@ magnetochemistry

Article

Magnetic Field Inhibition of Convective Heat Transfer in
Magnetic Nanofluid

Arthur Zakinyan *(, Stanislav Kunikin !, Andrey Chernyshov ! and Vitali Aitov 2

check for

updates
Citation: Zakinyan, A.; Kunikin, S.;
Chernyshov, A.; Aitov, V. Magnetic
Field Inhibition of Convective Heat
Transfer in Magnetic Nanofluid.
Magnetochemistry 2021, 7, 21.
https://doi.org/10.3390/
magnetochemistry7020021

Academic Editor: Adriana Greco
Received: 14 December 2020
Accepted: 28 January 2021
Published: 1 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Physical-Technical Faculty, North Caucasus Federal University, 355017 Stavropol, Russia;
skunikin@yandex.ru (S.K.); andreyrwm@gmail.com (A.C.)

2 Special Astrophysical Observatory, 369167 Nizhnij Arkhyz, Russia; vit9517@sao.ru

*  Correspondence: zakinyan.a.r@mail.ru

Abstract: Natural convection is the main mechanism of heat transfer in many natural and techno-
logical processes, which makes it urgent to study the possibilities of controlling it. In this work, the
processes of development and damping of thermal convection in a flat vertical quasi-two-dimensional
layer of magnetic nanofluid are considered experimentally. The presence of the magnetic properties of
the nanofluid makes it possible to effectively apply the external magnetic fields to regulate convective
heat transfer. The magnetic nanofluid layer was heated from below. It was shown in this work that
the imposition of an external uniform stationary magnetic field perpendicular to the temperature
gradient leads to the suppression of convection. The processes of heating and cooling the metal
plates in a magnetic nanofluid are studied. It is demonstrated that the suppression of convection
by a magnetic field leads to a slowdown in the heating of cold and cooling of hot metal plates in a
magnetic nanofluid. The obtained results can be considered as a model for understanding similar
exchange processes in liquids under the action of magnetic field.
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1. Introduction

In many cases, encountered in natural conditions or in engineering, the main mech-
anism of heat transfer is natural convection. The regularities of thermal convection in
liquids have been intensively studied, both experimentally and theoretically, for many
years. One interesting direction in these studies is the influence of an external magnetic
field on thermal convection in a liquid. The basic statement of the problem, in this case,
is to consider the establishment of the thermal instability of a flat horizontal layer of a
liquid heated from below. The influence of the imposed external magnetic field, in the
case of a layer of electrically conducting liquid, was first considered theoretically in [1] and
experimentally in [2]. The principal result of these studies was to establish that the critical
Rayleigh number at which the instability sets in depends on the strength of the magnetic
field. Particularly, the critical Rayleigh number grows when the field is oriented perpendic-
ularly to the heat flux. Further development of these studies for problems with different
materials and spatial geometries was presented in a number of works (e.g., [3-7]). Another
way to achieve the effect of the magnetic field on the parameters of thermal convection is
to use electrically non-conductive weakly magnetic (para- and diamagnetic) fluids. Various
manifestations of thermomagnetic convection phenomena of weakly magnetic fluids have
been investigated in detail, experimentally, theoretically, and computationally, in a number
of works (e.g., [8-12]).

The disadvantage of using conducting fluids, as well as weakly magnetic fluids for
the purpose of regulating thermal convection, is the need to use strong magnetic fields,
the creation of which in an extended area of space can be problematic. In this regard,
the attention of researchers is drawn to the use of composite nanofluids demonstrating
interesting properties that are not typical of classical liquid media [13-17]. This applies
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in particular to magnetic nanofluids. Magnetic nanofluid is an artificial material that is
a colloidal dispersion of ultra-fine ferro- or ferrimagnetic nanoparticles with an average
size of about 10 nm. Magnetic nanoparticles are stabilized by surfactants to prevent their
aggregation. Magnetic nanofluids can maintain stability for a long time and are used in
various technological processes (magnetic fluid gas and dust sealings, linear vibration
motor, ore separation, speaker and hearing devises, targeted drug delivery, magnetic
hyperthermia, etc.) [18]. In the context of heat transfer and hydrodynamics problems,
the key feature of magnetic nanofluids is the presence of an additional volume force
determined by local magnetization and magnetic field gradient. This creates attractive
prospects for the use of magnetic nanofluids in cooling devices and heat exchangers.

