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A B S T R A C T

Presets work aims to investigate the natural convection inside a cylindrical annulus mold containing molten
gallium under a horizontal magnetic field in three-dimensional coordinates. The modeling system is a vertical
cylindrical annulus which is made by two co-axial cylinders of internal and external radii. The internal and
external walls are maintained isothermal but in different temperatures. The upper and lower sides of annulus
are also considered adiabatic while it is filled by an electrical conducting fluid. Three dimensional cylindrical
coordinates as r θ z( , , ) are used to respond the velocity components as u v w( , , ). The governing equations are
steady, laminar and Newtonian using the Boussinesq approximation. Equations are nonlinear and they must be
corresponded by applying the finite volume approach; so that the hybrid-scheme is applied to discretize
equations. The results imply that magnetic field existence leads to generate the Lorentz force in opposite
direction of the buoyancy forces. Moreover the Lorentz force and its corresponded electric field are more
significant in both Hartmann layer and Roberts layer, respectively. The strong magnetic field is required to
achieve better quality products in the casting process of a liquid metal with a higher Prandtl number.

1. Introduction

Natural convection occurs in molds filled with molten metal in the
casting process. Natural convection is caused by temperature gradient
through the melt, which pushes the impurities; this phenomenon might
lead to the generation of poor products. Hence, a reduction of the
natural convection power corresponds to more product quality. One
way to reduce the natural convection is the application of a magnetic
field. The Lorentz force is generated while molten metal motion is
subjected to a magnetic field which it affects the buoyancy force; thus,
the resulting natural convection is suppressed. The study of heat
transfer in such processes should be done to produce a high-quality
product. Many studies have been conducted to investigate the magnetic
field effects on fluid flow and heat transfer of domain [1–7]. Looked at
another way, the magnetic field can generate an electric potential and
thus reduce the value of the Lorentz force. Therefore, the electric
potential can produce a harmful effect on the quality of the products
[8–10].

Here, a review of works done on the fluid flow and convection heat
transfer under various magnetic fields is presented. A numerical and
experimental analysis of a thermo-magnetic convective flow of para-

magnetic fluid in a cylindrical annulus cavity with a cylindrical core was
carried out by Wrobel et al. [11]. The investigation of Al (as a low-
melting material) and 1Cr18Ni9Ti (as a high-melting material) of
stainless steel affected by a magnetic field was performed by Gao et al.
[12]. It was seen that the magnetic field can have different effects on
each metal. Sankar et al. [13] examined different types of the magnetic
field like the radial or axial ones, on the free convection heat transfer in
an annulus for small amounts of Prandtl number. Further, the roles of
the radial or axial magnetic fields on double-diffusive free convection
heat transfer in a vertical enclosure were reported by Venkatachalappa
et al. [14]. Two concentric vertical cylinders containing a fluid which
was able to conduct the electricity subjected to a radial magnetic field,
was provided by Kumar and Singh [15]. However more works can be
addressed in this way concerned the Hartmann number and buoyancy
forces effects on hydrodynamic and thermal properties of domain
[15,16].

Recently the steady state mode of free convection heat transfer
subjected to various directions of a magnetic field in an annulus
containing gallium was studied by Afrand et al. [17]. They showed
that more strength of magnetic field leads to less natural convection
heat transfer. In another study, they carried out 3D numerical
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investigations of free convection in an annulus filled by molten
potassium under various magnetic fields. Their computational results
confirmed the magnetic field direction influences on natural convection
heat transfer [18]. Lately, some studies have been done on the
magnetic nanofluid to use in heat transfer systems [19–24]. These
works showed that adding the magnetic nanoparticles to common
fluids can lead to improve the thermophysical properties of the fluids.

In most studies, there is no need to solve the electric potential
equation when the magnetic field is used around the annulus.
Therefore, there is a limitation in applying the magnetic field. In other
research, the magnetic field is applied so that the problem is not
symmetric and the potential equation is solved. However, the effect of
the radii ratio and Prandtl number is not seen. Also, the Roberts layer
and Hartmann layer is not presented clearly in the literature. However,
there is no study solving the potential equation or the effect of the
induced electric field and Prandtl number. Therefore, it looks that
present article is able to be a significant contribution of magneto
hydrodynamic flows. Since one of the most important shapes of molds
is horizontal annulus enclosures, the present study tries to analyze
geometric characteristics and the variation of the Prandtl number in
the asymmetric case using the electric potential equation.

