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In the current investigation, Fe3O4 water-based nanofluids were
synthesized to examine the effect of an alternative 3-D external magnetic
field on its thermal behavioral pattern. A solvothermal method was used
to prepare the magnetite nanoparticles. To characterize the nanoparticles,
the study employed transmission electron microscopy, X-ray diffraction,
Fourier transform infrared spectroscopy, vibrating sample magnetometer
and zeta-potential experiments. Vibrating sample magnetometer
evaluations thoroughly confirmed the super-paramagnetic characteristics
of the nanoparticles. Therefore, exposition of the resulting nanofluids to
an AC external magnetic field led to the formation of aligned dipoles
parallel to the applied field. Afterwards, the net magnetization in the
absence of the external field was set to zero. Thermal measurements
demonstrated an enhancement of convective heat transfer coefficients,
particularly in the case of more diluted samples. The highest value of h
was associated with the most diluted sample, where the h value was two
times greater than that in the base fluid at V=1.4 V. This was attributed to
the augmentation of both the Brownian motions and the viscosity
gradients in the centerline of the test section.
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Nowadays, the efficiency and reliability in many industrial
and engineering fields such as automobile building, power generation,
aerospace, transportation, and especially, micro-heating systems are
significantly associated with their heat transport properties.
Conventional heat transfer fluids such as water, ethylene glycol and
kerosene show finite heat transfer characteristics. Besides, use of some
apparatuses such as fins and the vibration of the heated surfaces
restricts many heat transfer applications [1-2].
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Choi et al. [1] initially identified a kind of
nanofluid which showed a good enhancement of
thermal properties and energy efficiency of the base
fluid. They defined the term “nanofluid” as the
nanoparticles dispersed in the base fluid [3]. Two
nanofluid preparation methods are suggested, the
first being a single-step method based on which
nanofluids are simultaneously synthesized along
with the nanoparticles and the second a two–step
method in which the nanoparticles are separately
prepared, and then, dispersion in the base fluid
follows [1, 4].
Recently,
ferrofluids
have
drawn
considerable attention thanks to their having both
magnetic and fluid characteristics, which in turn,
makes them appropriate for interesting applications
in various industries. However, a few investigations
on the heat transfer properties of the magnetic
fluids have been reported [5-7].
Guo et al. [3] synthesized a stable magnetic
nanofluid containing -Fe2O3 nanoparticles through
a two-step method to discover the behavioral
pattern of these kinds of materials in the
enhancement of thermal transport properties. They
observed remarkable convective heat transfer
coefficients in a laminar flow regime, when they
changed the Reynolds number (Re) at various
volume fractions. Hong et al. [8] investigated the
effect of magnetic field on the thermal
conductivities of a water-based nanofluid made of a
physical mixture of carbon nanotubes and Fe2O3
nanoparticles. They speculated that the formation of
aligned chains of Fe2O3 particles under the applied
magnetic field connects the carbon nanotubes to
each other, leading to the enhancement of the
thermal conductivity. In another investigation,
Philip et al. [9] used a nanofluid consisting of a
colloidal suspension of magnetite nanoparticles
with an average diameter of 6.7 nm. They could
control the linear aggregation length from nanoscales to micro-scales under the influence of the
magnetic field. Afterwards, they measured the
thermal conductivity enhancements of the nanofluid
at ca. 216% by using 4.5 vol. % of nanoparticles.
Ganguly and co-workers [10] also numerically
studied the heat transfer augmentation induced by
several dipoles to identify the changes of the
streamlines of the ferrohydrodynamic convection
between two plates. However, they applied a two-
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dimensional magnetic field to evaluate the heat
transfer properties of the ferrofluid.
Among the common synthesis methods,
including co-precipitation [11-14], ultrasonicassisted chemical co-precipitation [15], chemical
reduction method [16], solvothermal synthesis [1719], micro-emulsion [20], chemical co-precipitation
[21], oxidation of Fe(OH)2 by H2O2 [22], and
microwave irradiation [23], this paper, in its
contribution, used a solvothermal method because
of its greater efficiency and homogeneity.
Although a few studies have investigated
the external magnetic field, none of them has
concentrated on the influence of the magnetic field
on the convective heat transfer coefficients (h). In
this study, the aim is to examine the effect of an AC
three-dimensional magnetic field on Fe3O4 waterbased nanofluids in order to evaluate the variations
of the convective heat transfer coefficients.