It was established that the magnetic field affects the critical parameters of the thermal
convection initiation in magnetic nanofluids. In addition, the magnetic field leads to a
change in the convective flow patterns in magnetic nanofluids. Classical results on thermo-
magnetic convection in magnetic nanofluids are summarized in [19,20]. Current research
in this area focuses mainly on various system geometries, nanofluid compositions, and con-
figurations of the applied magnetic field (see, e.g., [21-27]). In particular, it was established
that the magnetic field gradient plays a key role in the mechanism of thermomagnetic
convection. The magnetic field gradient may be associated with nonuniformity of applied
external magnetic field. The external uniform magnetic field can become nonuniform in
the cavity filled with magnetic nanofluid due to the refraction of the magnetic field lines
at the sample boundary. The magnetic field gradient can also be created as a result of the
inhomogeneity of the magnetic properties of nonuniformly heated magnetic nanofluid.
In a significant number of practical cases, we have to deal with homogeneous external
magnetic fields, so this study will consider just such a case. Most of the existing studies
report augmentation of heat transfer resulting from the magnetic field action. Fewer stud-
ies discuss the inhibition of heat transfer in magnetic nanofluids in the presence of the
magnetic field [27,28]. The current study will also focus on the possibilities of depreciation
of heat transfer by a magnetic field.

Among the variety of possible geometries of the system, the basic case of a flat quasi-
two-dimensional rectangular layer of a magnetic nanofluid attracts attention. The influence
of an external uniform magnetic field on convection in a vertical quasi-two-dimensional
rectangular layer of magnetic nanofluid heated from below was considered in [29-32].
Only the case of a magnetic field parallel to the temperature gradient was considered.
The stimulation of convection by a magnetic field in this case has been demonstrated. In
this paper, we will also consider a flat vertical quasi-two-dimensional rectangular layer of
magnetic nanofluid heated from below, which allows us to visualize the flow pattern in
the sample. However, in contrast to [29-32], here we consider the case of a magnetic field
directed perpendicular to the temperature gradient.

It should be noted that in existing studies, prevalent attention was paid to the sta-
tionary regimes of convective heat transfer and much less to the dynamics of convection
development and damping in magnetic nanofluids in the presence of a magnetic field [33].
In contrast to previous studies, we focus on the processes of convection development when
heating is initiated and the subsequent convection damping when heating is turned off.
In particular, the dynamics of heating and cooling of metal plates in a magnetic nanofluid
without and under the influence of an external magnetic field is considered.

2. Materials and Methods

In our experiments, we used a water based electrostatically stabilized magnetic
nanofluid with dispersed magnetite nanoparticles of about 10 nm in size. The measured
properties of the magnetic nanofluid are: density is 1100 kg/m?, dynamic viscosity is
1.3 mPa-s, initial static magnetic susceptibility is 0.22, saturation magnetization is 3.9 kA /m,
thermal conductivity is 0.6 W/(m-K), and electrical conductivity is 1.1-1072 S/m. The den-
sity was measured with a vibrating density meter (Termex, Tomsk, Russia), the viscosity
with a Rheotest RN 4.1 rotational viscometer (RHEOTEST Medingen GmbH, Ottendorf-
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Okrilla, Germany), the thermal conductivity with a DTC-300 Thermal Conductivity Meter
(TA Instruments, New Castle, DE, USA), and electrical conductivity with a Impedance
Analyzer 6510B (Wayne Kerr, Bognor Regis, UK). The size of nanoparticles was determined
using a Photocor Complex dynamic and static light scattering spectrometer (Photocor,
Moscow, Russia). The magnetization curve of the ferrofluid measured with vibrating sam-
ple magnetometer 7410 VSM (Lake Shore Cryotronics, Westerville, OH, USA) is presented
in Figure 1.