2. Mathematical formulation

The supposed model is a vertical cylindrical annulus generated by
two co-axial cylinders of internal and external radii, ri and ro,
respectively (Fig. 1). The internal and external walls are kept isother-
mal but in different temperatures of Th and Tc. The upper and lower side
walls are considered adiabatic while the annulus is filled with an
electrical conducting fluid. The cylindrical coordinates system of
r θ z( , , ) with related velocity components of u v w( , , ) are shown in
Fig. 1 which involves the gravity acceleration of g and the constant
horizontal magnetic field of B0. Moreover all walls are considered
insulated electrically and the induced magnetic field due to the motion
of fluid is ignored. Also, it is assumed that viscous and ohmic
dissipations are negligible. Governing equations are steady and laminar

while the fluid is taken Newtonian and Boussinesq approximation is
used as follows,

Continuity Equation:

v∇. = 0 (1)

Momentum Equation:

ρ p μ ρv v v g F( . ∇) = − ∇ + ∇ + +2 (2)

Energy Equation:

T α Tv( . ∇) = ∇2 (3)

Electric potential Equation:

φ v B v B B v∇ = ∇. ( × ) = . (∇ × ) + . (∇ × )2
0 0 0 (4)

Electric current density, Lorentz force and induced electric are
obtained by Eq. (5):

σ ϕ andJ E v B E F J B= ( + × ), = − ∇ = ×0 0 (5)

Dimensionless forms of governing equations are derived by using
the following properties:
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By inserting these parameters to Eqs. (1)-(4), the dimensionless
forms of the governing equations can be expressed as follows:

Dimensionless continuity Equation:
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Dimensionless r - momentum Equation:
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Dimensionless θ- momentum Equation::
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Dimensionless z - momentum Equation:
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Dimensionless energy Equation:
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Dimensionless electric potential Equation:
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Fig. 1. Schematic of the problem.
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Where, Ra and Pr are defined as:

Ra
gβ T T D

υα
υ
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( − )
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3

(13)

Hartmann number is defined by Eq. (14) which involves the
magnetic field effect:

Ha B D σ
μ

= 0
(14)

Local and averaged Nusselt numbers along the inner cylinder are
written as below:
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No-slip boundary condition is considered along the all walls.
Moreover the specified and constant temperatures on inner (T* = 1i )
and outer ( T* = 0o ) sides are chosen while the walls are assumed to be
electrically insulated ( Φ n∂ /∂ = 0).

3. Numerical solution

To obtain the Lorentz force, mass and momentum conservation
equations must be solved to determine the velocity field. By solving
Eqs. (11) and (12), the temperature and electric potential are calcu-
lated at various points and electric fields. According to Eq. (5), the
electric current density can be achieved and finally Lorentz force and
buoyancy force are calculated.

All governing equations are nonlinear and must be solved numeri-
cally using the finite volume approach. The hybrid-scheme is used to
discretize the convection items. Discretization for diffusion items in the
governing equations is provided by applying a second-order central
difference approach. The hybrid differencing approach is based on a
combination central and upwind differencing scheme. The central
differencing scheme, which is accurate to second-order, is employed
for small Peclet numbers (Pe < 2) and the upwind scheme, which is
accurate to first order but accounts for transportiveness, is employed

for large Peclet numbers (Pe > 2). The hybrid differencing scheme uses
piecewise formulae based on the local Peclet number to evaluate the
net flux through each control volume face. As a result and in the hybrid
differencing scheme, the central differencing approach is applied for
low Peclet numbers; however the upwind scheme is used for Pe > 2.

A staggered grid system, in which the velocity components are
stored midway between the scalar storage locations, is used. In order to
couple the pressure and velocity field in the momentum Eq., the
SIMPLER scheme is used to solve the equations by using TDMA
method [25]. An under-relaxation approach is applied to achieve the
converged solutions,.

