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Abstract
Main aim of this paper was to analyze the influence of strong magnetic field on the en-
hancement or suppression of nanofluids transport processes. The second objective was
to determine how the flow structure changed under the influence of a magnetic field. An-
alyzed diamagnetic nanofluids composed of distilled water and the copper nanoparticles
of 40–60 nm size in three different concentrations (50, 500, and 1000 ppm). The experi-
mental enclosure position in the magnet test section caused the most intricate interaction
of the acting forces: the gravitational and magnetic buoyancy ones, and made the in-
terpretation of results very difficult. The Nusselt number ratio and the thermomagnetic
Rayleigh number were determined for heat transfer analysis, while the fast Fourier trans-
form was performed for the nanofluid flow structure analysis. Spectral analysis for all
examined nanofluids was presented. Influence of nanoparticles concentration was clearly
visible, while the direct impact of magnetic field on the heat transfer and flow structure
should be still investigated.

Keywords: Nanofluids; Heat transfer; Flow structure; Fast Fourier transform; Nusselt
number ratio; Thermomagnetic Rayleigh number

Nomenclature

B – magnetic induction, T
cp – specific heat, J(kgK)−1
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F – force, Nm−3

g – gravitational acceleration, ms−2

k – thermal conductivity, W (mK)−2

Qcond – conduction heat rate, W
Qconv – convective heat rate, W
Nu – Nusselt number, –
T – temperature, K
T0 – reference temperature, K

Greek symbols

β – thermal expansion coefficient, K−1

ϕ – particle fraction, vol%
ρ – density, kgm−3

ρ0 – density at reference temperature, kgm−3

µ – dynamic viscosity, kg(m s)−1

µ0 – magnetic permeability of vacuum, Hm−1

σ – electrical conductivity, Sm−1

χ – mass magnetic susceptibility, m3 kg−1

Superscripts

bf – base fluid
g – gravitational
m – magnetic
nf – nanofluid
p – particles

1 Introduction

In recent years the nanofluids have gained attention due to their wide possi-
ble applications such as in cooling of electronic systems or thermal storage
systems [1]. A large number of both experimental and numerical inves-
tigations were published in the past few decades, among them, the nat-
ural convection was considered in [2–4]. Change of the fluid properties
caused by an addition of the nanoparticles was the subject of many re-
ports [3,5,6]. Higher thermal properties and enhancement of heat transfer
were presented by large number of research groups [7–9]. Few numerical
calculations of weakly-magnetic nanofluids placed in a magnetic field was
performed [10–12]. However, till now only one experimental diamagnetic
nanofluids heat transfer investigations was accomplished [13].

One of the methods to obtain high heat fluxes transfer is an addition
of the nanoparticles to the traditional coolants. The homogeneous coolants
have limitations coming from their pretty low thermal properties. The sec-
ond method is to utilized the magnetic field to enhance the thermal trans-
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port processes. It was proved that such effect could be achieved for diamag-
netic and paramagnetic, but one-phase, fluids [14,15]. In presented paper
this two combined ways of heat transfer control were applied. The Nusselt
number ratio was calculated and it helped to define occuring phenomena.
The fast Fourier transform (FFT) and spectral analysis were applied to
find information about the flow structure without and with influence of the
magnetic field.

2 Experimental equipment

Schematic view of experimental equipment is shown in Fig. 1a. The exper-
imental enclosure was filled with working nanofluid. Position of the cubical
enclosure inside the test section of superconducting magnet was correlated
with appearance of maximal value of gradB2

max, which means that the mag-
netic buoyancy force has had the greatest impact at this point [14]. The
bottom wall of experimental enclosure was heated (with constant heat flux)
and the top one was cooled, both of them were made of copper. A nichrome
wire was used as a heater, connected to a DC power supply and placed
under cooper plate. The heating power was monitored with multimeters.
The water flowing through the cooling chamber was maintained at constant
temperature by a thermostating bath. Three thermocouples were placed in
heated and cooled plates, while six thermocouples inside cubical enclosure
(shown in Fig. 1b). The signals of measured temperature were stored in
a computer memory through a data acquisition system and were used to
analyze the heat transfer and flow structure.

2.1 Working fluids

The nanofluids consisted of the base fluid (distilled water) and copper par-
ticles (40–60 nm) of three concentrations were examined. The amount
of nanoparticles were 50, 500 and 1000 ppm, it corresponded to follow-
ing nomenclatures: Cu50, Cu500 and Cu1000, respectively. Preparation of
nanofluids is very problematic and complicated [16]. The working nanofluids
were prepared by two-step method based on the mechanical agitation during
8 h. The fluids were opaque but after one hour of stagnation, agglomeration
and sedimentation were observed. The way of nanofluids preparation were
improved in the next research steps.

The necessary (physical and thermal) properties for the heat transfer
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Figure 1: Experimental (a) setup and (b) enclosure.

and flow structure analyzes were calculated using formulas presented in
Tab. 1. The magnetic properties were measured with the magnetic suscep-
tibility balance (MSB Magnetic Susceptibility Balance, Sherwood Scientific
Ltd. described in Operator’s Manual). All working fluids’ properties used
in the analysis are presented in Tab. 2.

Table 1: Formulas applied for the calculation of nanofluids thermophysical proper-
ties [17].