4 .

35+

Magnetization, M (kA/m)

100 200 300 400 500 600 700 800
Magnetic field strength, H (kA/m)

Figure 1. Magnetization curve of magnetic nanofluid used in the experiments.

To study convective heat transfer in a magnetic nanofluid, we used the experimental
setup shown in Figure 2. The magnetic nanofluid formed a layer with a horizontal length
of 8 cm, a vertical length of 1 cm, and a thickness of 2 mm. Below and above the layer was
bounded by aluminum plates. At the back, the layer was bounded by a plexiglass plate
that fixed the entire structure of the measuring cell. At the front, the magnetic nanofluid
layer was bounded by a thin film transparent to infrared radiation. The magnetic nanofluid
layer under study can be considered as quasi-two-dimensional. Resistors in a ceramic
frame were tightly pressed to the bottom aluminum plate. The bottom aluminum plate
was heated by passing an electric current through resistors. In the described experiments,
a fixed value of the current strength creating a heating power of 55 W was used. The lower
end of the top aluminum plate was in contact with the magnetic nanofluid, while the rest of
this plate was in contact with the surrounding air and was not additionally thermostated.
Thus, it works as a passive radiator.

We analyzed the process of heat transfer from the bottom plate to the top plate when
the bottom plate heating was turned on, as well as the process of cooling the bottom plate
when the heating was turned off. The study of the thermal regime and the temperature
distribution measurements in the cell were carried out using an infrared imager Flir E8
(FLIR Systems, Wilsonville, OR, USA) To study the influence of an external magnetic field,
the measuring cell was placed between the poles of the electromagnet. The electromagnet
powered by a dc source provided a uniform static magnetic field in the direction perpen-
dicular to the heat flux in the cell and parallel to the magnetic nanofluid layer. Figure 3a
demonstrates the dependencies of the magnetic field strength components on the horizontal
coordinate between the electromagnet poles. The dependencies shown on Figure 3a were
measured along the centerline of the magnetizing system, where the magnetic nanofluid
has been located, and along the line connecting the edges of the poles. Figure 3b shows the
magnetic field strength vector field in the central vertical plane between the poles of the
electromagnet. The magnetic field strength has been measured with a Model 425 gauss me-
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ter (Lake Shore Cryotronics, Westerville, OH, USA). The relative deviation of the magnetic
field from the homogeneous one in the region of the magnetic nanofluid location did not
exceed 2%.
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Figure 2. Sketch of the experimental setup.
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Figure 3. (a) The dependencies of the magnetic field strength components on the horizontal coordinate between the
electromagnet poles. The circles correspond to the range of the vertical coordinate values in which the magnetic nanofluid
layer is located. The triangles correspond to the values measured along the line connecting the edges of the poles. Filled
symbols correspond to the x-component of the magnetic field strength, and open symbols correspond to the y-component.
(b) Magnetic field strength vector field in the experimental setup.

3. Results

It was observed that when the bottom plate is heated by an electric current of a
strength higher than a certain critical value, the development of convective flows is taking
place in the magnetic nanofluid. Further studies were carried out at a fixed value of the
current strength exceeding this critical value. The bottom plate was gradually heated
over time by the current in the resistors, and when a certain temperature difference was
reached between the bottom and top plates, a convective flow occurred. It was found that
applying a magnetic field perpendicular to the temperature gradient in the cell suppresses
convection. Thus, if a magnetic field is applied to a magnetic nanofluid in which thermal
convection has developed, this will lead to blurring of convective flows, disintegration of
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the convective pattern and the formation of a more uniform distribution of the thermal
field in the cell. The illustration of this is shown in Figure 4.

