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Experimental investigation on laminar convective heat transfer of nano ferrofluids 
under constant and alternating magnetic field
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ABSTRACT: Due to unique characteristic behavior of ferrofluids, their rheological and thermophysical 
properties will be able to change in the external magnetic field. In this paper, the effects of constant and 
alternating magnetic field on the convective heat transfer coefficient of ferrofluids in a heated circular 
tube under laminar flow regimes (200≤Re≤1600) are investigated experimentally. The fluids considered 
in the experiment are distilled water and a Fe3O4/water nanofluid with 1% and 3% concentrations by 
weight (wt%). The obtained results are validated and a good agreement between the experimental data 
and predicted results is observed. In the absence of a magnetic field, the results illustrate the significant 
improvement of convective heat transfer for 3 wt% ferrofluid, compared to that of the distilled water 
as a working fluid. The heat transfer enhancement varies by changing the Reynolds number as well 
as ferrofluid concentration and the type of applied magnetic field. The results also show that with 
application of alternating magnetic field with frequency of 50 Hz, the maximum of 5% enhancement in 
the convective heat transfer coefficient is obtained compared to the case with no magnetic field.
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1- Introduction
Due to rapid advances in technology and consequently 

increasing heat flux density and operating temperature of the 
equipment, effective thermal management has become more 
serious and challenging especially in heat transfer engineer-
ing. Low heat transfer coefficient values of the conventional 
heat transfer fluids such as water, minerals oil and ethylene 
glycol cause serious concern in many fields of heat transfer 
systems [1]. In order to overcome these limitations, nano-
fluids as a new and promising working fluid have been in-
troduced [2]. Nanoparticles are particles between 1 and 100 
nanometers in size. Dispersion of nano-sized particles of dif-
ferent materials (metals, metal oxides, etc.) in a carrier fluid 
which is known as nanofluid. Nanofluids have been the sub-
ject of intensive investigations over the recent decades due 
to their potential applications in heat transfer and electronic 
cooling.

Investigation of nanofluids heat transfer has been studied 
considerably in the literature by all means of analytical so-
lutions, experimental measurements, and numerical simula-
tions [3, 4]. Numerous studies have been carried out on the 
performance of nanofluids’ convective heat transfer both in 
laminar and turbulent flow regimes. Experimental work on 
the hydrodynamics and the heat transfer characteristics of 
nanofluids made of γ-Al2O3 nanoparticles and distilled water, 
flowing through a circular tube were performed by Esmaeil-
zadeh et al. [5]. The results showed considerable enhance-

ment of the average heat transfer of nanofluid in comparison 
with distilled water as a working fluid. Zeinali Heris et al. [6] 
investigated laminar flow forced convection heat transfer of 
Al2O3-water nanofluid. They indicated that the heat transfer 
coefficient of nanofluids increases with Peclet number as well 
as nanoparticles concentration. Akhavan-Zanjani et al. [7] 
studied the convective heat transfer coefficient of Graphene-
water nanofluid flowing through a uniformly heated circular 
pipe in laminar flow regime. They reported that low amounts 
of Graphene nanoparticles dispersed in water increases the 
thermal conductivity and the convective heat transfer coeffi-
cient of the working fluid. Chandrasekar et al. [8] presented 
an experimental study to evaluate the convective heat trans-
fer and pressure drop characteristics of Al2O3-water nano-
fluid under laminar regime. They observed 12.24% increase 
in Nusselt number with a very low volume concentration of 
0.1% at Re = 2275 compared to that of distilled water. No 
significant increase in pressure drop for the nanofluid in com-
parison with distilled water was observed.

Magnetic nanofluids are one kind of nanofluids consisting 
of superparamagnetic nanoparticles suspended in a nonmag-
netic carrier fluid. These fluids are modern sets of nanofluids 
due to their unique characteristics behavior as smart or func-
tional fluids. Their properties such as viscosity and conduc-
tivity can be changed under an external magnetic field, and 
their rheological characteristics can be accurately controlled. 
These properties and especially their capability of heat trans-
fer enhancement make this kind of fluid an interesting issue 
for many researchers. Due to their unique characteristics, *Corresponding author’s email: barati.ebrahim@gmail.com
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ferrofluids have been progressively employed in various ap-
plications in many engineering fields such as electronic, me-
chanical, aerospace and bioengineering.