4. Grid independency study and validation

Various grid sizes are selected to ensure the grid independency
study (see Table 1). Results are achieved for liquid gallium with
Pr = 0.02, Ha = 20 and Ra = 105. The outer cylinder to inner cylinder
radius ratio is 2.0. Fig. 2 shows the variation of vertical velocity at
Z = 0.5 for different grid sizes. According to Table 1 and Fig. 2, the
41 × 61 × 41 grid is found suitable.

Two cases are examined to validate the numerical procedure by
using the developed code. Achieved results are compared with the
existing experimental and numerical articles in literature. In the lack of
a magnetic field, the present study results are compared with the

Table 1
Grid independence test for Pr = 0.02Ha = 20 and Ra = 105.

Grid 21 × 61 × 21 41 × 61 × 41 61 × 61 × 61

Nu 4.0959 3.8858 3.8432

Error 5.130% 1.096% –

Fig. 2. Vertical velocity profiles for different mesh sizes Ra = 105, λ = 2, Ha = 40 and
Pr = 0.02.

Fig. 3. Comparison of averaged Nusselt number with those of Refs. [11,13,26] (a)
Experimental data and (b) Numerical data.
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available experimental and numerical results.
Thermo-magnetic convection in an annular cavity was investigated

experimentally and numerically by Wrobel et al. [11]. The Nusselt
number values versus the thermal Rayleigh number for various
inclination angles of the enclosure in the case of natural convection
from present work are compared with those of Ref. [11] in Fig. 3(a). It
is seen that the model prediction error is found to be in the 6–10%
range with most numerical values being 8% higher than the experi-
mental values.

Moreover the Effect of magnetic field on natural convection in a
vertical cylindrical annulus was presented by Sankar et al. [13]. Free
convection heat transfer of a small Prandtl number electrically
conducting fluid (Pr =0.054) under the influence of either axial or
radial magnetic field in a vertical cylindrical was studied numerically in
their work. The inner and outer side walls of cylinders were maintained
at uniform temperatures. Fig. 3(b) represents the averaged Nusselt
number at different amounts of Ra (103 up to 106) from their paper in
comparison with present work approach.

The last selected case for validation is a paper of Kumar and Kalam
[26] concerned the heat transfer between the vertical isothermal
cylinders. They illustrated a numerical investigation of natural con-
vective heat transfer of a fluid in vertical cylindrical annuli with the
inner wall maintained at a higher temperature than the outer wall. The
top and the bottom plates were insulated. Fig. 3(b) shows the suitable
agreements between the results of present research with those of Refs.
[13,26] for different values of Nusselt number at various Rayleigh
numbers.

5. Results and discussion

Free convection of an electrical conducting fluid in a vertical
cylindrical annulus with adiabatic top and bottom walls, as well as
isothermally heated and cooled vertical cylinders in the presence of
constant horizontal magnetic field, is investigated. Simulations are

performed for a wide range of physical parameters including Rayleigh
number ( Ra10 ≤ ≤ 103 6), Hartmann number ( Ha0 ≤ ≤ 100), radii
ratio ( λ1.125 ≤ ≤ 10), Prandtl number (0.01 ≤ Pr ≤ 0.06) and aspect
ratio (L D/ = 1).

Lorentz force and induced electric field at different vertical plane of
a vertical annulus under the magnetic field (Ha = 40) are presented in
Fig. 4. It can be seen from Fig. 4(a) that the induced electric field is zero
at the x-x section and that it is maximized at the y-y section. Since the
magnetic field is normal to the direction of v(∇ × ) in the x-x section,
the Eq. (4) leads to zero electric potential and electric field at this
section. But from Fig. 4(b), it can be observed that the Lorentz force is
maximized at the x-x section and that it is negligible at the y-y section.
Eq. (5) implies that Lorentz force is generated by both E and v B( × )0 .
It is concluded from Eq. (5) and Fig. 4(b) that Lorentz force is
decreased by induced electric field; However the term of v B( × )0
increases Lorentz force. Therefore, selecting a specific direction for the
magnetic field (e.g. radial magnetic field [13]) could eliminate the

Fig. 4. Numerical results for Ra = 105,λ = 2,Ha = 40 and Pr = 0.02 (a) dimensionless
induced electric field (b) Lorentz force (N m/ 3).

