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Abstract. In this article, a three-dimensional numerical investigation is performed to study the effect of a
magnetic field on a ferrofluid inside a tube. This study comprehensively analyzes the influence of a non-
uniform magnetic field in the heat transfer of a tube while a ferrofluid (water with 0.86 vol% nanoparticles
(Fe30y4)) is let flow. The SIMPLEC algorithm is used for obtaining the flow and heat transfer inside the
tube. The influence of various parameters, such as concentration of nanoparticles, intensity of the magnetic
field, wire distance and Reynolds number, on the heat transfer is investigated. According to the obtained
results, the presence of a non-uniform magnetic field significantly increases the Nusselt number (more than
300%) inside the tube. Also, the magnetic field induced by the parallel wire affects the average velocity of
the ferrofluid and forms two strong eddies in the tube. Our findings show that the diffusion also raises as
the concentration of the nanoparticle is increased.

Nomenclature

(a,b,c) Center of the magnetic wire (m) Greek symbols
Cp Specific heat (J kg™t K1) ® Volume fraction of particles
D Hydraulic diameter (m) u Dynamic viscosity (N s m™2)
d, Magnetic particle diameter (m) o Magnetic permeability in vacuum
(47 x 107" TA m~1)
Characteristic magnetic field up  Bohr magneton (9.27 x 107%* A m?)
strength (A m~1)
Magnetic field intensity component p Density (kg m~3)
in the z-direction (A m~1!)
Magnetic field intensity component o Electrical conductivity

in the y-direction (A m~1)
Magnetic field intensity component

in the z-direction (A m~1) Subscripts

Electric intensity (A) avg Average

Thermal conductivity (W m~! °C—1) f Pertaining to base fluid
Boltzmann constant (1.3806503 x 10723 JK~1) p Pertaining to magnetic particles
Magnetization (A m~1) Nut  Nanofluid

Magnetic number 0 Pertaining to inlet conditions

Particle magnetic moment (A m?)
Nusselt number

Wall heat flux (W m~2)

Reynolds number

Temperature (°C)
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1 Introduction

Efficient heat transfer in tubes is crucial in the performance of these instruments in various areas, such as cooling
systems of micro devices, heat recovery systems, process plants, refrigeration, etc. Nanofluids, which are colloidal
suspensions of nanoparticles inside the main fluid, significantly influence the heat transfer due to their improved
thermal characteristics. Since ferrofluids contains magnetic particles, their characteristics are highly changed in the
presence of a magnetic field.

A vast amount of research has been conducted on the heat transfer of a nanofluid inside various geometries in
the last decade [1-3]. Mahanthesh et al. [2] studied heat and mass transfer effects on the mixed convective flow of a
chemically reacting nanofluid past a moving/stationary vertical plate. Kadhim Hussein et al. [3] presented magneto-
hydrodynamic natural convection in an inclined T-shaped enclosure for different nanofluids and subjected to a uniform
heat source.

Wen et al. [4] reviewed several articles on various nanofluids for heat transfer applications. They presented a critical
review of research on heat transfer applications of nanofluids with the aim of identifying the limiting factor so as to
push forward their further development. Behroyan et al. [5] presented a comprehensive comparison of various CFD
models for convective heat transfer of an Al,O3 nanofluid inside a heated tube. Their results indicated that the non-
Newtonian single-phase model predicts more accurately the Nusselt number than the Newtonian single-phase model.
Sheikholeslami et al. [6] reported the impact of inconstant magnetic field on forced convection. They illustrated that
higher lid velocity has more sensible Kelvin forces effect. Zhao et al. [7] performed numerical investigations of laminar
heat transfer and flow performance of AlsOs-water nanofluids in a flat tube. Their results showed that, compared to
the tube flattening, nanoparticle volume concentration has a slight effect on the relative thermal-hydraulic performance
between flat tubes and circular tube.

The numerical simulation of magnetic nanoparticles has been studied as a means to modify or enhance heat
transfer on various applications and devices. Recently, scientists and researchers used CFD devices for simulation and
evaluation of the non-uniform magnetic field on the heat transfer of magnetic nanoparticles [8-19]. Sheikholeslami
and Ganji [8] studied the MHD Fe3Oy4-water heat transfer in an enclosure with moving and wavy walls. Mousavi

et al. [9,10] presented numerical studies about the influence of the magnetic field on the heat transfer of a magnetic
nanofluid in a sinusoidal double-pipe heat exchanger. Their simulations showed that the diffusion also elevates as the
intensity of the magnetic field is increased.