Lajvardi et al. [9] experimentally investigated the convec-
tive heat transfer of a ferrofluid flowing through a heated cop-
per tube in the laminar regime in the presence of a magnetic 
field. They investigated the strength of the magnetic field, the 
effect of magnetic nanoparticles concentrations, and the mag-
net position on the heat transfer of ferrofluid. Ghofrani et al. 
[10] presented an experimental investigation on forced con-
vection heat transfer of an aqueous ferrofluid in the presence 
of an alternating magnetic field under a uniform heat flux and 
laminar flow conditions. They measured and compared the 
convective heat transfer coefficient for distilled water and fer-
rofluid under various conditions and investigated the effects 
of alternating magnetic field, volume concentration and the 
Reynolds number. Their results showed a maximum of 27.6% 
enhancement in the convection heat transfer. Azizian et al. 
[11] investigated the effect of an external magnetic field on 
the convective heat transfer and pressure drop of a ferrofluid 
under laminar flow regime conditions (Re < 830). They re-
ported that the effect of the magnetic field on the pressure 
drop was not significant. The pressure drop increased only 
by up to 7.5% when a magnetic field intensity of 430 mT-
was applied; however, the local heat transfer coefficient of the 
ferrofluid was increased up to 300%. Goharkhah et al. [12] 
experimentally studied the effects of constant and alternating 
magnetic field on the laminar forced convective heat transfer 
of Fe3O4/water in a heated tube and reported an increase up to 
13.5% compared to the deionized water by using 2 vol% fer-
rofluid in the absence of a magnetic field. They also showed 
in the presence of 500 G intensity of magnetic field, this value 
grew up to 18.9% and 31.4% by application of constant and 
alternating magnetic field respectively. In another study [13] 
they have investigated the effect of an alternating magnetic 
field on the heat transfer and pressure drop of ferrofluid flow 
in a parallel plate channel. It was observed that in the absence 
of magnetic field, 16.4% enhancement was gained in the con-
vective heat transfer at Re=1200 and 2 vol% of ferrofluid. 
Yarahmadi et al. [14] carried out an experimental study of 
applying both constant and alternating magnetic field on the 
forced convective heat transfer in a tube under laminar flow 
regime. They reported the maximum enhancement of 19.8% 
in the local convective heat transfer by using the oscillating 
magnetic field compared with the case of no magnetic field. 
Shahsavar et al. [15] achieved the maximum enhancement 
of 62.7% in the local Nusselt number for hybrid nanofluid 
containing 0.5 vol% Fe3O4 and 1.35 vol% CNT at Re=2190 
compared to water as based fluid. They reported 20.5% en-
hancement in the local Nusselt number for hybrid nanofluid 
mentioned before at Re=548 due to the applied constant mag-
netic field. Hatami et al. [16] investigated experimentally the 
convection heat transfer of Fe3O4/water nanofluids through 
a uniformly heated circular tube in the laminar flow regime 
with and without an external magnetic field. They analyzed 
the effect of the external magnetic field, volume fraction of 
nanoparticles and flow rate on the heat transfer characteris-

tics. Through the investigation, they reported that the lami-
nar convective heat transfer increased more than 60% for 1 
vol%. Esmaeili et al. [17] studied the effect of an external AC 
magnetic field on the convective heat transfer coefficients of 
magnetite nanofluids with different viscosities. Esmaeili et al. 
expressed that Neel and/or Brownian Mechanisms improved 
the heat generation resulted from the magnetic nanoparticles. 
The heat transfer behaviors of 3 vol% Fe3O4/water nanoflu-
ids in the presence of a parallel constant and uniform mag-
netic field were investigated experimentally in the uniformly 
heated circular tube by Sha et al. [18]. They measured and 
compared the convective heat transfer coefficient for distilled 
water and ferrofluid and also investigated the effects of tem-
perature and magnetic field strength. In the absence of the 
magnetic field, an enhancement between 1.2% and 2.3% for 
laminar flow regime and between 4.7% and 5.6% for turbu-
lent flow regime were observed compared to the cases with 
distilled water.

Applying an external magnetic field on the ferrofluids 
shows some differences in the results of the foregoing con-
ducted researches. it has been reported in some researches 
that the application of a constant magnetic field enhanced the 
heat transfer of ferrofluids [11-13] while in some other inves-
tigations it has been observed that this kind of the magnetic 
field has no effect or even has an adverse effect on the heat 
transfer [10, 14, 16]. Moreover, there isn’t an accurate under-
standing of the effect of alternating magnetic field on the heat 
transfer of ferrofluids and actually, it isn’t illustrated clearly.

Research studies on the effects of external magnetic field 
on ferrofluids are rare in the literature and it is still not enough 
knowledge about the relationship between the heat transfer of 
the magnetic nanofluids and external magnetic field. There-
fore, with respect to the contradictory statements, more ef-
forts are necessary to gain an accurate insight into them.

In this paper, an experimental study is performed to inves-
tigate the effects of both constant and alternating magnetic 
field on the heat transfer of ferrofluid in laminar flow regime. 
The ferrofluid considered is Fe3O4/water nanofluid which is 
circulated in horizontal heated tube. The effects of the fre-
quency of the alternating magnetic field and concentration of 
nanoparticles as well as a wide range of flow rate are exam-
ined in this investigation. The results are validated with reli-
able equations such as Shah [19] and extensive experiments 
are performed to measure various parameters for the cases 
considered.