Fig. 5. Numerical results in the horizontal plane (Z = 0.5) for Ra = 105,λ = 2, Ha = 70
and Pr = 0.02 (a) Lorentz force (N m/ 3), (b) induced electric field (V m/ ).
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electric potential.
Fig. 5 shows the distribution of the induced electric field and

Lorentz force in the horizontal plane of a vertical annulus. Hartmann
layer and Roberts layer are depicted in this figure. It can be seen in
Fig. 5(a) that the Lorentz force in the Hartmann layer is much greater.
Also, it can be observed in Fig. 5(b) that the induced electric field in the
Roberts layer has more value.

In both Figs. 4 and 5, it is clear that the applied magnetic field leads
to vanish the symmetry and that the sequence formed nearly cylindrical
walls that are parallel to the direction of the magnetic field.

This phenomenon occurs because the Hartmann layers and Roberts

layer are developed near the walls perpendicular and parallel to the
magnetic field [27,28]. Hartmann layer and Roberts layer thickness are
proportional to Ha−1 and Ha−2, respectively [29,30]. Therefore, The
Roberts layer thickness is less than Hartmann layer thickness, which is
obvious in Fig. 5. As previously mentioned, the Hartmann layer is
formed where the field would be perpendicular to the wall, so it can be
concluded that Hartmann layer thickness is proportional to
Ha Cosθ( )−1.

The influence of the magnetic field on the isotherms for Ra = 105

and Pr = 0.02 is depicted in Fig. 6. In the lack of magnetic field
(Ha = 0), the isotherms are close to each other. As expected, this figure
exhibits by more the magnetic field (Ha = 40,Ha = 100), the isotherms
are almost parallel which means the reduce in heat transfer amount.
Inspection of isotherms in Figs. 6(a) and 6(b) makes it clear that for
higher radii ratio (λ = 10), the influence of the magnetic field on the
isotherms is not prominent in comparison with those of small radii
ratio. In fact, with the increase of the radii ratio, the wall effect on the
fluid becomes less and thus fluid has more space to swirl. For the larger
radii ratio, the distance from the wall increases, thus the fluid wall
shear stress is less affected. Consequently, the movement of fluid is
easily formed and when heat transfer increases, the stronger magnetic
field is required to suppress it.

Fig. 7 shows the effect of magnetic field strength at higher Rayleigh
number ( Ra = 106) for λ = 2 and Pr = 0.02. It can be seen that for the
moderate magnetic field (Ha = 40), the temperature stratification
exists in the annulus. This is because of natural convection which is
the predominant mode of heat transfer at high Ra. Comparison of
Fig. 5 with Fig. 6 illustrates that for higher Rayleigh numbers, the effect
of the magnetic field on the isotherms is not eminent compared to the
case of lower Ra. However when Ha is large enough, the convection is
reduced and isotherms have similar conduction. This is due to the
diminution of natural convection by the applied magnetic field.
Comparison of isotherms in x-x section with isotherms in y-y section
reveals that employing magnetic field corresponds the vanish of
axisymmetry. As shown in Figs. 5 and 6, the magnetic field in x-x
section is more effective on isotherms than that in y-y section; that is

Fig. 6. Isotherms for Ra = 105 and Pr = 0.02 (a) λ = 2 (b) λ = 10.

Fig. 7. Isotherms for Ra = 106, and Pr = 0.02.
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due to the creation of electric potential and reduction of Lorentz force
against buoyancy force which is in good agreement with those of Figs. 4
and 5.

