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ABSTRACT 

In this research, a numerical investigation on forced convective heat transfer of ferrofluids flowing through a copper tube and under an 

alternating magnetic field was conducted. The flow is passing through the tube under a laminar condition and a uniform heat flux. The 

simulation was primarily carried out for distilled water in the absence of magnetic fields, and after validation of the solving approach, the 

simulation was conducted for ferrofluid. Complicated convective regimes, caused by magnetic nano particle interactions, were studied under 

various conditions. The convective heat transfer process was studied for different volume concentrations and magnetic field frequencies. An 

increase in the magnetic field frequency and volume concentration resulted in an increment in the rate of convective heat transfer. The effect 

of the magnetic field was higher in low Reynolds numbers. The results of the numerical simulation were in a good agreement with the 

experimental data. In comparison with the similar experimental investigation, the maximum error of the numerical simulation was smaller 

than 10%.  
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There are many diverse complex factors hindering the process 
of heat transfer. Consequently, low heat transfer coefficient 
values have become a considerable concern in many fields of 
heat transfer such as miniaturized systems. Fortunately, the 
advent of nanofluids and ferrofluids in the heat transfer field 
could be a feasible solution to a considerable proportion of 
possible difficulties ahead (Zhang, 2007; Daset al.; 2008). 
Ferrofluids are liquids containing single-domain nanoparticles 
(magnetite, ferric oxide, iron nickel oxide, etc.) with a mean 
diameter of 15 nm or less (Rosenzweig, 1997). 

Generally, liquids have low thermal conductivity in 
comparison with metal suspensions. This is primarily because 
of the fact that thermal conductivity of solids is higher than 
liquids. Choi and Eastman (Choi et al., 1995).enhanced 
thermal conductivity of conventional fluids by suspending 
metallic nanopartcles in water. There is plenty of research 
about enhancement of thermal conductivity of nanofluids and 
ferrofluids(Wang et al., 1999; Hwang, et al.,2006). Moreover, 
there are some investigations about thermal conductivity of 
magnetic fluids and ferrofluids.Li et al. (2005)  measured the 
viscosity and thermal conductivity of magnetic fluids under 
external magnetic fields and studied the effects of volume 
concentration and surfactants on thermal properties.They 
concluded that with increasing magnetic field strength, 
viscosity and thermal conductivity increase unless the 
magnetic particles are saturated.Gavili et al. (2012) measured 
thermal conductivity and the saturation time of ferrofluids 
under various magnetic field strengths and reached about a 
maximum of 200% enhancement in thermal conductivity. 
Additionally, there are numerous experimental and numerical 
investigations on the enhancement of laminar and turbulent 

forced convection heat transfer with various subjects such as 
the effect of particle type, particle concentration, etc. leading 
to remarkable results with the observance of considerable 
increase in heat transfer coefficient(Li et al., 2003; Anoopet 
al., 2009). Wen and Ding (2004) carried out experiments 
about forced convection heat transfer with γ-Al2O3/water 
nanofluid and achieved noticeable enhancement in heat 
transfer, and also, some other researchers conducted similar 
investigations with diverse nanofluids under laminar flow 
conditions and observed heat transfer enhancement 
unanimously (ZeinaliHeris et al., 2006; Belyaev and 
Smorodin.,  2009). Li and Xuan(2009) conducted experiments 
about forced convection of magnetic nanofluids under 
turbulent flow conditions with different volume concentrations 
and concluded that magnetic particles caused 31% 
enhancement in heat transfer. 

Research studies about ferrofluids are numerous, but ferrofluid 
heat transfer has not been studied enough. Numerical 
investigations about ferrofluid heat transfer and Nusselt 
number in a two dimension cavity were conducted by Ashoury 
et al(2010), and they introduced a general correlation for the 
overall Nusselt number.A flow between two parallel planes 
and under the exposure of a line-source dipole magnetic field 
showed an increase in heat transfer (Syam Sundar, et al., 
2012). Also, convection of ferrofluids in an alternating 
magnetic field was well characterized by Belayeav and 
Smorodin(2009) considering the frequency and strength of the 
external magnetic field, and also, the layer thickness and 
temperature. Ferrofluid forced convection heat transfer under 
a constant magnetic field was studied by Lajvardi et al. (2010) 
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and this investigation resulted in a noticeable 
enhancement. 