(a) (b)

(©) (d)

Figure 4. The infrared image of temperature distribution in a cell with a magnetic nanofluid: (a) uniform temperature

distribution (in horizontal direction) 1 min after the start of heating; (b) the pattern of developed thermal convection 2.5 min

after the start of heating in the absence of magnetic field; (c) the pattern 5 s after turning on the magnetic field while heating

continues; (d) the pattern 12 s after turning on the magnetic field while heating continues. The magnetic field is applied

horizontally in the figure plane; magnetic field strength is H = 135 kA /m. The area of the magnetic nanofluid is indicated by

a dashed line.

The dependences of temperature of the bottom (T}) and top (T;) aluminum plates
of the cell on time during heating of the bottom plate were measured. Initially, studies
were carried out in the absence of a magnetic field. Figure 5 shows the time dependence
of the temperature of bottom plate measured after heating is turned on. It is seen that the
temperature reaches a certain stationary value. It was observed that the increase in the
temperature of the top plate accelerates significantly when thermal convection develops in
the system. Under experimental conditions, this occurred approximately 2 min after the
start of heating (Figure 6). The temperature difference between the bottom and top plates
increases until convection develops. This is due to the fact that the bottom plate is heated
by electric current much faster than the outflow of heat due to thermal conductivity. After
the development of convection, the temperature difference between the bottom and top
plates begins to decrease until a stationary temperature difference between the plates is
established (Figure 7).

The experiments have shown that the presence of the magnetic field delays the onset
of convection. Convection develops after a longer time interval in comparison with the
analogous case in the absence of a magnetic field. At sufficiently high magnetic field
strengths (H), complete inhibition of the development of convection can occur. As a result
of magnetic field inhibition of convection, heat transfer from the heated bottom plate to
the passive top plate of the cell slows down. This leads to the fact that the temperature
of the bottom plate is higher (Figure 5), and the temperature of the top plate is lower
(Figure 6) than the corresponding values in the absence of a field. Due to the suppression
of convection by the magnetic field, the decreasing section of the dependence in Figure 7
disappears. The temperature difference between the bottom and top plates of the cell
reaches a stationary value (much higher than that in the absence of magnetic field) when
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the heat inflow from the bottom plate heaters is balanced by the heat outflow due to
thermal conductivity.

Bottom plate temperature, T,(f)-T,(0), (K)
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Figure 5. The temperature of the bottom (heated) aluminum plate of the cell as a function of time
after heating is turned on. The results obtained in the absence and under the influence of a magnetic
field are shown.
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Figure 6. The temperature of the top (passive) aluminum plate of the cell as a function of time after

heating is turned on. The results obtained in the absence and under the influence of a magnetic field
are shown.

The cooling process of the bottom plate of the cell was studied depending on the
influence of the external magnetic field. To do this, the bottom plate was first heated in
the absence of a magnetic field to the state of stable thermal convection in the magnetic
nanofluid. After that, the heating was turned off and the magnetic field was simultaneously
turned on. In the absence of a magnetic field, after the heating was turned off, thermal
convection persisted for some time, providing more intense cooling of the bottom plate.
Suppression of convection by the magnetic field slowed down the cooling process. The
temperature difference between the bottom and top plates of the cell was measured as a
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function of time to demonstrate this effect (Figure 8). The difference in the cooling rate

of a heated plate in a magnetic field and in the absence of a field is also demonstrated
in Figure 9, which shows the time dependence of the rate of change in the temperature
difference between the bottom and top plates of the cell. To obtain the dependencies shown
in Figure 9, the data shown in Figure 8 were approximated by polynomial functions and

then the derivative of these functions was numerically found.
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Figure 7. The temperature difference between the bottom and top plates during heating the bottom

plate as a function of time. The results obtained in the absence and under the influence of a magnetic

field are shown.
It should be noted that no effect of a magnetic field has been observed on the thermal

convection in pure water under our experimental conditions.
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Figure 8. The time dependence of the normalized temperature difference between the bottom and
top plates of the cell during cooling process. The results obtained in the absence and under the

influence of a magnetic field are shown.
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Figure 9. The time dependence of the rate of change in the normalized temperature difference
between the bottom and top plates of the cell during cooling process. The results obtained in the
absence and under the influence of a magnetic field are shown.