Fig. 8 shows the influence of Prandtl number and Hartmann number
on averaged Nusselt number for Ra = 105 and λ = 2. It should be noted
that by more Prandtl number, the viscous force would be higher and
thermal diffusivity is reduced. In addition, with the increase of the Prandtl
number, the momentum boundary layer thickness is increased and the
thermal boundary layer thickness is decreased as expected. Hence,
conditions in the thermal boundary layer, which strongly influence the
wall temperature gradient, determine the rate of heat transfer across the
boundary layer. Temperature gradients in the boundary layer must
increase with decreasing boundary layer thickness. Accordingly, it follows
that the averaged Nusselt number increases. It can be observed that for
different Hartmann numbers, the influence of the Prandtl number on the
averaged Nusselt number is almost the same. For higher Hartmann
numbers, the effect of Pr on Nu is not distinguished compared to those of
low Hartmann numbers. Finally, it can be concluded that in the casting
process of higher Prandtl number liquid metal, a strong magnetic field is
required to achieve better quality products.

The numerical results for Ra = 105 and Pr = 0.02 as a three-
dimensional surface are presented in Fig. 9. This figure shows the
effect of radii ratio and Ha on the averaged Nu. The influence of the
radii ratio on the averaged Nusselt number is clearly evident based on
this figure. It is also observed that by higher Ha, in all radii ratios, the
averaged Nu would be lower.

6. Conclusion

Three dimensional simulation of natural convection in a vertical
cylindrical annulus containing molten gallium in the presence of the
horizontal magnetic field was carried out. The simulations were
performed for the wide range of physical parameters. Results were
presented in the forms of isotherms, velocity and Nusselt number
profiles and the following points can be addressed briefly:

1. The numerical results reveal that in thin annulus, the magnetic field
is more effective in suppressing the natural convection than in thick
annulus.

2. The magnetic field generates the electric potential and decreases
Lorentz force in opposite direction of the buoyancy force. Hence by
selecting a specific direction of the magnetic field, it is possible to
eliminate the electric potential.

3. For high Rayleigh numbers, the influence of the magnetic field on
the temperature distribution is not eminent in comparison with
those of low Rayleigh numbers. However, when the magnetic field is
strong enough, the convection is suppressed and isotherms are
nearly conduction-like.

4. Numerical results are presented for the averaged Nusselt number.
These results indicate that the heat transfer rate is enhanced by
increasing the radii ratio; whereas it is decreased by increasing the
Hartmann number.

5. The Lorentz force in the Hartmann layer is much greater and the
induced electric field in the Roberts layer has more value.

6. In the casting process of higher Prandtl number liquid metal, a
strong magnetic field is required to achieve better quality products.

Acknowledgment

The first three authors are grateful to Islamic Azad University, Iran
for support. The fourth author acknowledges the financial support
provided by the "Research Chair Grant" National Science and
Technology Development Agency (NSTDA), the Thailand Research
Fund (TRF), the National Research University Project (NRU) and King
Mongkut's University of Technology Thonburi through the “KMUTT
55th Anniversary Commemorative Fund”.

References

[1] P.A. Davidson, An Introduction to Magnetohydrodynamics, Cambridge University
Press, England, 2001.

[2] H. Yamaguchi, I. Kobori, Y. Uehata, K. Shimada, Natural convection of magnetic
fluid in a rectangular box, J. Magn. Magn. Mater. 201 (1999) 264–267.

[3] M.S. Krakov, I.V. Nikiforov, A.G. Reks, Influence of the uniform magnetic field on
natural convection in cubic enclosure: experiment and numerical simulation, J.
Magn. Magn. Mater. 289 (2005) 272–274.

[4] H. Yamaguchia, X. Zhang, X. Niua, K. Yoshikawa, Thermomagnetic natural
convection of thermo-sensitive magnetic fluids in cubic cavity with heat generating
object inside, J. Magn. Magn. Mater. 322 (2010) 698–704.

[5] M. Ashouri, B. Ebrahimi, M.B. Shafii, M.H. Saidi, M.S. Saidi, Correlation for
Nusselt number in pure magnetic convection ferrofluid flow in a square cavity by a
numerical investigation, J. Magn. Magn. Mater. 322 (2010) 3607–3613.

[6] F. Selimefendigil, H. Öztop, K. Al-Salem, Natural convection of ferrofluids in
partially heated square enclosures, J. Magn. Magn. Mater. 372 (2014) 3607–3613.