2- Experimental setup
An experimental setup was built to study the effect of the 

constant and alternating external magnetic field on the forced 
convective heat transfer of Fe3O4/water nanofluids in a hori-
zontal heated tube. The schematic diagram and photograph 
of the experimental setup are presented in Figs. 1 and 2, re-
spectively. The experimental setup consists of three main sec-
tions: the tube test section with other equipment to circulate 
the working fluid and acquire temperature values, magnetic 
field generation with other electrical instrumentations and, 
finally, the preparation of ferrofluid.
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Fig. 1. A schematic diagram of the experimental setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. A schematic diagram of the experimental setup.

 

Fig. 2. The experimental setup photograph 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The experimental setup photograph
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2- 1- Apparatus
The experimental setup consists of a heating and cool-

ing unit, circulation part equipped with two pumps, thermo-
couples and measuring system. The main part of the test sec-
tion was fabricated from smooth straight copper tube with 
700mm length, and the inner and outer diameters of 9.5mm 
and 10mm, respectively. It is worthwhile to mention that to 
ensure the existence of fully developed laminar flow at the 
test section (700mm length) for different Reynolds numbers, 
the length of entrance region has been calculated and consid-
ered in the construction of experimental setup. For laminar 
flow inside the pipe, this length is a function of the Reynolds 
number.  To apply a constant-heat flux on the outer surface 
of the tube, a nickel–chromium heating element with a resis-
tance of 25 Ω/m and a diameter of 0.15mm was utilized. A 
DC power supply with a maximum output of 150W provided 
the power of this element. In order to prevent producing mag-
netic field by the electric current which passes through the 
element, it wrapped around the tube mutually. The whole test 
section was well insulated with elastomeric foam to minimize 
heat loss. All of the experiments were carried out in indoor 
condition with ambient temperature of 25 ◦C. With a suffi-
cient thickness of insulation, a maximum of 9 % of heat loss 
was measured. The working fluid was stored in a reservoir 
with capacity of 3l connected to a pump with 110W power, 
in order to circulate the fluid through the test section. To have 
a closed flow cycle for the working fluid a cooling unit was 
used to cool down the working fluid after being heated in the 
test section. The cooling unit consists of a spiral copper tube 
immersed in a cooling water bath. Moreover, a pump with 
20W power was used to circulate water in the cooling bath in 
order to maintain the temperature of the bath constant. There-
fore, the inlet temperature of the working fluid remains con-
stant and the steady-state circulation can be achieved. A cali-
brated rotameter was used to adjust the volumetric flow rate. 
9 calibrated K-type thermocouples were used to measure the 
outer surface of tube wall and the bulk fluid temperature. Two 
thermocouples were installed inside the tube at the inlet and 
outlet of the tube test section to measure the flow temperature 
more accurately. In order to measure the local wall tempera-
ture, seven other thermocouples were attached at different 
places of the tube surface with a distance of 75mm from each 
other. A 4-channels data acquisition system (Lutron TM-946) 
was employed to record the temperature values. For all Reyn-
olds numbers reported in this study, the difference between 
the applied constant heat flux on the outer surface of the tube 
and the amount of heat transferred to the working fluid was 
calculated. In this regard, with a sufficient thickness of insula-
tion, a maximum of 9 % of heat loss was measured. The con-
nections between the parts were established with pneumatic 
connectors and fittings due to the low pressure of the system 
considered in this study.

2- 2- Electrical instrumentation and control system
In this experiment, a circuit with a programmable micro-

controller especially designed to control the current of the 
electromagnets was employed. The strength of both constant 

and alternating magnetic fields was controlled by the circuit. 
Moreover, the connection or the disconnection time of pulse 
waves which are known as duty cycle was adjusted by the 
microcontroller programming of this circuit as well as the fre-
quency of the alternating magnetic field. The circuit had also 
the ability to manage how the electromagnets are turned on 
or off. This circuit was one of the main sections of the setup 
which generates various pulse waves with specific frequency 
and duty cycle for an alternating magnetic field. To produce 
an accurate alternating magnetic field, it is essential to use 
non-permanent magnets made of low hysteresis and a high 
saturation flux density. Hence to generate an appropriate al-
ternating and constant magnetic field, eight non-permanent 
magnets consist of U-shaped zinc ferrite powder were used. 
Dimension and arrangement of the cores are shown in Fig. 
3. The copper tube was placed between the empty space of 
the magnets and the eight magnets were located at the same 
distance from each other along the tube. With 2000 rounds 
of copper wire no. 20 wrapped around the U cores, it was 
achievable to apply 300 G in the inside fluid flowing through 
the tube. This selected magnetic field strength is an acceptable 
value for investigating the effects of the magnetic field on 
nanoparticles while not having the opposite effect of their de-
position. The other electrical structure of the system includes 
a DC power supply (RN3005S, Iran) and a digital multimeter 
(VC9805, China). DC power supply with 150W power used 
to provide required current density in all the windings of U 
cores and digital multimeter act as measuring unit of voltage 
or current of element etc. Moreover, an accurate Tesla meter 
(Lutron MG-3002) was used to measure the magnetic field 
magnitude.