Ferrofluid characteristics, such as viscosity and conductiv
can be subjected to change under an external magnetic field, 
and their rheological characteristics can be accurately 
controlled. Also, as mentioned, ferrofluids have the capability 
of heat transfer enhancement.Therefore, they have been an 
interesting issue for many, but not well characterized yet.,but 
the number of these studies is limited.Experimental studies on 
forced ferroconvection have not been conducted under an 
alternating magnetic field, and the effects of the magnetic field 
frequency and fluid concentration on laminar forced 
ferroconvection are still unspecified and in need of more 
study.The process of ferrofluid convection heat transfer under 
an alternating magnetic field is complicated, and an 
experimental investigation can help to study this
The main objective of this investigation and main purpose of 
this study is to study the convective heat transfer of ferrofluids 
under alternating magnetic fields and to identify the effective 
factors on this complicated behavior for the first time.

 

Figure.  1.: the flow passing through the tube in the presence of the magnetic field.

Governing Equations Of The Magnetic Flow Under A 

Magnetic Field 

The governing equations of magnetic flows under the effect of 
gravity and an external magnetic field, which will be applied, 
are: Maxwell equations, continuity equations, momentum 
equations, and energy equations in Boussinesq approximation. 

Simplified Maxwell equations for a non-conductive liquid and 
without convective current is as follows: 

      

noticeable heat transfer 

Ferrofluid characteristics, such as viscosity and conductivity, 
can be subjected to change under an external magnetic field, 
and their rheological characteristics can be accurately 
controlled. Also, as mentioned, ferrofluids have the capability 
of heat transfer enhancement.Therefore, they have been an 

issue for many, but not well characterized yet.,but 
the number of these studies is limited.Experimental studies on 
forced ferroconvection have not been conducted under an 
alternating magnetic field, and the effects of the magnetic field 

concentration on laminar forced 
ferroconvection are still unspecified and in need of more 
study.The process of ferrofluid convection heat transfer under 
an alternating magnetic field is complicated, and an 
experimental investigation can help to study this phenomenon. 

main purpose of 
is to study the convective heat transfer of ferrofluids 

under alternating magnetic fields and to identify the effective 
for the first time. 

DEFINITION OF THE PROBLEM

The problem conditions was assumed as the experimental 
work done by Ghofrani et al.(2013) 
a straight tube of an inner diameter of 9 mm, length of 56 cm, 
under a uniform heat flux, and
shown in Fig. 1. A water based nanofluid containing magnetic 
nanoparticles of Fe3O4 whose mean diameter is 36 nm is 
assumed for three volume concentrations of 2%, 1%, and 
0.6%. First, the effect of an increase in different volume 
concentrations of ferrofluid on the convective heat transfer 
coefficient was studied in the absence of a magnetic field
then, the convective heat transfer coefficient was examined in 
the presence of a magnetic field of 0.02 Tesla with different 
magnetic field frequencies, volume concentrations, and 
Reynolds numbers. According to the problem conditions, 
specific boundary conditions were assumed for the simulation 
of perpendicular collision of electro
flat dielectric boundary for common boundaries. The 
equations was determined based on internal impedances, and 
dimensionless equations for reflection coefficients and 
electromagnetic wave transition w
the codes were developed.  

.: the flow passing through the tube in the presence of the magnetic field.

Governing Equations Of The Magnetic Flow Under A 

The governing equations of magnetic flows under the effect of 
gravity and an external magnetic field, which will be applied, 
are: Maxwell equations, continuity equations, momentum 
equations, and energy equations in Boussinesq approximation.  

conductive liquid and 

 
 

where B is magnetic induction and H is the magnetic field 
vector. Besides this magnetic field vector, magnetic induction 
and magnetization vector are related to each other according 
to: 

where  is the magnetic permeability.