4. Discussion and Conclusions

The studied quasi-two-dimensional convective flow of a magnetic nanofluid can
also be considered as a Hele-Shaw flow. Natural convection of magnetic nanofluid in a
rectangular Hele-Shaw cell is governed by the following equations [29-32]:

Vu =0, ¢Y)
12n
Vp ==z utpoll + (T = To)lg + 1o(MV)H, &)
DT oM DH __,
oy T ( 57 ), B =AY ©
VB =0, B=py(M+H), )

where 1 is the viscosity, p the density, « the volumetric expansion coefficient, yy the mag-
netic constant, C the specific heat, A the thermal conductivity, M the magnetization, and
h the thickness of the cell. These equations differ from the equations describing the con-
vection of an ordinary liquid by the presence of terms that characterize the magnetic field
and magnetization of the medium. The influence of these magnetic terms on the resulting
behavior of the liquid medium was considered in detail, for example, in [19]. In particular,
it was shown that in the case when the magnetic field gradient is opposite to the tempera-
ture gradient in the medium, this leads to the suppression of convection. In the case under
study, the magnetic field gradient is created by the inhomogeneity of the magnetization of
the magnetic nanofluid, which occurs due to the inhomogeneous temperature distribution
in the medium. The lower, more heated layers of the magnetic nanofluid have, under
experimental conditions, a lower magnetization than the upper layers. As a result, the
magnetic field gradient is directed opposite to the temperature gradient.

The absolute error of the experimental measurements presented in this paper is char-
acterized by the value of the scatter of points on the corresponding dependencies. To
control the accuracy of the results obtained, all the dependencies presented in the work
were measured three times. As a result, the reproducibility of the experimental data was
established within the relative error of 5%. It should be noted that the interpretation of the
obtained results is complicated by the fact that in the conditions of the described experi-
ments, a perceptible part of the heat flow from hot bodies goes into the surrounding space
and structural elements of the measuring cell, and not only into the magnetic nanofluid.
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However, the heat flow through the magnetic nanofluid is still predominant, and the
obtained qualitative regularities and principal results can be considered correct.

Regarding the results obtained on the cooling of a heated plate in a magnetic field
in a magnetic nanofluid, it should be noted that to a certain extent similar studies were
presented in [34]. However, in contrast to the current work, in [34], the change in the
cooling rate of a heated object was associated with a change in the thermal conductivity
of a magnetic nanofluid in a magnetic field due to the formation of a microstructure
of aggregates in it. Visual observations using an optical microscope did not reveal the
formation of a noticeable microstructure in the magnetic nanofluid used in the experiments
described above. To further exclude the possibility of the effect of changes of thermal
conductivity of magnetic nanofluid on the results and conclusions obtained in this study;,
we conducted direct measurements of thermal conductivity of magnetic nanofluid using a
DTC-300 Thermal Conductivity Meter (TA Instruments). The measurement did not reveal
noticeable changes of thermal conductivity under magnetic field for our sample of magnetic
nanofluid. It can be concluded that the effects described in the current paper are related
precisely to the suppression of convection in a magnetic nanofluid by a magnetic field.

The development of thermal convection has a threshold character and occurs when
the critical value of the temperature gradient is exceeded. It is also well known that the
magnetic field acting perpendicular to the temperature gradient in the magnetic nanofluid
layer increases the threshold level of convection initiation [19,20], which is qualitatively
consistent with the effects observed in the current work. However, all of this applies to the
conditions of loss of stability and the stationary mode of convection in a layer of magnetic
nanofluid. The dynamics of the development and damping of convection considered in this
paper cannot be explained at the qualitative level in terms and concepts used in previous
studies. This requires a full consideration of the dynamic problem, which is an incentive
and motivation for further research in this direction.

