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ABSTRACT
Microchannel heat exchangers for future electronics, air conditioning systems
and heat pipes must provide an extremely high heat flux. Conventional heat
transfer enhancement methods may not be applicable due to the small size of
these heat exchangers. The present investigation is directed to solve problems
of an effective cooling at high heat flux in microchannels and CHF increasing
with help of an artificial nanorelief of the surface. The relief is formed by
alumina nanoparticles which are deposited on the heating surface of the
channel.

INTRODUCTION
Many methods of heat transfer enhancement under boiling are well-known
nowadays. Heat transfer surface modification methods are probably the most
effective of them. In [1] it was shown that porous coating of the surface increases
CHF and heat transfer coefficients both for nucleate, transition and film boiling .
There are no difficulties to form this relief inside or outside a pipe but it is not so
simple to use it in microchannels.
Actually the heat transfer enhancement in a microchannel is not a trivial [2].
Suzuki and others [3] investigated microbubble emission boiling (MEB) in miniand microchannels as a heat transfer enhancement method. The MEB allows to
increase the CHF in subcooled boiling, but occur of the boiling crisis depends on
a flow velocity and liquid subcooling.
_____________
Moscow Pow er Engineering Institute, 14 Krasnokazarmennaya Street, Moscow ,
111250, Russia

159

Microchannel surface can be covered with a layer of nanoparticles which
deposit from a colloidal solution (also known as nanoliquid or nanofluid). This
relief of nanoparticles can increase the CHF and the boiling heat transfer
coefficient [4]. At first researchers used nanoliquid as a heat carrier and the relief
of nanoparticles was formed all along the experiment.
The present study is aimed at studying of the heat transfer on the surface with
artificial relief of alumina (Al2O3) nanoparticles.

PROPERTIES OF THE INVESTIGATED RELIEF
These nanoparticles are deposited on the inner surface of the microchannel
before the experiment [5]. The thickness of the nanoparticles layer, its properties
depend much from the deposition method, initial surface roughness and other
factors. The relief of nanoparticles seems to be a perspective heat transfer
enhancement method but poor theory is developed nowadays in spite of the fact
that many investigations were provided.
As shown in [6-9] the mechanism of CHF increase is connected with a contact
angle reduction. Analysis of pool boiling data for different surfaces (with
different contact angles) allowed selecting relief of alumina nanoparticles as one
of the most effective for the heat transfer enhancement.
The test setup is aimed for investigations of water-based fluids boiling in a
single microchannel[7]. The heating surface of the channel (3mm width, 13.7mm
length, 0.2mm height) is made of copper. The distribution of temperature in the
test section and the heat flux are measured using the IR-camera, it allows to make
30 frames per second IR-recordings. The high-speed video recording is provided
to monitor bubble formation and growth.
Calculation of heat flux is provided according to the Fourier law by the
measured temperature distribution along the height of the test section. The heat
conduction coefficient of the test section is supposed to be known. The heating
surface temperature is approximated by values of temperature inside the test
section. Thus the accuracy of heat flux and wall temperature depends much on the
distance measurement accuracy and temperature measurement accuracy. The
relative heat losses are small enough and can be neglected. The absolute error of
temperature measurement is 1-3 OC, the relative error of the heat flux is assumed
to be 10-15%.
During the experiment the flow rate is measured by a rotameter and it can be
checked using mass-measuring method on a precision laboratory balances.
The Al2O3-water nanofluid is applied to obtain the artificial nano-scale
relief of the test section. Nanoparticles deposit on the heating surface during
boiling of nanofluid before the main experiment and form the artificial relief
where the average size of nanoparticles is 50-100 nm. The relief will be
discussed below.
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Two properties of the nanoparticles layer are very important in its
application but poor investigated: its thickness and durability. These two
characteristics are interrelated and depend on many factors.
As it was already said before, the nanoparticles layer on the heating surface
is obtained during boiling of nanoliquid. The layer thickness can be measured
from SEM pictures of the heating surface (Figure 1). This coating thickness
varies from 1 to 10 micrometers. In some parts of the surface one can see bald
spots which look free from nanoparticles, but it is possible to find a very thin
layer of nanoparticles in a greater magnification.
Thus we can assume the next way of nanoparticles deposition on the
heating surface during boiling of nanoliquid based on deionized water.
Nanoparticles aggregate (deposite on the surface) only in a three-phase line
which exists on the border of a dry spot under the bubble. According to the
theory of microlayer the liquid film exists under the bubble, vapor is above this
layer and the heating surface is below.