The continuity equation for an incompressible fluid is:

According to the previous relations and our assumptions, the 
momentum equation for a magnetoconvection 
becomes to: 
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where��  is density, u is velocity vector, T is fluid 
temperature, S is stress tensor, k is the unit gravity vector, and 
� is the thermal expansion coefficient. 

The stress tensor can be obtained by the fundamental equation 
to strain rate as follows: 

� � ������������������������������������������������������������������������� 
where� � 	� � �	���  is the strain rate tensor for a 
Newtonian fluid.  The energy equation for an incompressible 
fluid can be written according to modified Fourier’s law.  

��� ����� � �� 	�
 � �	 � � �!
� "�� ���� #��� 	�$%����������������&� 

where� is viscosity and �!�is viscous dissipation.  

Mathematical Equations To Determine The Fluid 

Properties 

In this work, water isassumed as the base liquid which 
nanoparticles of Fe3O4 were added to. The properties of the 
base liquid and nanoparticles is shown in table. 1(Syam 
Sundar, et al., 2012). 

Table. 1: Properties of the carrier liquid and 

nanoparticels. 

Nanoparticle 
(fe3o4) 

Carrier liquid 
(water) 

Properties 

670000 4179 Cp(j/kg k) 
5180 997.1 ρ�'()*+� 
80.4 0.605 K(w/m k) 
.............. 0.000891 µ�'()*,� 
33.3e-6 0.00021 β�'-.� 

The density of the fluid can be obtained by Eq. 8. 

�/ � �0 � 1��2 � 1�3�������������������������������������������4� 
The thermal expansion coefficient of the nanofluid: 

56 � �0 � 1�52 � 153�������������������������������������������7� 
Specific heat coefficient of the nanofluid: 

�6 � 0
ρ/

8�0 � 1���2��9 � 1��3�:;�����������������������������������0<� 
The dynamic viscosity of the nanofluid was determined by 
Eqs. 11 and 12. 

"6 � "9�0 � 1�- �=������������������������������������������������00� 

"6 � "9�0 � &�>1 � 0?>1 ����������������������������������������0?� 
The heat conductivity of the nanofluid: 

�6 � �9�� @? � �:9 � ?1#�:9 � 0%
? � �:9 � 1#�:9 � 0% A���������������������������0>� 

where�:9  can be obtained by Eq. 10. 

�:9 � �:�9 �����������������������������������������������������������������0B� 
In these equations, 1is the volume concentration of 
nanoparticles, m index is related to nanofluid properties, f 
index is the carrier liquid properties, and p index is the 
nanoparticle peroperties. 

 

METHODOLOGY 

The fundamental equations, which are coupled together, 
governing the problem convert to algebraic equations which 
can be solved through finite volume methods. The momentum 
equations were solved by SIMPLER algorithm. After solving 
the momentum equations in each step, the energy equation 
was also solved. Magnetization can be assumed as a non-
linear function of magnetic field magnitude and the absolute 
temperature. After solving the governing equations, the 
convective heat transfer coefficient (h) and Nusselt number 
(Nu)was calculated. 

Electromagnetic Boundary Conditions:Perpendicular 

Collision Between Electromagnetic Waves And The Tube 

Boundary 

When an electromagnetic wave collides a dielectric surface of 
a different intrinsic impedance from the origin environment of 
the wave, a portion of its power transfers and a portion is 
absorbed as shown in Fig. 2. 
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Figure 2. Collision of a perpendicular wave to a dielectric 

boundary 

  

And the absorbed wave is: 

where is the amplitude of  at z=0, and 
phase constant and intrinsic environment impedance of the 
second environment respectively.  

To determine two unknown values of and 
equations are needed. These equations are satisfied by the 
 

 

By solving the equations: 

The  and  ratios are called reflection coefficient and transmission coefficient respectively. They can be written according 
to internal impedances as follows: 

      

 

. Collision of a perpendicular wave to a dielectric 

In Fig. 2, the collided wave moves in +z direction, and the 
border plane is assumed in z=o. The electric and magnetic 
field intensity phasors are: 

It should be considered that z is negative in the first 
environment.  