[7] M. Mahmoodi, M. Hemmat Esfe, M. Akbari, A. Karimipour, M. Afrand, Magneto-
natural convection in square, cavities with a source-sink pair on different walls, Int
J. Appl. Electro. Mech. 47 (2015) 21–32.

[8] M. Afrand, N. Sina, H. Teimouri, A. Mazaheri, M.R. Safaei, M.H. Esfe, J. Kamali,
D. Toghraie, Effect of magnetic field on free convection in inclined cylindrical
annulus containing molten potassium, Int. J. Appl Mech. 7 (2015) 1550052.

[9] M. Afrand, S. Farahat, A. HosseinNezhad, G.A. Sheikhzadeh, F. Sarhaddi,
S. Wongwises, Multi-objective optimization of natural convection in a cylindrical
annulus mold under magnetic field using particle swarm algorithm, Int. Commun.
Heat. Mass 60 (2015) 13–20.

[10] M. Afrand, S. Rostami, M. Akbari, S. Wongwises, M.H. Esfe, A. Karimipour, Effect
of induced electric field on magneto-natural convection in a vertical cylindrical
annulus filled with liquid potassium, Int. J. Heat. Mass Transf. 90 (2015) 418–426.

[11] W. Wrobel, E. Fornalik-Wajs, J.S. Szmyd, Experimental and numerical analysis of
thermo-magnetic convectionin a vertical annular enclosure, Int. J. Heat. Fluid
Flow. 31 (2010) 1019–1031.

Fig. 8. Effect of Prandtl and Hartmann number on the averaged Nusselt number for

Fig. 9. Effect of Hartmann number and radii ratio on the averaged Nusselt number for

M. Afrand et al. Journal of Magnetism and Magnetic Materials 430 (2017) 22–28

27

http://refhub.elsevier.com/S0304-17)30061-sbref1
http://refhub.elsevier.com/S0304-17)30061-sbref1
http://refhub.elsevier.com/S0304-17)30061-sbref2
http://refhub.elsevier.com/S0304-17)30061-sbref2
http://refhub.elsevier.com/S0304-17)30061-sbref3
http://refhub.elsevier.com/S0304-17)30061-sbref3
http://refhub.elsevier.com/S0304-17)30061-sbref3
http://refhub.elsevier.com/S0304-17)30061-sbref4
http://refhub.elsevier.com/S0304-17)30061-sbref4
http://refhub.elsevier.com/S0304-17)30061-sbref4
http://refhub.elsevier.com/S0304-17)30061-sbref5
http://refhub.elsevier.com/S0304-17)30061-sbref5
http://refhub.elsevier.com/S0304-17)30061-sbref5
http://refhub.elsevier.com/S0304-17)30061-sbref6
http://refhub.elsevier.com/S0304-17)30061-sbref6
http://refhub.elsevier.com/S0304-17)30061-sbref7
http://refhub.elsevier.com/S0304-17)30061-sbref7
http://refhub.elsevier.com/S0304-17)30061-sbref7
http://refhub.elsevier.com/S0304-17)30061-sbref8
http://refhub.elsevier.com/S0304-17)30061-sbref8
http://refhub.elsevier.com/S0304-17)30061-sbref8
http://refhub.elsevier.com/S0304-17)30061-sbref9
http://refhub.elsevier.com/S0304-17)30061-sbref9
http://refhub.elsevier.com/S0304-17)30061-sbref9
http://refhub.elsevier.com/S0304-17)30061-sbref9
http://refhub.elsevier.com/S0304-17)30061-sbref10
http://refhub.elsevier.com/S0304-17)30061-sbref10
http://refhub.elsevier.com/S0304-17)30061-sbref10
http://refhub.elsevier.com/S0304-17)30061-sbref11
http://refhub.elsevier.com/S0304-17)30061-sbref11
http://refhub.elsevier.com/S0304-17)30061-sbref11


[12] Y.L. Gao, Q.S. Li, Y.Y. Gong, Q.J. Zhai, Comparative study on structural
transformation of low-melting pure Al and high-melting stainless steel under
external pulsed magnetic field, Mater. Lett. 61 (2007) 4011–4014.