Sheikholeslami and Ganji [11] reviewed the nanofluid convective heat transfer using semi analytical and numerical
approaches in more than 100 references. Kim et al. [12] analyzed convective heat transfer characteristics of nanofluids
under laminar and turbulent flow conditions. They found that the enhancement of the convective heat transfer was
much higher than that of the thermal conductivity in comparison with thermal conductivity and convection of nanoflu-
ids. Also, the free convection of a magnetic nanofluid considering MFD viscosity effects was studied by Sheikholeslami
et al. [13]. They found that reduction of the Nusselt number due to the MFD viscosity effect is more sensible for high
Rayleigh number and low Hartmann number. Abdollahi et al. [14,15] also investigated the magnetic field effect on the
pool boiling heat transfer of a ferrofluid. In other works, numerical simulation of heat transfer and flow separation
of Al;O3/nanofluid in concentric annular pipes was investigated by Togun et al. [16]. They explained that increasing
the nanoparticles of the AlsO3/nanofluid tends to enhance the heat transfer coefficient due to the nanoparticle heat
transport in the base fluid which raises the convection heat transfer. Numerical investigation of a forced convective
heat transfer of a Fe3O4-water nanofluid in the presence of an external magnetic source was done by Sheikholeslami et
al. [17]. They found that heat transfer improvement increases with an increase in the Reynolds number but it reduces
with an increase in the Hartmann number.

Furthermore, a numerical analysis of the nanofluid flow conveying nanoparticles through expanding and contract-
ing gaps between permeable walls is explained by Hatami et al. [18]. This results showed that the velocity boundary
layer thickness near the walls decreases with an increase in the Reynolds number and nanoparticle volume friction.
Sheikholeslami [19] simulated a nanofluid spraying on an inclined rotating disk for cooling process. Their findings
showed that the Nusselt number is an increasing function of each active parameter. Forced convection and pres-
sure drop of a Fe3O4 nanofluid under an external magnetic field were investigated experimentally by Goharkhah et
al. [20]. They showed that the rise of the pressure drop is an unavoidable effect of applying a magnetic field to the
ferrofluid.

The main purpose of the present work is to investigate the influence of a magnetic field on the laminar convective
heat transfer of magnetite nanofluids in a tube. The finite volume approach is applied to simulate the flow feature
and obtain heat transfer inside the tube when the wire as the source of the non-uniform magnetic field is present.
Various arrangements of the magnetic field (perpendicular and parallel to the flow) are investigated in this work. In
addition, different intensities of the magnetic field are simulated to investigate their influence on the heat transfer
along the pipe. Also, various concentrations of Fe3O,4 in nanofluids are examined and the effects of inlet velocity on
the temperature and convection performance of surfaces are discussed. Finally, the influence of the wire distance to
the tube on the heat transfer rate of various nanofluids is compared.
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Fig. 1. Schematic and geometry of the tube with two different wire orientations: (a) parallel and (b) perpendicular to the tube.

2 Theoretical formulation
2.1 Geometry and grid

Figure 1 illustrates the three-dimensional schematic of the tube with the wire parallel and perpendicular to the axis
of the tube. As an electric current goes through the wire, the magnetic field is generated in the direction of the x- and
y-axis for the parallel wire (fig. 1(a)) and of the a- and z-axis for the perpendicular wire (fig. 1(b)).

Figure 2 illustrates the grid of a geometry with length L = 1m and the height of the inner tube d; = 0.00554 m. In
the current study, three different grids with 870000, 1282000 and 1840000 elements are chosen as coarse, fine and very
fine grids for the grid independency analysis, respectively. Figure 3 compares the Nusselt number of these grids along
the axis of the tube with experimental results [21]. The plot clearly shows that the fine and very fine grids present
reasonable results and the discrepancy with experimental data is less than 5%. Therefore, the fine grid is chosen for
the further investigations.

2.2 Governing equations and numerical methods

In this paper, energy equations are coupled with Navier-Stokes equations to calculate the heat transfer rate of the
nanofluid in a tube. It is assumed that the nanofluid is exposed to a magnetic field, so the components of the
magnetic field should be taken into account in the momentum and energy equations as source terms. In addition, it is
supposed that the effects of magnetic fields on the properties of the nanofluid are insignificant, and the Lorentz force
is also considered to be negligible in the momentum equations compared to the magnetic force due to the electrical
conductivity. With these assumptions, the conservation equations for the laminar steady state flow are as follows.
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Fig. 2. Grid of domain.
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Fig. 3. Verification: (a) grid independency for water flow; (b) validation for ferrofluid.
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Continuity equation:
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The energy equation is as follows:
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The terms Sp(x), Sp(y) and Sp(z) are the momentum source terms and Sg is the energy source term caused by
the presence of the magnetic field. These terms, resulting from the electric current of the wire, are the Kelvin force
and can be calculated as follows [22]:

oOH OH O0H
SF(l') = MOM% s SF(?J) = MOMaiy , SF(Z) = ,UOME . (6)