Due to the discontinuity of the environment at z=0, a part of 
the collided wave to the first environment is reflected and the 
other part is absorbed to the second environment. 

Reflected wave is obtained by: 

�
 

 

 

 and  are 
phase constant and intrinsic environment impedance of the 

and , two 
equations are needed. These equations are satisfied by the 

assumed boundary conditions provided by the e
magnetic fields. At the mutual dielectric boundary, z=0, the 
tangential components (x components) of the magnetic and 
electric field should be continuous. 
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Due to the discontinuity of the environment at z=0, a part of 
d wave to the first environment is reflected and the 

other part is absorbed to the second environment.  

assumed boundary conditions provided by the electric and 
fields. At the mutual dielectric boundary, z=0, the 

tangential components (x components) of the magnetic and 
electric field should be continuous. Consequently we have: 

ratios are called reflection coefficient and transmission coefficient respectively. They can be written according 
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The reflection coefficient and transmission coefficient are related to each other as follows:

RESULTS 

Convective heat transfer in a two dimensional tube under the 
effect of magnetic fields was investigated by the semi
finite volume method. A comparison between the simulation 
results for convective heat transfer coefficient in the absence 
of a magnetic, in the presence of a magnetic field with a 

Figure3: the variation of convective heat transfer of ferrofluid of different volume concentrations at re=560.

The diagram shows that using ferrofluid greatly increases the 
heat transfer rate. Besides, it can be concluded that an increase 
in the volume concentration leads to an increase in heat 

Figure 4. A comparison of convective heat transfer coefficient between 
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The reflection coefficient and transmission coefficient are related to each other as follows: 

 

Convective heat transfer in a two dimensional tube under the 
effect of magnetic fields was investigated by the semi-implicit 
finite volume method. A comparison between the simulation 

in the absence 
of a magnetic, in the presence of a magnetic field with a 

frequenceis of 5 and 50 Hz at various Re number
concentrations were doen.Results
with the experimental results obtained by Ghofrani et al  and 
the maximum numerical error was 10%. The results are 
presented in this section.The first step was to model the 
laminar flow in the tube in the absence of any external 
magnetic field. The obtained results for ferrofluid and volume 
concentrations of 0.6%, 1%, and 2% are shown in Fig. 3.

 

: the variation of convective heat transfer of ferrofluid of different volume concentrations at re=560.

The diagram shows that using ferrofluid greatly increases the 
it can be concluded that an increase 

in the volume concentration leads to an increase in heat 

transfer enhancement. A comparison between the
and experimental results is shown in Fig. 4 for a volume 
concentration of 2% and Re=560.

 

. A comparison of convective heat transfer coefficient between experimental and numerical methods for Re=560 and a 

volume concentration of 2%. 
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various Re number and volume 
s were doen.Results shows a good agreement 

with the experimental results obtained by Ghofrani et al  and 
the maximum numerical error was 10%. The results are 

The first step was to model the 
laminar flow in the tube in the absence of any external 

netic field. The obtained results for ferrofluid and volume 
concentrations of 0.6%, 1%, and 2% are shown in Fig. 3. 

: the variation of convective heat transfer of ferrofluid of different volume concentrations at re=560. 

transfer enhancement. A comparison between the numerical 
and experimental results is shown in Fig. 4 for a volume 

 

and numerical methods for Re=560 and a 
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in this part, before studying the effect of the alternating 
magnetic field on convective heat transfer, the simulation of 
the effect of a constant magnetic field on the convective heat 
transfer is examined at Re=560 and volume concentration of 

2%. According to the results (Fig. 5), it can be concluded that 
a constant magnetic field at longer axial distances from the 
entrance of the tube does not show a considerable effect.  

 

Figure 5. Effect of a constant magnetic field on convective heat transfer for Re=560 and a volume concentration of 2%. 