 

 

Fig. 3. Dimension and arrangement of the cores 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Dimension and arrangement of the cores
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2- 3- Ferrofluid characterization and properties
Ferrofluids are mainly consisted of magnetic nano-parti-

cles of metal oxide such as Fe3O4, γ- Fe2O3 and spinel-type 
ferrites of MFe2O4 (with M=Mn, Co, Zn, Ni, etc.) because of 
their chemical stability [1]. Various methods such as chemical 
co-precipitation, micro-emulsion and phase transfer are used 
to produce these particles [1, 2]. In this research, the sample 
magnetite nanoparticles were synthesized by the chemical 
precipitation method [3, 4]. The procedure is explained as fol-
lows. First of all the dissolved oxygen of 200ml of DI-water 
was eliminated by bubbling nitrogen gas (N2) for 15 min con-
tinuously to prevent the solution from the reactions with oxy-
gen (O2). Next a solution of 5.12g ferric chloride hexahydrate 
(FeCl3.H2O) and 2.00g of ferrous sulfate (FeSO4) were dis-
solved in DI-water. Subsequently, the mixture heated slowly 
to 80oC under mechanical stirring (with a 600 rpm). Then 
ammonium hydroxide (NH4OH with 1.5 M) under nitrogen 
atmosphere and vigorous stirring gradually added drop wise 
into the solution. As the pH reaches 8, the solution turns black 
which indicate the precipitation of iron oxide nanoparticles. 
The solution was allowed to maintain under the stirring rate, 
temperature and nitrogen bubbling conditions for 2 h. Finally, 
the synthesized black Fe3O4 nanoparticles was removed from 
unwanted solution of NH4OH via magnetic separation. The 
nanoparticles were then washed several times by deionized 
water to reach a neutral pH and dried in the air atmosphere 

[5]. The obtained solid Fe3O4 powder in appropriate amount 
was weighed by an electronic scale accurate to 0.001 g and 
with a desired volume concentration dispersed in distilled 
water. In this study, in order to prepare a stable suspension, 
acetic acid (C2H4O2) was used. Therefore, the proper volume 
fraction of acetic acid was added to the suspension and the 
ferrofluid placed under the intensive ultrasonic mixing for 
30min. It was observed that with this method, the stability of 
prepared magnetic nanofluid remarkably improved not only 
in the case of no magnetic field (for at least a month) but also 
in the case of applied magnetic field. Size dispersion by the 
number of the synthesized Fe3O4 nano particles and transmis-
sion electron microscopy (TEM) are shown in Fig. 4 (a) and 
(b), respectively. As seen in the figures, the mean diameter of 
the magnetite nanoparticles are 30 nm.

The thermophysical properties of the prepared nanofluids 
are calculated using the following equations [25]:
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Fig. 4. Size dispersion by the number of the synthesized Fe3O4 nano particles (a) and transmission electron microscopy 
(TEM)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Size dispersion by the number of the synthesized Fe3O4 nano particles (a) and transmission electron 
microscopy (TEM) (b).
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where ρ, p, f and nf are density, nanoparticles, fluid, and 
nanofluid, respectively. The volume fraction ratio of nanopar-
ticles in a suspension solution of the base fluid (ϕ) can be 
calculated as
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where mp and mf are the mass of the nanoparticles and the 
fluid, respectively.

The viscosity of the nanofluid is estimated using the Ein-
stein equation [26]. This equation is applicable for the sus-
pensions of low particle concentrations (lower than 2 vol. %), 
where particle-particle interactions are negligible:
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where μnf and μf is the viscosity of nanofluid and fluid, re-
spectively. Term ϕ is the nanoparticles volume fraction which 
is explained in Eq. (3). All the properties are measured at the 
mean temperature of Fe3O4/water nanofluids.

3- Data analysis
In this study the local convective heat transfer coefficient 

is utilized in order to estimate the heat transfer enhancement 
as follows: 
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where q’’ is the constant heat flux applied to the copper 
tube, Tw (x) is the tube wall temperature measured by ther-
mocouples and Tnf (x) is the nanofluid temperature at x axial 
distance from the inlet of the tube which can be calculated by 
the energy analysis as: 
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where ṁ is the mass flow rate, L is the tube length. Terms 
Cp,nf and Tnf,i are the specific heat and the inlet temperature of 
nanofluid, respectively. 

In Eq. (6), q represents the heat flow which also can be 
used to calculate the constant heat flux applied to the copper 
tube in Eq. (5), by: 
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where V is the voltage and I is the current which are used 
by the element and kept constant during the experiment. A 
and D are the surface area and the inner diameter of tube, 
respectively. 

The average value of the convective heat transfer coeffi-
cient is obtained by: 
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Finally, to evaluate and compare the applied cases with 
each other, the enhancement percentage in the heat transfer is 
presented as follows: 
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4- Apparatus validation
In order to investigate the reliability and accuracy of the 

experimental apparatus, Shah-equation, which calculates the 
theoretical local Nusselt number for laminar flow under the 
constant heat flux boundary condition, has been used as fol-
lows [19]: 
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where x is axial distance from the inlet of the tube, D is 
the tube internal diameter, Re is the Reynolds number VDρ

µ
 
 
 , and Pr is the Prandtl number pc

k
µ 

 
 

.