Besides, the energy source term can be calculated by [22]

1 =2 =
(< J),

-

J = ou(V x B), ont =1 =) -or+¢-0p. (7)

Sg =
Onf

It is obvious that the magnetic field (H) of the electric current is required. If the electric current was in the z-direction,
the components of the magnetic field in the z- and y-directions are given by [22]

I r—a
Hx(xvy) = %(m — a()g ¥ (:l)/ — b)2 (8)
! (y —b)

Hy(z,y) = m@—a)?+(y b2 (9)

The magnitude intensity of the magnetic field is defined as follows:
I 1
S — P+ -0

Moreover, the terms B and M should be defined. The term B is the magnetic density flux which can be calculated
by the intensity of magnetic field,

H(z,y,z) (10)

—

B = po x pr x H, (11)

and M is the magnetization and is calculated as [23]

mp { 1 6m,,
= 2% Jeotn(e) - | ~ L1073 (12)
wd3 £ wd3
The magnetic moment for the particles is defined by
4/LB7ng
= 13
" 6% 91,25 x 1070 (13)
and ¢ (Langevin parameter) is obtained by [23]
/’LOmpH
g = Lo (14)

The dimensionless magnetic number (Mn) is used to evaluate the effect of the magnetic field intensity. The magnetic
number (Mn) depends on the magnetic field intensity and is measured as follows:

H?2h?
Mn — “Oxig , (15)
Pnf Qg

where  is the magnetic susceptibility of the nanofluid and is equal to M/H. Also, H, is the characteristic of magnetic
field strength and is obtained by H, = H(a,0) = ﬁ.



Page 6 of 14 Eur. Phys. J. Plus (2017) 132: 65

The nanofluid physical properties can be obtained as follows.
Nanofluid density [24]:

pot = (L—=¢) - pr + ¢ pp. (16)
The heat capacity of the nanofluid is given by

Conp = d- gp)(pcl;l)jf—i— #(pep)s . (17)

For the estimation of the effective viscosity of the nanofluid, the model proposed by Sundar et al. [25] has been utilized
in this paper:

100 x ) *%%°
Hnf = Ut (1 + 12.5 > . (18)
The effective thermal conductivity of the nanofluid is calculated by [26,27]
Kt o.ra6 (A" (ko \ T 00055 12301
?f =1+ 647()0 : df kif‘ P'rf R@f ) (19)
P

where d; and dj, are molecular diameter of the base fluid and the particle diameter, respectively. In eq. (19), the Pr
and Reg are defined as follows:

Pre=—1" 5=2414x 107 x 10(7>7)
Prog
pk‘BT

Ref = 37T7’]2)\f )

A = Water mean free path = 17nm and kg = 1.3807 x 10723 J/K.

The Reynolds number and Nusselt number of the system as main non-dimensional numbers are obtained as

o pnfvnfD

Reyr = (20)
Hnf
Nu(x) = % ) (21)

where h(z) is the local convective heat transfer coefficient

_ q—// o) — q// 'Px
o) = T —mey G =0+ o

(22)

In the present study, the SIMPLEC algorithm is applied with the second-order upwind numerical scheme, and all the
governing equations are solved through a finite volume CFD in-house code [28-35].

2.3 Boundary and flow conditions

The inflow conditions of the ferrofluid are equivalent to Re,, = 50-200. In order to calculate the heat transfer, results
of the Nusselt number have been presented for the water-based ferrofluid containing a wide range of spherical shape
particles (0.86 to 4 vol% Fe3Oy4) with 60 nm mean diameter [21]. Inlet velocity with constant temperature (Thot,in = To)
was applied to the ferrofluid inflow and a constant heat flux was applied for the tube wall (¢ = 500 to 2000 W /m?).

3 Results
3.1 Validation

In the first step, our numerical simulations are compared with Azizian et al. [21] experimental test runs. In order to
preserve a similar operating condition, the Nusselt number of water along the pipe at constant velocity is studied. In
this model, the wall of the pipe is under a constant heat flux (¢ = 1000 Wm~2). Figure 3(b) compares the Nusselt
number of the numerical simulation with the experimental data of Azizian et al. [21] along the tube for two inlet
velocities. The comparison shows that the numerical results present good agreement with experimental results.
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Fig. 4. Comparison of the velocity of the flow inside the tube (Re = 100) (a) without nanoparticles and (b) with nanoparticles.
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Fig. 5. Comparison of the temperature distribution of the flow inside the tube (Re = 100) (a) without nanoparticles and (b)
with nanoparticles.