The main results of this study are to establish the fact that the magnetic field not
only affects the critical conditions for the convection onset, but can also slow down its
development. The inhibition of convection leads to the fact that the heat transfer through
the magnetic nanofluid in the magnetic field is reduced in comparison with the heat
transfer in the absence of the field. This is reflected both in the dynamics of heating initially
cold objects, and in the dynamics of cooling initially hot objects in magnetic nanofluid.
The possibility to control with a magnetic field heat transfer in fluid systems can be very
useful in many technological applications, such as cooling devices for electronics, heat
exchangers, and zero gravity engineering. In addition to the direct interest in the subject
area of magnetic nanofluids, the results obtained in this work can be considered as models
for understanding the processes occurring in other systems in which convective transfer
takes place, complicated by the influence of external magnetic fields [35].

Author Contributions: Conceptualization, A.Z. and V.A.; methodology, A.Z. and S.K; validation,
A.Z. and SK,; investigation, A.Z., SK., and A.C.; resources, SK. and A.C.; data curation, A.C;
writing—original draft preparation, A.Z.; writing—review and editing, A.Z.; visualization, A.Z.
and A.C.; funding acquisition, V.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Russian Foundation for Basic Research (RFBR), grant number
18-29-21030.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.



Magnetochemistry 2021, 7, 21 10 of 11

References

1.  Chandrasekhar, S. Hydrodynamic and Hydromagnetic Stability; Clarendon Press: Oxford, UK, 1961; pp. 146-195.

2. Nakagawa, Y. An Experiment on the Inhibition of Thermal Convection by a Magnetic Field. Nature 1955, 175, 417-419. [CrossRef]

3. Fumizawa, M. Natural Convection Experiment with Liquid NaK under Transverse Magnetic Field. J. Nucl. Sci. Technol. 1980, 17,
98-105. [CrossRef]

4. Rudraiah, N.; Barron, R.M.; Venkatachalappa, M.; Subbaraya, C.K. Effect of a magnetic field on free convection in a rectangular
enclosure. Int. |. Eng. Sci. 1995, 33, 1075-1084. [CrossRef]

5. Aurnou, ].M,; Olson, PL. Experiments on Rayleigh-Bénard convection, magnetoconvection and rotating magnetoconvection in
liquid gallium. . Fluid Mech. 2001, 430, 283-307. [CrossRef]

6.  Sankar, M.; Venkatachalappa, M.; Do, Y. Effect of magnetic field on the buoyancy and thermocapillary driven convection of an
electrically conducting fluid in an annular enclosure. Int. . Heat Fluid Flow 2011, 32, 402—-412. [CrossRef]

7. Rameshwar, Y.; Rawoof Sayeed, M.A.; Rani, H.P,; Laroze, D. Finite amplitude cellular convection under the influence of a vertical
magnetic field. Int. ]. Heat Mass Transf. 2017, 114, 559-577. [CrossRef]

8.  Braithwaite, D.; Beaugnon, E.; Tournier, R. Magnetically controlled convection in a paramagnetic fluid. Nature 1991, 354, 134-136.
[CrossRef]

9. Tagawa, T.; Ujihara, A.; Ozoe, H. Numerical computation for Rayleigh-Benard convection of water in a magnetic field. Int. ]. Heat
Mass Transf. 2003, 46, 4097-4104. [CrossRef]

10. Kenjeres, S.; Fornalik-Wajs, E.; Wrobel, W.; Szmyd, J.S. Inversion of flow and heat transfer of the paramagnetic fluid in a
differentially heated cube. Int. |. Heat Mass Transf. 2020, 151, 119407. [CrossRef]

11. Wada, K,; Kaneda, M.; Suga, K. Rayleigh-Bénard Convection of Paramagnetic Liquid under a Magnetic Field from Permanent
Magnets. Symmetry 2020, 12, 341. [CrossRef]

12.  Fornalik-Wajs, E.; Roszko, A.; Donizak, ]. Nanofluid flow driven by thermal and magnetic forces—Experimental and numerical
studies. Energy 2020, 201, 117658. [CrossRef]