Figure 1. Nikel surface with coating from nanoparticles Al2O3.
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RESEARCHES ON BOILING IN MICROCHANNEL

q, W/m2

Researches on boiling in a single microchannel were conducted for different
heating surfaces: clean copper and copper with an artificial nano-relief [10-17].
Experiments were provided in quasi-stationary conditions. Quasi-stationary
conditions of the experiment allowed to provide measurements in different
regimes of boiling: nucleate boiling, transition boiling and even film boiling.
Boiling curves for a clean microchannel and the microchannel with the
coating of nanoparticles are shown on Figure 2. The critical heat flux is higher in
the channel with nanoparticles rellief. Also the heat transfer coefficient in the
transition boiling is higher in the channel with the nanorelief than in a clean
channel. The CHF depends much on the contact angle (clear surface θ=81º, nanorelief θ=9º). The heat transfer coefficient in the transition boiling also depends on
the contact angle. It can be explained by a better contact of fluid with the heating
surface in the case of a small contact angle (better wettability).
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Figure 2. Boiling curves for the microchannel with nanorelief and for a clean channel. Series
1- boiling curve 1(microchannel with nanorelief), Series 2- boiling curve 2
(microchannel with clean surface). Water, Tsub=80K, atmospheric pressure.
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CONCLUSIONS
Nanorelief in microchannel can be obtained by nanoparticles deposition from
the nanoliquid. This relief changes the contact angle, the CHF and the heat
transfer coefficient in transition boiling.
The contact angle decreases on the surface with alumina nanorelief in
comparison with the contact angle on a clear surface. The CHF at water boiling is
30% higher on the surface with alumina nanorelief.
The transition boiling heat transfer coefficient is twice higher for the channel
with alumina nanorelief than for the channel without coating.
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TABLE I. NOMENCLATURE
(W/m2)
t
Time
(m2)
W
Velocity
(kg/s)
(W/m2)
(OC)
(OC)
(OC)

∆P
∆T
Ɵ
ρ

Pressure drop
Temperature difference
Contact angle
Density

(s)
(m/s)
(Pa)
(OC)
(deg)
(kg/m3)

REFERENCES
1.
2.
3.

4.

5.
6.

7.

Dzyubenko, B., et al. 2016. Intensification of Heat and Mass Transfer on Macro-, Micro-,
and Nanoscales. Begell House, Inc., 564 p.
Bergles, A. and S. Kandlikar. 2005. “On the Nature of Critical Heat Flux in Microchannels,”
Journal of heat transfer, 127:101-107.
Nomura, T., et al. 2009. “Subcooled Flow Boiling In Mini And Micro Channel. Contribution
Towards High Heat Flux Cooling Technology for Electronics,” Proceedings of Inter
PACK'09, San Francisco, CA/USA.
Vafaei, S. and D. Wen. 2011. “Flow boiling heat transfer of Alumina Nanofluids in Single
Microchannels and the Roles of Nanoparticles,” Journal of Nanoparticle Research,
13(3):1063-1073.
Kuzma-Kichta, Yu. A. and A.V. Lavrikov, Patent of Russian Federation #2433949 “Method
of Nanorelief Produced on the Heat-Transfer Surfaces”.
Kuzma-Kichta, Yu. A, et al. 2014 “Studying Heat Transfer Enhancement for Water Boiling
on a Surface with Micro- and Nanorelief, Thermal Engineering,” Pleiades Publishing Inc,
61(3):210-213.
Kuzma-Kichta, Yu. A., et al. 2014. “Boiling Investigation in the Microchannel with NanoParticles Coating Proceedings of the 15th International Heat Transfer Conference (IHTC15),”
Kioto, Japan IHTC-Digital Library, p. 12345.

163

8.
9.
10.
11.

12.

13.

14.
15.
16.
17.

Heitich, L.V., et al. 2012. “Effect of Nanostructured Surfaces on the Nucleate Boiling of
Water”, EPFL, Lausanne, Switzerland, p. 1512.
Masahiro, T., et al. 2012. “Subcooled Boiling from a Surface with Spotted Patterns of
Hydrophilic and Hydrophobic Coatings”, EPFL, Lausanne, Switzerland, p. 1520.
Lavrikov, A.V., J. Hammerschmidt, and Yu. A. Kuzma-Kichta, S. Scholl. 2015.
“Thermosiphon Reboilers with Enhanced Tubes,” Chem. Eng. Tech., 87(3):1-8.
Kuzma-Kichta, Yu.A., et al. 2015. “Measurement of the Dynamic Contact Angle on a Surface
Coated with Nanoparticles for Improving the Boiling Crisis Model,” Intern Journal of Energy
for a Clear Environment, 16(1-4):171-182.
Kuzma-Kichta, Yu., et al. 2015. Investigation of Heat Transfer in a Heat Pipe with
Nanoparticles Coating. Report. 9th Minsk International Seminar “Heat Pipes, Heat Pumps,
Refrigerators, Power Sources. Minsk, Belarus.
Shustov, M.V., Yu.A. Kuzma-Kichta, and A.V. Lavrikov. 2017. “Nanoparticle Coating of a
Microchannel Surface is an Effective Method for Increasing the Critical Heat Flux,” Thermal
Engineering, 64(4):301–306.
Alekseenko, S.V., et al. 2017. Vortex Technologies for Energy. Moscow Publishing House
MEI., p. 350.
Lavrikov, A.V., et al. 2017. “Investigation of Heat Transfer Enhancement and Thermal
Resistance of Weakly Inclined Thermostabilizer,” J. Phys. Conf. Ser., p. 891.
Zhukov, V.M., et al. 2018. “Heat Transfer Under Transition and Film Boiling of Liquids at
Dimpled Spheres and Cylinders,” J. Phys. Conf. Ser., p. 980.
Chugunkov, D.V., et al. 2018. “Protective Materials Thermal Conductivity Research for Heat
Exchanger Tubes of a Networking Heater,” J. Phys. Conf. Ser.

164