3.2 Flow characteristic of nanofluid inside the tube

Figure 4 compares the velocity of the magnitude inside the tube for water with/without nanoparticles. The contour
clearly shows that the maximum velocity at the center of the tube increases when nanoparticles are added to the base
fluid at constant Reynolds number (Re = 100). According to empirical correlations of Sundar et al. [24], the viscosity
of the fluid significantly increases when nanoparticles are present in the base fluid. Hence, the velocity of the fluid
rises in the core of the tube at constant Reynolds number. Moreover, the gradient of the velocity profile is increased
by increasing of fluid viscosity.

Figure 5 illustrates the temperature distribution inside the tube in various cross sections. The results show that the
temperature variation decreases in the tube with nanofluids. As water is replaced by nanofluids, the viscosity increases
by about 36% (piwater = 0.00096 and financ-0.86% = 0.00131) while the density rises by about 3% (pwater = 997
and pPrano-0.86% = 1033). Therefore, the nanofluid should have a higher inlet velocity at constant Reynolds number.



Page 8 of 14 Eur. Phys. J. Plus (2017) 132: 65

16 T ——{+—— Parallel Wire
——=&@#—— Prependicular (One Wire)
———i—— Prependicular (three Wires)
14 =, , :
K

Ty

Ty, Wy SL U S

-_—
N
L L

@
o
):::?
2

s,

s
: "

P i T TT YY)
: P

80 100 120 140 160

Nusselt Number
)
T

oo
I

6 : :
i ﬁm :
4r LIS S S [
| I T N I L1 !
0 50 100 150 200
X/D

Fig. 6. Effect of the wire orientation on the heat transfer along the tube. (The position of the wire is 0.25, 0.5 and 0.75m for
three perpendicular wires.)

(a) (b)

Fig. 7. Comparison of the stream function on the z-y plane in the middle of the tube (Re = 100) in the presence (a) of a
parallel wire and (b) of a perpendicular wire.

(For Re = 100 we have Uyater = 0.017 and Uyano-0.86% = 0.023.) With increasing the nanofluid velocity, the mass flow
rate of the fluid rises in the tube. Thus, heat transfer enhances in the fluid and temperature decreases in the domain.

3.3 The influence of wire orientation

In this section, the effects of different orientations of the wire as a source of magnetic field on the heat transfer of
the ferrofluid are examined. In addition, the influence of three perpendicular wires on heat transfer are investigated.
Figure 6 illustrates the Nusselt number along the tube in three different wire arrangements. The comparison clearly
shows that the parallel wire presents a significantly higher heat rate in the tube. As was expected, the presence of
three wires with the perpendicular orientation enhances the heat transfer in the local area in the vicinity of the wire.
However, the value of this increase is subtle in comparison with the parallel wire.

In order to inspect the effects of the magnetic field on the flow feature, the stream function of the flow in the middle
of the tube is compared in fig. 7. The parallel wire yields a non-uniform magnetic field in the z- and y-directions.
This field is perpendicular to the ferrofliud flow direction. The presence of a magnetic field induces the force to flow
in cross planes. This results in a secondary flow, which appears as two eddies.
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Fig. 9. Effect of wire orientation on the average velocity inside the tube (Re = 100) in the presence (a) of a parallel wire and
(b) of a perpendicular wire.

For the parallel wire (fig. 7(a)), two strong eddies are formed in the section. On the other side, two weak eddies are
observed in the section of the tube when the orientation of the wire is perpendicular to the axis of the tube. Figures 8
and 9 show the contour of temperature and velocity along the tube in the parallel and perpendicular orientations of the
wire, respectively. Figure 8 (temperature distribution) shows that the temperature reduces in the tube with parallel
wire. Figure 9 (velocity contour) clearly indicates that the velocity increases in the vicinity of the wire due to the
high magnetic field. According to both temperature and velocity contours, the flow feature forms a three-dimensional
profile with strong eddies when the wire is parallel to the tube axis. It is also found that the strong eddy has significant
influences on the heat transfer of the flow. Since the influence of the perpendicular wire is not noticeable in the heat
transfer rate, the parallel wire is chosen as the main source of magnetic field in the following sections.
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Fig. 10. Comparison of the z-velocity on the plane in the middle of tube (Re = 100) for various magnetic fields: (a) Mn = 0;
(b) Mn =4.69¢ + 7; (c) Mn = 1.88¢ + 8; (d) Mn =4.22e¢ +8; (¢) Mn ="7.5e+8; (f) Mn=1.17e 4+ 9.