13. Afshari, A.; Akbari, M.; Toghraie, D.; Yazdi, M.E. Experimental investigation of rheological behavior of the hybrid nanofluid of
MWCNT-alumina/water (80%)-ethylene-glycol (20%). J. Therm. Anal. Calorim. 2018, 132, 1001-1015. [CrossRef]

14. Zadeh, A.D,; Toghraie, D. Experimental investigation for developing a new model for the dynamic viscosity of silver/ethylene
glycol nanofluid at different temperatures and solid volume fractions. J. Therm. Anal. Calorim. 2018, 131, 1449-1461. [CrossRef]

15. Akhgar, A.; Toghraie, D. An experimental study on the stability and thermal conductivity of water-ethylene glycol/TiO,-
MWCNTs hybrid nanofluid: Developing a new correlation. Powder Technol. 2018, 338, 806-818. [CrossRef]

16. Keyvani, M.; Afrand, M.; Toghraie, D.; Reiszadeh, M. An experimental study on the thermal conductivity of cerium ox-
ide/ethylene glycol nanofluid: Developing a new correlation. J. Mol. Lig. 2018, 266, 211-217. [CrossRef]

17.  Saeedi, A.H.; Akbari, M.; Toghraie, D. An experimental study on rheological behavior of a nanofluid containing oxide nanoparticle
and proposing a new correlation. Physica E 2018, 99, 285-293. [CrossRef]

18.  Odenbach, S. (Ed.) Ferrofluids, Magnetically Controllable Fluids and Their Applications; Lecture Notes in Physics; Springer: Berlin,
Germany, 2002; Volume 594. [CrossRef]

19. Berkovsky, B.M.; Medvedev, V.F,; Krakov, M.S. Magnetic Fluids: Engineering Applications; Oxford University Press: Oxford, UK,
1993.

20. Blums, E.; Cebers, A.O.; Maiorov, M.M. Magnetic Fluids; Walter de Gruyter: Berlin, Germany, 1997.

21. Suslov, S.A.; Bozhko, A.A.; Sidorov, A.S.; Putin, G.F. Thermomagnetic convective flows in a vertical layer of ferrocolloid:
Perturbation energy analysis and experimental study. Phys. Rev. E 2012, 86, 016301. [CrossRef]

22. Engler, H; Lange, A.; Borin, D.; Odenbach, S. Hindrance of thermomagnetic convection by the magnetoviscous effect. Int. ]. Heat
Mass Transf. 2013, 60, 499-504. [CrossRef]

23. Krakov, M.S.; Nikiforov, I.V. Natural convection in a horizontal cylindrical enclosure filled with a magnetic nanofluid: Influence
of the uniform outer magnetic field. Int. . Therm. Sci. 2018, 133, 41-54. [CrossRef]

24. Krakov, M.S.; Nikiforov, L.V. Influence of the shape of the inner boundary on thermomagnetic convection in the annulus between
horizontal cylinders: Heat transfer enhancement. Int. |. Therm. Sci. 2020, 153, 106374. [CrossRef]

25. Lee, M.; Kim, Y.-J. Thermomagnetic Convection of Ferrofluid in an Enclosure Channel with an Internal Magnetic Field.
Micromachines 2019, 10, 553. [CrossRef] [PubMed]

26. Cunha, L.H.P; Siqueira, I.R.; Campos, A.A.R; Rosa, A.P; Oliveira, T.F. A numerical study on heat transfer of a ferrofluid flow in a
square cavity under simultaneous gravitational and magnetic convection. Theor. Comput. Fluid Dyn. 2020, 34, 119-132. [CrossRef]

27. Dixit, D.D.; Pattamatta, A. Effect of uniform external magnetic-field on natural convection heat transfer in a cubical cavity filled
with magnetic nano-dispersion. Int. J. Heat Mass Transf. 2020, 146, 118828. [CrossRef]

28. Bozhko, A.A ; Suslov, S.A. Convection in Ferro-Nanofluids: Experiments and Theory; Springer: Berlin, Germany, 2018. [CrossRef]

29. Yamaguchi, H.; Kobori, I.; Uehata, Y.; Shimada, K. Natural convection of magnetic fluid in a rectangular box. J. Magn. Magn.
Mater. 1999, 201, 264-267. [CrossRef]

30. Yamaguchi, H.; Kobori, I.; Uehata, Y. Heat Transfer in Natural Convection of Magnetic Fluids. J. Thermophys. Heat Transf. 1999, 13,
501-507. [CrossRef]

31. Wen, C.-Y,; Chen, C.-Y,; Yang, S.-F. Flow visualization of natural convection of magnetic fluid in a rectangular Hele-Shaw cell. J.