[13] M. Sankar, M. Venkatachalappa, I.S. Shivakumara, Effect of magnetic field on
natural convectionin a vertical cylindrical annulus, Int. J. Eng. Sci. 44 (2006)
1556–1570.

[14] M. Venkatachalappa, Y. Do, M. Sankar, Effect of magnetic field on the heat and
mass transfer in a vertical annulus, Int. J. Eng. Sci 49 (2011) 262–278.

[15] A. Kumar, A.K. Singh, Effect of induced magnetic field on natural convection in
vertical concentric Annuli heated/cooled asymmetrically, J. Appl Fluid Mech. 6
(2013) 15–26.

[16] S.C. Kakarantzas, I.E. Sarris, N.S. Vlachos, Natural convection of liquid metal in a
vertical annulus with lateral andvolumetric heating in the presence of a horizontal
magnetic field, Int. J. Heat. Mass Trans. 54 (2011) 3347–3356.

[17] M. Afrand, S. Farahat, A. HosseinNezhad, G.A. Sheikhzadeh, F. Sarhaddi,
Numerical simulation of electricity conductor fluid flow and free convection heat
transfer in Annulus using magnetic field, Heat. Transf. Res 45 (2014) 749–766.

[18] M. Afrand, S. Farahat, A. HosseinNezhad, G.A. Sheikhzadeh, F. Sarhaddi, 3-D
numerical investigation of natural convection in a tilted cylindrical annulus
containing molten potassium and controlling it using various magnetic fields, Int J.
Appl Electro. Mech. 46 (2014) 809–821.

[19] M. Afrand, A. Karimipour, A. Nadooshan, M. Akbari, The variations of heat transfer
and slip velocity of FMWNT-water nano-fluid along the micro-channel in the lack
and presence of a magnetic field, Phys. E: Low-dimensional Syst. Nanostruct.

[20] M. Afrand, D. Toghraie, B. Ruhani, Effects of temperature and nanoparticles
concentration on rheological behavior of Fe3O4–Ag/EG hybrid nanofluid, an
experimental study, Exp. Therm. Fluid Sci. 77 (2016) 38–44.

[21] M. Afrand, D. Toghraie, N. Sina, Experimental study on thermal conductivity of
water-based Fe3O4 nanofluid: development of a new correlation and modeled by
artificial neural network, Int. Commun. Heat. Mass Transf. 75 (2016) 262–269.

[22] M. Bahrami, M. Akbari, A. Karimipour, M. Afrand, An experimental study on
rheological behavior of hybrid nanofluids made of iron and copper oxide in a binary
mixture of water and ethylene glycol: non-Newtonian behavior, Exp. Therm. Fluid
Sci. 79 (2016) 231–237.

[23] M. Hemmat Esfe, S. Saedodin, N. Sina, M. Afrand, S. Rostami, Designing an
artificial neural network to predict thermal conductivity and dynamic viscosity of
ferromagnetic nanofluid, Int. Commun. Heat. Mass Transf. 68 (2015) 50–57.

[24] S. Sarbolookzadeh Harandi, A. Karimipour, M. Afrand, M. Akbari, A. D'Orazio, An
experimental study on thermal conductivity of F-MWCNTs–Fe3O4/EG hybrid
nanofluid: effects of temperature and concentration, Int. Commun. Heat. Mass
Transf. 76 (2016) 171–177.

[25] S.V. Patankar, Numerical heat transfer and fluid flowHemisphere Publishing Corp,
Taylor & Francis, New York, 1980.

[26] R. Kumar, M.A. Kalam, Laminar thermal convection between vertical coaxial
isothermal cylinders, Int. J. Heat. Mass Trans. 34 (1991) 513–524.

[27] L. Todd, Hartmann flow in an annular channel, J. Fluid Mech. 28 (1967) 371–384.
[28] S.C. Kakarantzas, A.P. Grecos, N.S. Vlachos, I.E. Sarris, B. Knaepen, D. Carati,

Direct numerical simulation of a heat removal configuration for fusion blankets,
Energy Convers. Manag. 48 (2007) 2775–2783.