EXPERIMENTAL
All the chemicals were purchased from
Merck and used as received. To synthesize the
Fe3O4 nanoparticles, a solvothermal technique was
applied [17-19]. Briefly, FeCl3.6H2O (0.454 g) was
dissolved in 70 cc ethylene glycol, followed by
dissolving 3.6 g Polyvinyl Pyrrolidone (PVP).
Afterwards, 2.3 g sodium acetate was added to the
resulted solution, then, this solution was transferred
to a 500 ml Teflon-lined autoclave. The reaction
temperature was adjusted at 200oC for 16 h,
considering the pressure of the autoclaved solution
(around 20 bar). Finally, the remained product was
filtered and dried in a vacuum oven at 90°C for 6 h.
The water-based nanofluids were easily
produced by a two-step method, basing on the
appropriate amounts of Fe3O4 nanoparticles were
dispersed in the water, followed by sonication. In
the present investigation, we used three different
concentrations of 0.0025 wt. % (sample 1), 0.005
wt. % (sample 2) and 0.01 wt. % (sample 3) Fe3O4
in the preparation of the nanofluids. The
experimental apparatus for the investigation of
convective heat transfer is presented in Figure 1a
and 1b. In general, the experimental set-up consists
of a test section made of copper with an inner
diameter of 8.65 mm and the length of 1.2 m, a
pump supplied by a digital flow controller, a
reservoir tank, a circulator and some stators which
Submit your manuscript to www.ijnd.ir
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establish the magnetic field. An electrical element
was used to heat up the test section during the
experiment. In this research, the constant heat flux
was considered to be ca. 200 W, and the test section
was insulated thermally to minimize the heat loss
from the tube to the ambient. In addition to the
inserting of two thermocouples in the middle of
cross sections of tube for the inlet and outlet fluids
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of the test section, we soldered five thermocouples
in the increments of 20 cm on the copper tube wall.
To adjust the Re number in the desired
amounts, we installed a digital flow controller
connected to the pump. A circulating system was
also used to preserve a constant temperature at the
inlet of the test section.

Fig. 1. a) The experimental apparatus used for the examination of the forced convective heat transfer characteristics, b) a schematic representation of
the experimental set-up, c) a stator acting as the field magnet, d) the field lines produced by the stators.
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To calculate the convective heat transfer
coefficients of the nanofluids, in addition to
measuring the experimental constant heat
flux (𝑞 ′′ ), the wall temperatures along the copper
tube, mean temperature of the bulk fluid and flow
rate are also required [4]. Then,
h x =

q′′
,
Ts x − Tm x

where Tm x = Tm,i +

q′′ P
m Cp

Eq. (1)

where, Tm(x), Ts(x) and h(x) are the mean
temperature of fluid, the wall temperature of tube
and the heat transfer coefficient, respectively. The
aim of the measurements is to obtain the average
heat transfer coefficient (have) of the nanofluids.
In order to investigate the effect of an external
magnetic field, a low- voltage three-dimensional
magnetic field perpendicular to the fluid’s flow was
developed, as demonstrated in Figure 1c and 1d.
Controlling the strength of the magnetic field was
conducted by an AC power supply ranging from 0
V up to about 5 V which exerts a voltage difference
to both ends of the test section.
The thermal conductivity (k) of the
nanofluids was measured at 20oC by using a KD2
thermal property meter (Lab cell Ltd, UK), which
worked on the basis of the transient hot wire
method. Zeta potential value was performed by a
Malvern ZS analyzer (Malvern Instrument Inc,
London, UK) to determine the dispersion behavior
of the nanofluid. Transmission electron microscopy
images were obtained using a CM-FEG-Philips,
supplied by an accelerating voltage of 120 keV to
investigate the dispersion and the metal particle size
of the magnetite (Fe3O4) nanoparticles. X-ray
diffraction with Cu Kα radiation source (Philips
PW-1840) was applied to study the crystalline
phases of the catalysts. Fourier transform infrared
(Bruker, Vertex 70) was employed to indicate the
chemical nature of the magnetite nanoparticles.
Also, to characterize the magnetic properties of the
Fe3O4 nanoparticles, the vibrating sample
magnetometer (Lake Shore 7400) system was used.