A series of experiments with distilled water as the work-
ing fluid were conducted for some different Reynolds num-
bers in the laminar flow regime (200≤Re≤1600). Then the 
collected data for each specific Reynolds numbers were 
compared with the results estimated from Shah equation (Eq. 
(10)). The results of this investigation indicated a good agree-
ment between the Shah equation and the measurements. Fig. 
5 shows two different Reynolds numbers of this investigation 
as sample. As it can be seen, there is a good agreement be-
tween the Shah equation and the measurements.
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5- Uncertainty analysis
 Evaluation of errors in the experiments is necessary to 

perform a valid test. For a parameter, ν, the total uncertainty 
(δν) can be calculated as follows: 
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where δνrep and δνeqp are the repetition and the equipment 
uncertainty, respectively. It should be mentioned that in this 
investigation, all measurements were taken three times to 
minimize the measurement error.

If R is a function of ‘n’ independent linear parameters as 
R=R(v1,v2,…,vn), in order to estimate the uncertainty of func-
tion R the following equation is used: 
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where δR is the uncertainty of function R, δνi the uncer-
tainty of parameter νi, and ∂R/∂νi is the partial derivative of R 
with respect to parameter νi. If the uncertainty in ν1,ν2,…,νm,ν 
m+1,…,νn are independent, then the fractional uncertainty of R 
is written as [27]: 
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As an example, the local convection heat transfer coeffi-
cient (h) is a function of several parameters (f(V,I,D,L,Ts,Tm 
) see Eq. (5)); therefore, the uncertainty of h (considering the 
maximum uncertainties for each of the parameters) can be 
calculated as: 
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by substituting the terms of the Eq. (14) from Eq. (5) and 
simplifying, the fractional uncertainty of h is presented as fol-
lows: 

 

Fig. 5. Validation of the experimental setup with Shah equation along dimensionless distance from the tube entrance using 

distilled water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Validation of the experimental setup with Shah equation along dimensionless distance from 
the tube entrance using distilled water.
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The uncertainties associated with the measuring instru-
ments of the experimental setup are reported in Table 1. For 
all measurements, uncertainty values have been calculated 
and the average uncertainty for local convection heat trans-
fer coefficient and injected power were equal to ±3.4 % and 
±0.65 %, respectively.

6- Results and Discussion
 In this investigation, various sets of experiments were 

carried out to analyze the convective heat transfer features of 
ferrofluid in the absence or presence of two types of magnetic 
field. In order to prevent any undesirable uncertainty from 
calculating thermal conductivities of ferrofluids, Nusselt 
numbers were not presented in this study. All measurements 
were taken three times to minimize the measurement error. It 
should be mentioned that the performance of the system was 
recorded in steady-state condition.

6- 1- Convective heat transfer performance of ferrofluid in 
the absence of magnetic field

Two working fluids were employed in this study: distilled 
water and a Fe3O4/water nanofluid with two different volume 
concentrations (1 wt%, 3 wt%). a series of experiments were 
performed for five different Reynolds numbers in the laminar 
flow regime (200≤Re≤1600). The variations of the local heat 
transfer coefficient against the dimensionless distance from 
the tube entrance (x/D) at Re = 400 are shown in Figs. 6 (a) 
and (b), respectively.

As Fig. 6 shows, the local convective heat transfer coef-
ficient (h) reduces till the flow approaches fully developed 
laminar region. As it can be seen, the local convective heat 
transfer coefficient (h) at short axial distances from the test 
tube entrance is relatively more than the larger distances 
which demonstrates the significance of the thermal boundary 

layer disturbance in the heat transfer enhancement process. 
In Fig. 7, the average convective heat transfer coefficient of 
3 wt% ferrofluid in comparison with 1 wt% ferrofluid and dis-
tilled water for different Reynolds numbers are shown. The 
comparison of Figs. 6 and 7 shows that adding Ferro nanopar-
ticles to water by 1 wt% under no magnetic field, have negli-
gible effect (around 1%) on the local convective heat transfer 
coefficient. It is also revealed that by tripling the ferrofluid 
concentration from 1 wt% to 3 wt%, about 5.5% improve-
ment in the average convective heat transfer coefficient is ob-
served. As experimental observations show, the convective 
heat transfer coefficient of the system for 1 wt% magnetic 
nano particles is slightly more than the case when the work-
ing fluid is distilled water. Particle migration, nanoparticle 
clustering, viscosity gradient and Brownian motion are a 
number of mechanisms discerned as the probable reasons for 
heat transfer enhancement in nanofluids [9, 20, 28-30]. The 
disturbed thermal boundary layer due to the addition of nano 
particles along with the increase of the thermal conductivity 
of the nanofluid are among other reasons for the enhancement 
of the convective heat transfer coefficient.