At this level of simulation, an alternating magnetic field with 
two different frequencies of connection and disconnection and 
a maximum magnitude of 0.02 T for three different volume 
concentrations is modeled. The connection and disconnection 
time of the magnetic field are equal and the frequency is 
reciprocal of the connection or disconnection time. Fig. 6 
shows the variation of convective heat transfer coefficient in 
the presence of the alternating magnetic field. It can be 
concluded that a magnetic field is more effective at Re=80 and 

a volume concentration of 2%. The effect of the alternating 
magnetic field at longer distances from the entrance is obvious 
as the thickness of the thermal boundary layer increases. But 
for a volume concentration of 2% by increasing the Reynolds 
number in the presence of the alternating magnetic field, the 
augmentation is constant. Figs. 7, 8, and 9 show the effect of 
the alternating magnetic field, volume concentration, and 
Reynolds number on the local convective heat transfer 
coefficient versus axial distance from the entrance.  

 

Figure 6: Variation of the local convective heat transfer with frequency versus axial distance (Re = 80, φ = 2%) 
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Figure 7: Variation of the local convective heat transfer with frequency versus axial distance (Re = 560, φ = 2%) 

 

 

 

Fig.  8: Variation of the local convective heat transfer with frequency versus axial distance (Re = 930, φ = 1%) 
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Fig.  9: Variation of the local convective heat transfer with frequency versus axial distance (Re  

= 260, φ = 0.6%) 

CONCLUSION 

Liquids have low thermal conductivity but metal suspensions 
have higher. Also, under a magnetic field, thermal 
conductivity increases (Li et al., 2005). There are some 
possibilities, such as particle migration, viscosity gradient and 
Brownian motion, regarded as the reasons for the nanofluids 
heat transfer enhancement.Particle migration and disturbance 
of the thermal boundary layer are the most important 
mechanisms in the convective heat transfer enhancement(Jung 
et al., 2009). The magnets absorb the magnetic particles 
toward the thermal boundary layer and the process of particle 
migration increases. Being absorbed toward the thermal 
boundary layer, magnetic particles can disturb the boundary 
layer easier. As a result, in this research, the most probable 
reasons for the enhancement, in the presence of an alternating 
magnetic field, are the thermal boundary layer disturbance, 
and also, thermal conductivity augmentation. In low Reynolds 
numbers, the magnetic field is highly effective because 
magnetic particles have more chance for migration and 
disturbance of the thermal boundary layer in low velocities. 
When the flow velocity increases, the process of absorbing the 
particles will become more difficult, but the particles will gain 
a higher momentum to disturb the thermal boundary layer. 
Certainly, even in high Reynolds numbers, the heat transfer 
enhancement will be intensified if the magnetic field strength 
increases.Moreover, in the presence of an alternating magnetic 
field, an increase in the volume concentration will enhance the 
heat transfer because the mechanism of absorbing the particles 
toward the wall will be intensified and as a result, the 
migration of the particles and the elimination of the boundary 
layer will increase. 

All these mechanisms are competing with each other, and they 
affect the heat transfer behavior. While all these mechanisms 

occur at the same time, the process of the heat transfer will 
become more complicated.It must be considered that with only 
a weak alternating magnetic field and a low volume 
concentration, noticeable heat transfer enhancement was 
achieved. Certainly, increasing the magnetic field strength and 
volume concentration will lead to significant heat transfer 
enhancement. 

• In the absence of a magnetic field, using ferrofluids 
leads to enhancement in the average convective heat transfer 
along the copper tube under a constant heat flux. 
• Local heat transfer enhancement is better in short 
distances from the entrance region and higher volume 
concentrations. 
• Applying a constant magnetic field, based on Reynolds 
number and axial distances from the entrance, adversely 
affects or has low enhancement in the convective heat transfer. 
• Under an alternating magnetic field, average heat 
transfer increases by 27.6% ± 1.22% at a Reynolds number of 
80 with a high frequency of connecting and disconnecting the 
magnetic field. Also, in high frequencies, the alternating 
magnetic field is more effective, but the difference between 
high and low frequencies decreases in high Reynolds numbers. 
• The alternating magnetic field is more effective in high 
volume concentrations (φ = 1%, 2%), and in lower volume 
concentrations (φ = 0.6%) the magnetic effect is not 
noticeable.  
• There was a good agreement between the numerical and 
experimental results with a maximum error of 10%, 
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