RESULTS AND DISCUSSION
Figure 2a and 2b show the Transmission
electron microscopy images of Fe3O4 nanoparticles
synthesized via solvothermal method, having
porous structures. The presented photographs
confirmed that the synthesis technique leads to the
well-dispersed particles, mostly in the range of
about 60-80 nm in accordance with the histogram
implied in Figure 2c. According to Figure 2d, the
zeta potential value of around 23 mV indicates that
the electrostatic repulsion is relatively sufficient for
a good stabilization of the nanoparticles, the same
as what is found in the literature [24-25].

Fig. 2. Transmission electron microscopy photographs of Fe3O4
nanoparticles (a and b), the histogram of nanoparticles diameters of
Fe3O4 (c) and the zeta potential of Fe3O4 nanoparticles (d).
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The x-ray diffraction pattern of Fe3O4
nanoparticles is shown in Figure 3. According to
this illustration, the crystallite planes of 220, 311,
400, 422, 511, 440, 620 and 622 correspond to the
Bragg angles of about 30.3o, 35.6o, 43.2o, 53.6o,
57.2o, 62.8o, 71.8o and 74.2o, respectively,
indicating the crystalline nature of Fe3O4
nanoparticles [11-12, 15]. Crystallite size
measurements were determined from the full-width
at half maximum (FWHM) of the strongest
reflection of the (311) peak, using the Scherrer
approximation, which assumes the small crystallite
size to be the cause of line broadening.
𝐷=

𝑘𝜆
𝛽𝑐𝑜𝑠𝜃
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supported by a peak centered at 580 cm-1 [16, 27].
Some other peaks may be attributed to some
impurities due to decomposition of sodium acetate
and/or Polyvinyl Pyrrolidone (PVP) applied in the
synthesis procedure. For instance, the peaks
appeared at the vibration wavelengths of 1276,
1663 and ca. 2850-2950 cm-1 may be assigned to
the C-C, C=O stretching bands and methyl groups
associated with decomposition of sodium acetate,
respectively [28-29]. Furthermore, the peaks
centroid at around 1060 cm-1 and 3200-3400 cm-1
are characteristically indicative of the stretching
vibration modes of CH-OH and/ or OH and NH2
groups [13], correspondingly, as shown in Figure 4.

𝐸𝑞. (2)

Where D is the crystallite mean size, k is
a shape function for which a value of 0.9 is used,
l.54 nm is the wavelength of the radiation, β the
full-width at half maximum (FWHM) in radians,
and  the Bragg angle. The average crystallite size
of the magnetite nanoparticles resulted from
Scherrer’s equation [26] was found to be around 6
nm, which differs so much from those displayed in
Figure 2. This confirms that the Fe3O4
nanoparticles shown in Figure 2 are composed of 6nm nanoparticles, which finally form the porous
structures.

Fig. 3. X-ray diffraction pattern of Fe3O4 nanoparticles.

Figure 4 presents the Fourier transform
infrared spectrum of Fe3O4 nanoparticles prepared
by solvothermal method. The peaks observed at
457 up to 430 cm-1 are associated with the
characteristic peaks of Fe-O stretching vibrations.
The presence of Fe3O4 nanoparticles is strongly
Submit your manuscript to www.ijnd.ir

Fig. 4. Fourier transform infrared spectroscopy of Fe3O4 nanoparticles
synthesized by solvothermal technique.

A field-dependent magnetization curve M
(H) at room temperature is displayed in Figure 5a.
The saturation magnetization is found to be ca. 63.6
emu g-1 at room temperature, which is slightly
smaller than the bulk value; i.e. 92 emu g-1 [17].
Since there is negligible coercivity in the
magnetization curve with no hystersis loop, one
may find that the Fe3O4 nanoparticles have
superparamagnetic characteristics [30]. For such
systems, the magnetic moments of the particles are
free to rotate in response to any applied magnetic
field [27]. Therefore, one may expect that exposing
the resulting nanofluids in the current investigation
to any external magnetic field leads to the
formation of aligned dipoles parallel to the applied
field, and, afterwards, the net magnetization in the
absence of the external field is equal to zero [14,
31-32]. Figure 5b demonstrates the highly potential
magnetic characteristics of the magnetite in the
presence of an external magnetic field.
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Fig. 5. a) Field-dependent magnetization curve of magnetite nanoparticles at room temperature,
b) The magnetic behavior of Fe3O4 nanoparticles in the presence of an external magnet.