6- 2- Convective heat transfer performance of ferrofluid in 
the presence of magnetic field

The quality of an alternating magnetic field is specified 
with the two most important features of it which are known 
as frequency and duty cycle (the connection or the disconnec-
tion time of pulse waves). In this study, the alternating mag-
netic field of 10 Hz and 50 Hz was applied to the test section. 
The duty cycle of two kind of magnetic fields are equal. The 
strength of constant magnetic field is 300 Gauss, it should be 
mentioned that all kinds of alternating magnetic field have 
the same strength. In the presence of magnetic field the re-
sults are presented and compared for four different cases: the 
results of ferrofluid with no magnetic field, ferrofluid with a 
constant magnetic field, ferrofluid with an alternating mag-
netic field of 10 Hz and 50 Hz with the same strength. For the 
purpose of studying the effect of 1 and 3 wt% ferrofluid on the 
local heat transfer coefficient, two Reynolds numbers have 
been selected in the figures. In Fig. 8, the local heat transfer 
coefficient of 1 wt% ferrofluid against the dimensionless dis-
tance from the tube entrance (x/D) at Re = 1200 for all cases 
is shown. As seen in Fig. 8, applying an alternating magnetic 
field with a frequency of 50 Hz and 10 Hz increases the local 

Table 1. Equipment and their accuracyTable 1 – Equipment and their accuracy 

Equipment and model Measurement section Accuracy 
caliper Diameter ±0.02 mm 

Measuring tape length ±1 mm 
K type thermocouple Wall and Fluid temperature ±0.15 C to ±0.25 C 

Digital multimeter Voltage ±(0.5 + 1) V 
current ±(0.5 + 1) A 
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Fig. 6. the local heat transfer coefficient against the dimensionless distance from the tube entrance (x/D) at Re = 400 for 

ferrofluid (a) and distilled water versus Shah-equation (Theoretical) (b). 

 

 

Fig. 6. the local heat transfer coefficient against the dimensionless distance from the tube entrance 
(x/D) at Re = 400 for ferrofluid (a) and distilled water versus Shah-equation (Theoretical) (b).
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Fig. 7. The average convective heat transfer coefficient of 3 wt% ferrofluid in comparison with 1 wt% ferrofluid and 
distilled  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. The average convective heat transfer coefficient of 3 wt% ferrofluid in comparison with 1 wt% ferrofluid 
and distilled water for different Re.

 

Fig. 8. The local heat transfer coefficient of 1 wt% ferrofluid against the dimensionless distance from the tube entrance (x/D) 

at Re = 1200 for all cases. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. The local heat transfer coefficient of 1 wt% ferrofluid against the dimensionless distance from the tube 
entrance (x/D) at Re = 1200 for all cases.
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Fig. 9. The local heat transfer coefficient of 1 wt% ferrofluid against the dimensionless distance from the tube entrance (x/D) 

at Re = 400 for all cases. 

 

 

 

 

 

 

 

 

 

 

Fig. 9. The local heat transfer coefficient of 1 wt% ferrofluid against the dimensionless distance from the tube 
entrance (x/D) at Re = 400 for all cases.

heat transfer coefficient of 1 wt% ferrofluid in comparison to 
the case with no magnetic field. However, this value is not as 
much as be noticeable. It is also observed that the local heat 
transfer coefficient of 1 wt% ferrofluid for a constant magnet-
ic field is very close to that of the system when no magnetic 
field is applied.

Fig. 9 also shows the local heat transfer coefficient of 1 
wt% ferrofluid for the same cases and conditions as of Fig. 8 
except for the Reynolds number which is 400 in Fig. 9.

Similar to the obtained results for Re=1200, applying an 
alternating magnetic field slightly improves the local heat 
transfer coefficient of system for Re=400. The enhancement 
percentage in the heat transfer of 1 wt% ferrofluid under con-
stant and alternating magnetic fields is presented in Fig. 10. It 
is seen that the results of using 1 wt% ferrofluid without any 
kind of magnetic field are close to the case in which distilled 
water is the working fluid. In this case, about 1% improve-
ment in comparison with using distilled water is observed. 
Fig. 10 also reveals that applying constant or alternating mag-
netic field, has no considerable effect on the heat transfer en-

hancement with ferrofluid as the working fluid.
Another working fluid employed in this study was 3 wt% 

ferrofluid concentration. In Fig. 11 the effect of the constant 
and alternating magnetic fields on the local heat transfer co-
efficient of 3 wt% ferrofluid along the axial distance (x/D) 
at Re = 1600 is displayed. As Fig. 11 shows, the local heat 
transfer coefficient at short distance from the tube entrance 
is slightly more than longer distances and keeps constant to 
the end of it.

The local heat transfer coefficient for the 3 wt% ferrofluid 
for the same cases as of Fig. 11 but for a lower Reynolds 
number (Re=400) is presented in Fig. 12.

