple Ts

(b)

[

Heater Block
&
Power Supply Cartridge Heater
NG(DE*L40 mm)

()

Data Acquisition

Fig. 1. a) A schematic diagram of experimental setup for pool boiling test. b) Copper block and Copper sample

concentrations including 1, 5, 10, 50, 100, 500 and maximum
concentration of 1000 mg/1. To prevent settling nanoparticles,
nanofluid was used in pool boiling test immediately after
preparation.

2.2. Experimental setup and measurement

Pool boiling experimental setup has a cylindrical tank
with a volume of almost 700 cubic centimeters. As it is
shown in Fig. 1, the wall of tank is made of Pyrex glass, thus
it is possible to observe the boiling phenomenon. In order
to supply high heat flux, a copper heater is used and six
cartridge heaters, each one with a diameter of 8mm, a length
of 4cm, a power of 200W, capable of generating a thermal
power of 1200W in total, are inserted into the holes made
in the copper heater. In order to control heat flux, a power
supply with voltage variation capability is used along with
a multimeter for measuring voltage or current. Four type K
thermocouples, namely T, T,, T,, and T, are employed for
temperature measurement at different points. T, is used for
measuring the fluid temperature, T, for surface temperature,
and T, and T, for heat flux.

At the beginning of the experiment, almost 500 cubic
centimeters of prepared nanofluids were poured into the
Pyrex cylindrical tank. The heater was then turned on in order
to increase the fluid temperature more quickly and to arrive at
saturation temperature.

Then, the data logger system was switched on, so that the
temperatures of T, T, T, and T, would be recorded in the
memory. Voltage was gradually increased at several stages.
As voltage or heat flux was increased, the boiling regime
gradually changed and a column of bubbles formed on the
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surface of the sample. At the critical heat flux point, surface
temperature abruptly increased over 100 °Cin less than three
seconds, with a stable film of bubbles formed on the surface.
Thus, as soon as the abrupt increase in temperature was
observed, heat flux was stopped and the heater was turned
off. The results of measured critical heat flux at various
concentrations of nanofluids are shown in Fig. 2. All tests
were carried out in atmospheric pressure and environment
temperature (86 K.Pa and 27 C).

Assuming heat transfer in the top of the copper heater is
one dimensional and by measuring temperatures T, and T,
the heat flux can be calculated using Fourier’s law of heat
conduction as follows:

Ty4-T3
l

qg =K (1

Here, / is the distance between thermocouples T, and
T, and is equal to 7 millimeters. The surface temperature
T, of copper sample can be extrapolated by measuring the
temperature T, that is 10 mm lower than the surface of the
heater and using Fourier’s law of heat conduction.

3. Results and Discussion

The results of the boiling test and the measurement of the
critical heat flux of distilled water and nanofluid at different
concentrations are shown in Fig. 2. An increase in critical
heat flux is evident for all concentrations, but the changes in
critical heat flux with nanofluid concentrations are so that at
a concentration of 1 mg/l, the critical heat flux increased by
23% compared to distilled water and at a concentration of 100
mg/l this increase reached 92%. Then the critical heat flux
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Fig. 2. Changes in the heat flux with superheat temperature in the experiment of boiling distilled water and nanofluid water-copper

oxide at different concentrations

decreases with increasing surface superheat temperature at
two concentrations of 500 mg/l and 1000 mg/I. . In addition,
with the accuracy of Figure 2, it can be seen that .At the
same heat flux, the temperature difference of the superheated
region at all concentrations except 100 mg/1 is less than that
of distilled water. In addition, the highest surface temperature
obtained is related to the maximum concentration of 1000
mg/l. This temperature is recorded at the critical heat flux
point, 140.78 °C.

4. Conclusions

In the boiling of copper oxide nanofluids, the deposition
of nanoparticles on the surface increases the heat transfer
coefficient of the boiling and at higher concentrations of
nanoparticles, due to the increase in the thickness of this
layer, the boiling heat transfer coefficient decreases.
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Fig. 1.The pool boiling setup and image of boiling surface
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Table 3. Comparison of critical heat flux measured with
experimental models
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Table 2. The uncertainty of different measuring equip-
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Table 4. The measured amounts of critical heat flux at different concentrations
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Fig. 9. The Change of average surface roughness with the concentration of nanofluid
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Fig. 11. The surface structure of the copper specimen
after the nanofluid boiling test (500 mg/l)
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Fig. 10. Creating new cavities and increasing roughness
after deposition of nanoparticles with dimensions larger
than the average surface roughness
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nanofluid boiling test (1000 mg/1)

40

N
h
L

thickness(jum)

1 10 100 1000 10000
Concentration(mg/Lit)
Chle b o duonS T Oily3 g3l gy Coolind Wil i’ Hlogad NY S0
Fig. 13. The change of thickness of copper oxide nanoparticle coating with concentration
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Fig. 14. The contact angle of the surface of the samples after nanofluid pool boiling test at different concentrations
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Fig. 15. The contact angle of the samples after the water-copper oxide nanofluid pool boiling test at different concentra-
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