Heat conductivity measurements show
almost similar values for all the three examined
nanofluids; however, the results present a slight
enhancement of the effective thermal conductivity
values with the increase in the concentration of
Fe3O4 in the nanofluids. Thermal conductivity
measurements of all the samples are found to be ca.
15-17 % more than the base fluid. Paul et al. [1]
reached up to 48% enhancement in thermal
conductivities at 0.00026 vol. % concentration and
21 nm average particle sizes. According to them,
the significant enhancement in thermal conductivity
of the nanofluids at low concentrations may be
attributed to the porous features of the
nanoparticles.
Figure 6 illustrates the relative heat
transfer coefficients (hr), where hr is defined as the
resulting amount of hnanofluid (heat transfer
coefficient of the nanofluid) divided by hwater (heat
transfer coefficient of water). According to Figure
6, in the absence of the external magnetic field (i.e.
V=0), when the nanofluid is more concentrated,
one observes an augmentation in hr. Therefore, the
highest hr belongs to sample 3, i.e. ca. 1.7,
compared with the other samples. Considering low
concentrated nanofluids as well as low values of
effective heat conductivities, one may find that the
h enhancement values are more pronounced. Paul
et al. [1] suggested that at very low concentrations,
some combined effects such as high, specific
surface area and the Brownian motions of the
particles may be responsible for the heat transfer
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enhancement, and then, the improvement
mechanisms are not the same as what was observed
for high concentrated nanofluids. In the current
investigation, the porous structures of the Fe3O4
nanoparticles (as shown in Figure 2), particularly
along with the Brownian motions of the
nanoparticles, may rationalize the enhanced
convective heat transfer.

Fig. 6. The results of relative heat transfer coefficients (hr) of the
nanofluids with the variation of the magnetic field strength.

Figure 6 demonstrates that enhancement
of hr is caused by the increase in the magnetic field
strength, particularly in the case of sample 1, which
owns the lowest concentrations. Therefore,
Submit your manuscript to www.ijnd.ir
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according to Figure 6, the highest value of hr is
found to be ca. two times that of the water, when it
works under the voltage of around 1.4 V. This
enhanced measurement confirms the positive effect
of an external magnetic field, particularly in the
case of more diluted nanofluids. To the best of our
knowledge, an external magnetic field could easily
align the dipoles of any paramagnetic material
along the applied field [31]. Therefore, following
the exertion of the magnetic field to both ends of
the test section, the nanoparticles get align in the
direction of the resulting field, i.e. perpendicular to
the fluid’s flow which was considered to be
horizontally.
So far, many interesting factors such as
various effects of thermal conductivities under
static and dynamic conditions, energy transfer by
nanoparticles dispersion, particle migration due to
viscosity gradient, non-uniform shear rate,
Brownian diffusion and thermophoresis were
assumed as having an impact on the enhancement
of the convective heat transfer coefficient [32-36].
However, Xuan and Li [33] suggested that highly
dispersed nanoparticles could flatten the
temperature distribution, which will in turn;
augment the heat transfer rate between the fluid and
the wall. Wen and Ding [34] numerically showed
that the particle migration induced by the viscosity
gradient and then, by a non-uniform shear rate
leads to a higher heat transfer coefficient of
nanofluids. Buongiorno [35] also theoretically
confirmed the effect of nanoparticle dispersion on
the energy transfer of nanofluids and conclusively,
showed that energy transfer by nanoparticle
dispersion is negligible. Therefore, according to
Wen and Ding [36], particle migration leads to a
considerable radial non-uniformity in particle
concentration, affecting the local thermal
conductivity and viscosity. In the current
investigation, exerting an external magnetic field
composed of 3-D dipoles, surrounding the test
section, results in the transverse movements of
nanoparticles (see the field lines in Figure 1d), as
inferred from Eq. (3).
F = qV × B

Eq. (3)