The average convective heat transfer coefficient of 3 wt% 
ferrofluid under the constant and alternating magnetic field in 
comparison with no magnetic field for Reynolds number is 
illustrated in Fig. 13. As seen from the figure, using an alter-
nating magnetic field increases the convective heat transfer 
of ferrofluid and in comparison with 1 wt% ferrofluid the ef-
fect of an alternating magnetic field is more than the constant 
magnetic field.
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Fig. 10. The enhancement percentage in the heat transfer of 1 wt% ferrofluid under the effect of constant and alternating 

magnetic field. 

 

 

 

 

 

 

 

 

 

 

Fig. 10. The enhancement percentage in the heat transfer of 1 wt% ferrofluid under the effect of constant 
and alternating magnetic field.

 

Fig. 11. the effect of the constant and alternating magnetic field on the local heat transfer coefficient of 3 wt% ferrofluid  

along the axial distance (x/D) at Re = 1600. 

 

 

 

 

 

Fig. 11. the effect of the constant and alternating magnetic field on the local heat transfer coefficient of 3 
wt% ferrofluid along the axial distance (x/D) at Re = 1600.
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Fig. 12. the effect of the constant and alternating magnetic field on the local heat transfer coefficient of 3 wt% ferrofluid 

along the axial distance (x/D) at Re = 400. 

 

 

 

 

 

 

 

 

 

 

Fig. 12. the effect of the constant and alternating magnetic field on the local heat transfer coefficient of 3 
wt% ferrofluid along the axial distance (x/D) at Re = 400.

 

Fig. 11. the effect of the constant and alternating magnetic field on the local heat transfer coefficient of 3 wt% ferrofluid  

along the axial distance (x/D) at Re = 1600. 

 

 

 

 

 

Fig. 13. The average convective heat transfer coefficient of 3 wt% ferrofluid under the effect of constant and 
alternating magnetic field in comparison with no magnetic field.
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With respect to Fig. 11, Fig. 12 and Fig. 13, there is a 
considerable point about the relationship between the appli-
cation of an external magnetic field and the Reynolds num-
ber. As the results reveal, as much as the Reynolds number 
is decreased the effect of magnetic field, whether constant or 
alternating, becomes more efficient. For instance, the amount 
of the convective heat transfer of 3 wt% ferrofluid for an al-
ternating magnetic field of 50 Hz at Re=1600 is about 972 
and is 936 when no magnetic field applied (an increase of 
3.8% ). But by reducing the Reynolds number from 1600 to 
400, the amount of convective heat transfer is slightly higher 
and ranges from 617 to 649 (an increase of 5%) for the case 
with no magnetic field and alternating magnetic field of 50 
Hz, respectively. This occurrence can be inferred from the 
relation between hydrodynamic force and the motion induced 
by a magnetic field on a particle which is known as magneto-
phoresis [31].  In this regard, when the Reynolds number in-
creases, more nanoparticles pass through the tube section, but 
in this case, the magnetic field will be less effective. Hence, 
decreasing the Reynolds number also leads to the decrease in 
hydrodynamic force and in consequence, the magnetic field is 
more capable to absorb nanoparticles toward the tube’s wall. 
As a result, in the same magnetic field strength as much as 
the flow rate decreases, the effect of magnetic field on the ab-
sorption of nanoparticles increases. Fig. 14 shows the effect 
of constant and alternating magnetic field on the heat transfer 
improvement of 3 wt% ferrofluid. As can be seen from Fig. 

14, the enhancement percentage in the heat transfer for 3 wt% 
ferrofluid with no magnetic field is enhanced about 5% com-
pared to distilled water for all Reynolds numbers. The en-
hancement percentage with applying the alternating magnetic 
field with a frequency of 50 Hz, 10 Hz and constant magnetic 
field reach the value of 5%, 3.7% and 2% for Re=400, re-
spectively. It is also observed that by increasing the Reynolds 
number, the heat transfer enhancement decreases which is 
explained before. Therefore, it can be concluded that the en-
hancement percentage in the heat transfer of 3 wt% ferrofluid 
by means of an alternating magnetic field with a frequency 
of 50 Hz increases by about 3-5 % in comparison to the case 
with no magnetic field.

The difference between the results for the two kinds of 
applied magnetic field is worth mentioning. As explained, the 
constant magnetic field is seen to have a considerable effect 
on the heat transfer improvement when the flow rate decreas-
es enough. With applying alternating magnetic field, how-
ever, the heat transfer is improved. This phenomenon may 
be explained by ferro particle distribution and their cluster 
morphology. The presence of these particle clusters and their 
chained alignment due to the external magnetic field as well 
as disturbing thermal boundary layer translates into more heat 
transfer in this case. Further details regarding the physical jus-
tification of heat transfer enhancement in presence of a field 
are available in the literature [10, 11, 31-34].