3.4 Parametric study

Figure 10 shows the z-velocity profile of the nanofluid on the plane in the middle of the tube under different magnetic
numbers. It can be seen that a non-uniform magnetic field changes the velocity gradient near the wall and strengthens
two eddies inside the tube. In fact, these eddies lead to the formation of a secondary flow in the z-y plane. Two eddies
are symmetric with respect to the y-axis. It can be seen that streamlines recede from electrical wire as a result of
Kelvin force.

Figure 11 shows the variation of the Nusselt number along the axis of the tube in the presence of different magnetic
field intensities. The plot shows that the heat transfer meaningfully increases when a non-uniform magnetic field is
applied to the tube. The variation of the Nusselt number for the various magnetic field intensities indicates that the
average heat transfer rate does not change noticeably by increasing the magnetic field intensity at high magnetic
numbers. The variations of the Nusselts number show that the rate of the heat transfer increases along the z-direction.



Eur. Phys. J. Plus (2017) 132: 65

Page 11 of 14

20 | 1 1
Mn=0 e
—— Mn=4.69x10"|
18 ——O—— Mn=1.88x10°|]
Mn=4.22x10°
Mn=7.5x10°
16 L @—— Mn=1.17x10°

PR SRy W ¢

—
S

Nusselt Number
S o

AN BN R BN AN SN S B

N

Lol
150 200

o
(o]
o

Ll
Xy

Fig. 11. The effect of various magnetic intensities on the Nusselt number along the tube axis (Re = 100).

18 ! : B LI !
i ; ' ~ |—e—— Re=50 | |
——o—— Re=100
8 : ——A—— Re=200| |
16 .

- ek
O - Il NS, },...j—ﬁ.}'D"" N
Rl e e ] :

Nusselt Number
=

-
N
|
l

10 | I j | » I I j 1 I i | I
] 1 2
X/?)O 50 00

Fig. 12. Variation of the Nusselt number along the tube for different inlet velocities (Mn = 4.22¢ + 8).

This is due to the increase in the fluid temperature along the streamwise direction. Therefore, the properties of the
nanofluid are varied and this makes the heat transfer of the tube increase.

Figure 12 illustrates the variation of the Nusselt number along the tube for the various inlet velocities (Re = 50, 100
and 200) under constant magnetic field (Mn = 4.22e + 8). As mentioned earlier, the Nusselts number increases along
the axis of the tube due to the change in the fluid properties. As is shown in the figure, the increase in the Reynolds
number is not directly proportional to that of the Nusselts number. Figure 13 shows the temperature distribution on
the section in the middle of the tube. The comparison shows that the temperature of the core of the eddy decreases
when the Reynolds number is increased. As the Reynolds number increases, the temperature gradient intensifies in
the vicinity of the wall. Indeed, this occurs due to the high heat transfer.
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Fig. 14. The effect of the wire distance to tube on the heat transfer (Nusselt number) along the tube (Re = 100, Mn = 4.22e+8).

Figure 14 plots the effects of the wire distance to the tube on the heat transfer (Nusselt number) for Re = 100,
Mn = 4.22¢ + 8. The figure clearly shows that the heat transfer substantially increases when the wire gets closer to
the tube. In fact, the effect of the magnetic field intensifies exponentially in the normal direction. The results confirm
that the heat transfer increases along the tube because of the change in the properties of the ferrofluid inside the
tube.

The effect of nanoparticle concentration on the average Nusselt number along the axis of the tube is presented in
fig. 15 for Re = 100. As expected, with an increase in nanoparticles, the averaged Nusselt number intensifies due to
the effects of the magnetic field on the nanoparticles.
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4 Conclusion

In this article, a numerical investigation was performed on the nanofluid magnetic flow in a tube under non-uniform
magnetic field. In the first step, the temperature distribution and hydrodynamic features of the nanofluid are compared
with those of the base fluid. The obtained results show that the presence of nanoparticles significantly enhances the
heat transfer in the tube. Then, the effects of the magnetic field on the heat transfer of the nanofluid inside the tube
is investigated. The influence of various orientations of the magnetic field is examined. Our findings show that the
Nusselt number increases by more than 300 percent in the presence of magnetic field. In addition, the hydrodynamic
feature of the nanofluid is comprehensively discussed. The effects of various parameters, such as magnetic intensity,
particle concentration and distance of the magnetic field, are also studied. According to our results, the presence of
the magnetic field considerably intensifies the heat transfer when the wire as the source of the non-uniform magnetic
field is in a parallel orientation with the axis of the tube.
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