[29] P.H. Roberts, Singularities of Hartmann layers, Proc. R. Soc. Lond. 300 (1967)
94–107.

[30] U. Müller, L. Bühler, Magnetofluiddynamics in Channels and Containers, Springer,
2001.

M. Afrand et al. Journal of Magnetism and Magnetic Materials 430 (2017) 22–28

28

http://refhub.elsevier.com/S0304-17)30061-sbref12
http://refhub.elsevier.com/S0304-17)30061-sbref12
http://refhub.elsevier.com/S0304-17)30061-sbref12
http://refhub.elsevier.com/S0304-17)30061-sbref13
http://refhub.elsevier.com/S0304-17)30061-sbref13
http://refhub.elsevier.com/S0304-17)30061-sbref13
http://refhub.elsevier.com/S0304-17)30061-sbref14
http://refhub.elsevier.com/S0304-17)30061-sbref14
http://refhub.elsevier.com/S0304-17)30061-sbref15
http://refhub.elsevier.com/S0304-17)30061-sbref15
http://refhub.elsevier.com/S0304-17)30061-sbref15
http://refhub.elsevier.com/S0304-17)30061-sbref16
http://refhub.elsevier.com/S0304-17)30061-sbref16
http://refhub.elsevier.com/S0304-17)30061-sbref16
http://refhub.elsevier.com/S0304-17)30061-sbref17
http://refhub.elsevier.com/S0304-17)30061-sbref17
http://refhub.elsevier.com/S0304-17)30061-sbref17
http://refhub.elsevier.com/S0304-17)30061-sbref18
http://refhub.elsevier.com/S0304-17)30061-sbref18
http://refhub.elsevier.com/S0304-17)30061-sbref18
http://refhub.elsevier.com/S0304-17)30061-sbref18
http://refhub.elsevier.com/S0304-17)30061-sbref19
http://refhub.elsevier.com/S0304-17)30061-sbref19
http://refhub.elsevier.com/S0304-17)30061-sbref19
http://refhub.elsevier.com/S0304-17)30061-sbref20
http://refhub.elsevier.com/S0304-17)30061-sbref20
http://refhub.elsevier.com/S0304-17)30061-sbref20
http://refhub.elsevier.com/S0304-17)30061-sbref21
http://refhub.elsevier.com/S0304-17)30061-sbref21
http://refhub.elsevier.com/S0304-17)30061-sbref21
http://refhub.elsevier.com/S0304-17)30061-sbref21
http://refhub.elsevier.com/S0304-17)30061-sbref22
http://refhub.elsevier.com/S0304-17)30061-sbref22
http://refhub.elsevier.com/S0304-17)30061-sbref22
http://refhub.elsevier.com/S0304-17)30061-sbref23
http://refhub.elsevier.com/S0304-17)30061-sbref23
http://refhub.elsevier.com/S0304-17)30061-sbref23
http://refhub.elsevier.com/S0304-17)30061-sbref23
http://refhub.elsevier.com/S0304-17)30061-sbref24
http://refhub.elsevier.com/S0304-17)30061-sbref24
http://refhub.elsevier.com/S0304-17)30061-sbref25
http://refhub.elsevier.com/S0304-17)30061-sbref25
http://refhub.elsevier.com/S0304-17)30061-sbref26
http://refhub.elsevier.com/S0304-17)30061-sbref27
http://refhub.elsevier.com/S0304-17)30061-sbref27
http://refhub.elsevier.com/S0304-17)30061-sbref27
http://refhub.elsevier.com/S0304-17)30061-sbref28
http://refhub.elsevier.com/S0304-17)30061-sbref28
http://refhub.elsevier.com/S0304-17)30061-sbref29
http://refhub.elsevier.com/S0304-17)30061-sbref29

	A numerical study of natural convection in a vertical annulus filled with gallium in the presence of magnetic field
	Introduction
	Mathematical formulation
	Numerical solution
	Grid independency study and validation
	Results and discussion
	Conclusion
	Acknowledgment
	References