 

Fig. 14. The enhancement percentage in the heat transfer of 3 wt% ferrofluid under the effect of the constant and alternating  

magnetic field. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. The enhancement percentage in the heat transfer of 3 wt% ferrofluid under the effect of the constant 
and alternating magnetic field.
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To establish a better comparison between different types 
of magnetic field, the experimental data of the average con-
vective heat transfer coefficient and the enhancement percent-
age in the heat transfer are given in Table 2 and Table 3 for 1 
wt% and 3 wt% ferrofluid, respectively. As seen from Table 
2, the results of using 1 wt% ferrofluid, whether constant or 
alternating magnetic fields, are really close to the results of 
the case with no magnetic field. In Table 3 it is shown that by 
decreasing the Reynolds number, the effect of constant mag-
netic field has been increased for 3 wt% ferrofluid concentra-
tion. A small enhancement in heat transfer is also observed 
when the frequency of the magnetic field increases from 10 to 
50 Hz which is negligible for 1 wt% ferrofluid concentration.

7- Conclusions
Convective heat transfer coefficient of ferrofluid under the 

effect of two kinds of magnetic field (alternating and con-
stant magnetic field) in laminar flow regime was investigated. 
The performances of three different cases including ferrofluid 
with no magnetic field, ferrofluid with a constant magnetic 
field, and ferrofluid with an alternating magnetic field of 10 

and 50 Hz for two concentrations (1wt% and 3wt%) were 
compared to that of the distilled water as the working fluid. 
The main results can be summarized as:

•	 Changing the cooling fluid from distilled water to 
a Fe3O4/water nanofluid, the convective heat transfer coef-
ficient for 3wt% concentration improved by about 5% in the 
absence of a magnetic field.

•	 The effect of an alternating and constant magnetic 
field is noticeable when the nanoparticles concentration in-
creases from 1 wt% to 3 wt%.

•	 The constant magnetic field and flow rate have an 
inverse relationship with each other. In the same magnetic 
field strength as the flow rate decreases, the effect of constant 
magnetic field increases.

•	 Changing the frequency of the alternating magnetic 
field from 10 to 50 Hz, there was a slight enhancement in heat 
transfer.

•	 The maximum heat transfer enhancement of 5% 
compared to the case with no magnetic field occurs when the 
alternating magnetic field with frequency of 50 Hz is applied.

Table 2 .1wt% Fe3O4/water nanofluid.Table 2 – 1wt% Fe3O4/water nanofluid. 

Re 200 400 800 1200 1600 
 ℎ𝑎𝑎𝑎𝑎𝑎𝑎 

(W/m2K
) 

𝜂𝜂 
(%) 

ℎ𝑎𝑎𝑎𝑎𝑎𝑎 
(W/m2K

) 

𝜂𝜂 
(%) 

ℎ𝑎𝑎𝑎𝑎𝑎𝑎 
(W/m2K

) 

𝜂𝜂 
(%) 

ℎ𝑎𝑎𝑎𝑎𝑎𝑎 
(W/m2K

) 

𝜂𝜂 
(%) 

ℎ𝑎𝑎𝑎𝑎𝑎𝑎 
(W/m2K

) 

𝜂𝜂 
(%) 

No field 451.7  - 590 - 725.8 - 808 - 893.4 - 

10 Hz 452.4 0.1
4 590.7 0.1

1 726.3 0.0
7 809/5 0.1

8 894.9 0.1
6 

50 Hz 452.6 0.1
8 591.1 0.1

7 727 0.1
6 808.9 0.1

1 894.9 0.1
7 

Constan
t Field 452.1 0.0

8 590.6 0.0
9 726.1 0.0

5 808.7 0.0
8 894.1 0.0

7 
𝜂𝜂 is calculated respect to the case ferrofluid with no magnetic field 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 .3wt% Fe3O4/water nanofluid.Table 3 – 3wt% Fe3O4/water nanofluid. 

Re 200 400 800 1200 1600 
 ℎ𝑎𝑎𝑎𝑎𝑎𝑎 

(W/m2K
) 

𝜂𝜂 
(%) 

ℎ𝑎𝑎𝑎𝑎𝑎𝑎 
(W/m2K

) 

𝜂𝜂 
(%) 

ℎ𝑎𝑎𝑎𝑎𝑎𝑎 
(W/m2K

) 

𝜂𝜂 
(%) 

ℎ𝑎𝑎𝑎𝑎𝑎𝑎 
(W/m2K

) 

𝜂𝜂 
(%) 

ℎ𝑎𝑎𝑎𝑎𝑎𝑎 
(W/m2K

) 

𝜂𝜂 
(%) 

No field 470.8 - 617.9 - 756.4 - 845.8 - 936.5 - 

10 Hz 488.6 3.7
9 640.8 3.7

1 788.5 4.2
3 864.6 2.2

1 957.9 2.2
7 

50 Hz 494.8 5.0
9 649.2 5.0

6 796.2 5.2
6 879.6 3.9

8 972.3 3.8
2 

Constan
t Field 481.8 2.3

3 630.6 2.0
5 765.9 1.2

5 850.1 0.5
1 941.5 0.5

3 
𝜂𝜂 is calculated respect to the case ferrofluid with no magnetic field 
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