As a consequence of using the alternative
current field, one may expect the sweeping motions
across the tube cross-section. Then, higher
Submit your manuscript to www.ijnd.ir
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viscosity of nanoparticles near the centerline of the
copper tube is expected, which, in turn, flattens the
velocity profile, and, therefore, decreases the
difference between the tube wall temperature and
bulk mean temperature of nanofluids [37].
According to the above-mentioned
explanations, because of the use of an AC power
supply to produce a 3-D magnetic field, worm-like
movements are expected for the nanoparticles. In
fact, in addition to the intrinsic Brownian motions
of the particles, due to the presence of an external
magnetic field, extra movements exist too. In other
words, we succeeded to make more contacts
between nanoparticles along with the increment of
viscosity gradient in the centerline of the test
section, which could develop the thermal properties
of the nanofluids.
According to Figure 6, maximum values
of hr for all of the samples are followed by a
suddenly decreasing tendency. Taking into account
the high concentration of nanoparticles in the
centerline of the tube, it is obvious that the increase
in the magnetic field strength together with the
augmentation of the contacts between the
nanoparticles leads to the flocculation of the
nanoparticles, decreasing the convective heat
transfer properties. According to Figure 6, one may
observe that the decreasing propensity of the hr
values is more significant for sample 3 which
contains the highest concentration. For instance, hr
reaches up to 1.12 times of the base fluid at V=3.2
V, which is even lower than hr=1.7 in the absence
of the external magnetic field. This confirms the
clumping of the nanoparticles together under the
influence of more intensified magnetic fields.
Fig. 7 implies the effect of magnetic field
strength on the convective heat transfer coefficient
(h) of the nanofluids, when Re number is varied.
Zabihi and co-workers [2] stated that in higher Re
numbers, the effect of Brownian motion of
nanoparticles and, then, the amount of h
enhancement increases. Buongiorno [35] showed
that the Brownian diffusion and thermophoresis
effects are significant mechanisms for considerable
variations in viscosity and thermal conductivity of
nanofluids within the laminar sublayer of the
turbulent boundary layer; however, turbulent
boundary layers include greater mixing compared
with laminar boundary layers [38]. Since, the
Brownian Motions and the aggregation of
nanoparticles have two contrary effects on the h
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variations; the important subject in this course is
which one of them is prevailing.
Figure 7 shows that the h variations are
influenced by the changes in the magnetic field
strength. According to Figure 7, an increasing
tendency for the h values of the Fe3O4 water-based
nanofluid is observed, when the voltage of the
magnetic field is varied within the range of 0-1.4 V.
Based on the results, in this voltage range, the h
values increase from 1550 up to 2550 W/m2K. At
Re=1395, because of having a laminar flow as well
as the absence of eddy convection, one may find
that the use of an AC magnetic field results in
particle migration, mostly to the centerline of the
tube. According to what illustrated in Figure 7, the
amount of h enhancements is insignificant in the Re
number of 2335 compared to those resulting at
Re=1395, even after applying the magnetic field.
This may be attributed to the transition state from
laminar to turbulent flow, having complex concepts
of boundary layers which are not clearly known
yet; i.e. unspecified changes of the boundary layer
thickness may be responsible for this observation.

Fig. 7. The h values of nanofluids at different Re numbers with varying
magnetic field strengths.

According to Figure 7, the resulting
measurements show a considerable h enhancement
at Re=3496. Considering the increase of turbulency
and the formation of eddies, one may conclude that
the eddy convection is an important factor along
with the increase of viscosity gradient induced by
the external magnetic field to enhance the forcedconvective heat transfer properties. However, the
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increase in the magnetic field strength up to V=1.4
V leads to the cutting back on the value lower than
that in the absence of magnetic field. This indicates
that the effect of flocculation of nanoparticles is
prevailing as a conclusion of both the eddy
convection and the particles motions induced by the
applied field.
In general, the suggested mechanism
rationalized in this contribution is in good
agreement with the literature [37]; however, the
presentation of an exact approach to show the
effect of a 3-D magnetic field on the forcedconvective heat transfer characteristics requires
more experiments.

CONCLUSIONS
In this investigation, we synthesized the
porous superparamagnetic Fe3O4 nanoparticles with
an average particle size of 75 nm through a
potential solvothermal method in order to
investigate the influence of a 3-D low voltage
magnetic field on the convective heat transfer
measurements. According to the results, use of the
magnetic field had a significant effect on the h
values induced by both Brownian motions and
viscosity gradients; however, this enhancement was
strongly sensitive to the applied field strength.
Since, exerting an AC magnetic field led to the
augmentation in contacts between particles, the
coagulation of the particles was expected.
Conclusively, these findings showed promising
insights into the enhancement of the forcedconvective heat transfer properties of nanofluids by
applying an appropriate magnetic field.
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