Magn. Magn. Mater. 2002, 252, 206-208. [CrossRef]


http://doi.org/10.1038/175417b0
http://doi.org/10.1080/18811248.1980.9732553
http://doi.org/10.1016/0020-7225(94)00120-9
http://doi.org/10.1017/S0022112000002950
http://doi.org/10.1016/j.ijheatfluidflow.2010.12.001
http://doi.org/10.1016/j.ijheatmasstransfer.2017.06.076
http://doi.org/10.1038/354134a0
http://doi.org/10.1016/S0017-9310(03)00223-0
http://doi.org/10.1016/j.ijheatmasstransfer.2020.119407
http://doi.org/10.3390/sym12030341
http://doi.org/10.1016/j.energy.2020.117658
http://doi.org/10.1007/s10973-018-7009-1
http://doi.org/10.1007/s10973-017-6696-3
http://doi.org/10.1016/j.powtec.2018.07.086
http://doi.org/10.1016/j.molliq.2018.06.010
http://doi.org/10.1016/j.physe.2018.02.018
http://doi.org/10.1007/3-540-45646-5
http://doi.org/10.1103/PhysRevE.86.016301
http://doi.org/10.1016/j.ijheatmasstransfer.2012.10.049
http://doi.org/10.1016/j.ijthermalsci.2018.07.010
http://doi.org/10.1016/j.ijthermalsci.2020.106374
http://doi.org/10.3390/mi10090553
http://www.ncbi.nlm.nih.gov/pubmed/31438624
http://doi.org/10.1007/s00162-020-00515-1
http://doi.org/10.1016/j.ijheatmasstransfer.2019.118828
http://doi.org/10.1007/978-3-319-94427-2
http://doi.org/10.1016/S0304-8853(99)00022-0
http://doi.org/10.2514/2.6468
http://doi.org/10.1016/S0304-8853(02)00671-6

Magnetochemistry 2021, 7, 21 11 0f 11

32.

33.

34.

35.

Wen, C.-Y.; Su, W.-P. Natural convection of magnetic fluid in a rectangular Hele-Shaw cell. ]. Magn. Magn. Mater. 2005, 289,
299-302. [CrossRef]

Vatani, A.; Woodfield, P.L.; Nguyen, N.-T.; Abdollahi, A.; Dao, D.V. Numerical simulation of combined natural and thermomag-
netic convection around a current carrying wire in ferrofluid. J. Magn. Magn. Mater. 2019, 489, 165383. [CrossRef]

Marin, C.N.; Malaescu, I. Experimental and theoretical investigations on thermal conductivity of a ferrofluid under the influence
of magnetic field. Eur. Phys. |. E 2020, 43, 61. [CrossRef]

Valyavin, G.; Shulyak, D.; Wade, G.A.; Antonyuk, K.; Zharikov, S.; Galazutdinov, G.A.; Plachinda, S.I.; Bagnulo, S.; Machado, L.E;
Alvarez, M.A; et al. Suppression of cooling by strong magnetic fields in white dwarf stars. Nature 2014, 515, 88-91. [CrossRef]


http://doi.org/10.1016/j.jmmm.2004.11.085
http://doi.org/10.1016/j.jmmm.2019.165383
http://doi.org/10.1140/epje/i2020-11986-3
http://doi.org/10.1038/nature13836

	Introduction 
	Materials and Methods 
	Results 
	Discussion and Conclusions 
	References