Property Formula

Thermal conductivity knf = kbf
kp+2kbf+2ϕ(kp−kbf )

kp+2kbf−ϕ(kp−kbf )

Density and specific heat product ρcp,nf = ϕ(ρcp)p + (1 − ϕ)(ρcp)bf

Thermal expansion coefficient βnf = ϕβp + (1 − ϕ)βbf

Dynamic viscosity µnf =
µbf

(1−ϕ)2.5

Electrical conductivity σnf = σbf



1 +
3

(

σp
σbf

−1

)

ϕ

(

σp
σbf

+2

)

−

(

σp
σbf

−1

)

ϕ





Considering the magnetic properties of analysed fluids, it should be em-
phasized that both of the nanofluids components (water and copper) were
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Table 2: Thermophysical properties of working fluids.

Property Unit Cu50* (50 ppm) Cu500* (500 ppm) Cu1000* (1000 ppm)

Thermal
conductivity,
knf

W(mK)−1 0.5990 0.5991 0.5992

Density, ρnf kgm−3 1010.04 1010.44 1010.89

Specific heat,
cp,nf

J (kg K)−1 4181.78 4181.58 4181.58

Thermal
expansion
coefficient, βnf

K−1 19.8× 10−5 19.8× 10−5 19.8× 10−5

Dynamic
viscosity, µnf

kg (m s)−1 101.0× 10−5 101.0× 10−5 101.0× 10−5

Electrical
conductivity,
σnf

S m−1 5.50× 10−6 5.50× 10−6 5.50× 10−6

Mass magnetic
susceptibility,
χm

m3 kg−1
−13.4× 10−9** −13.4× 10−9** −14.5× 10−9**

* – values calculated in the basis of Tab. 1, ** – measured values.

diamagnetic. The selected fluids were considered as nonconducting electri-
cal current, based on [18], thus the only acting forces were the gravitational
and magnetic buoyancy forces.

2.2 The resultant forces

The force acting on the fluid is a sum of the gravitational and magnetic
buoyancy forces. Mutual interaction of them affected the behavior and flow
structure of the fluid. Its graphical interpretation is presented in Fig. 2.

Their values depended on many factors, i.e., physical, thermal (and
magnetic) properties of the fluids. The gravitational buoyancy force can be
described by following equation:

Fg = gρ0β(T − T0) , (1)

where ρ0 is the density at reference temperature, whereas the magnetic
buoyancy force for diamagnetics by formula

Fm =
χmρ0β(T − T0)

2µ0
∇B2

max , (2)
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Figure 2: Reciprocal relation of the gravitational, Fg, and magnetic, Fm, buoyancy
forces.

where the T0 indicated reference temperature equal to the arithmetical av-
erage of cooled and heated walls temperature.

The gravitational buoyancy force on the hot fluid was acting upward,
while on the cold downward. The magnetic buoyancy force described by
Eq. (2) on the hot fluid was acting toward the maximal gradB2

max, while on
the cold fluid in opposite direction. This complex system of forces resulted
in ambiguous fluid flow. In the lower part of the enclosure gravitational
and magnetic buoyancy forces were strengthening each other, whereas in
the upper part weakening.

The calculations of the forces acting on the fluid, were performed. Their
ratio depended only on the fluid magnetic susceptibility, gravitational ac-
celeration, magnetic permeability of vacuum, and the maximal gradient of
magnetic induction square. For Cu50 and Cu500 the forces ratio was about
0.42, what means that the magnetic buoyancy force was 42% smaller than
the gravitational one. Equal results for these fluids came from almost the
same values of their magnetic susceptibility. For Cu1000 the ratio was about
0.45 – the magnetic buoyancy force slightly increased due to increase in the
magnetic susceptibility of this fluid. Addition of copper particles (diamag-
netic) caused increase of nanofluid absolute value of magnetic properties.
Under studied conditions still the gravitational buoyancy force dominated
in the enclosure, however the influence of magnetic field could be observed
in Figs. 3–5.

3 Steps of the analysis

For each of nanofluids the procedure of the heat transfer and fluid flow
analysis was the same. The first stage was connected with an analysis of
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conduction state. It was necessary for determination of the Nusselt number
defined as

Nu =
Qconv

Qcond

, (3)

and also for the heat losses as substantial for the heat transfer. For this stage
the experimental enclosure was turned upside-down. The calculation details
can be found in [13]. Afterward the analysis of pure thermal and thermo-
magnetic convections were conducted for all nanofluids. The enclosure was
again in the position presented in Fig. 1b. Pure thermal convection was
analysed as the reference state for estimation of magnetic field impact. The
magnetic induction was then changed stepwisely from 2 to 9 T. After each
step the time needed to stabilize the system was about 1–2 h. The results
are presented in the form of Nusselt number ratio to emphasize the magnetic
field influence. The ratio was calculated as division between value of Nusselt
number under the influence of magnetic field and the Nusselt number for
pure natural convection (without magnetic field). The same way of data
presenting was applied to the convective and conduction heat rates ratio.

3.1 Results and discussion

In Fig. 3a the results of heat transfer analysis are represented by ratio be-
tween the Nusselt number with and without the magnetic field and thermo-
magnetic Rayleigh number dependence. The values of Nusselt number ratio
for Cu50 decreased with increasing magnetic induction, what corresponded
to the suppression of convection as the result of counteracting magnetic and
gravitational buoyancy forces. For Cu500 the magnetic field influence was
very weak, therefore after slight increase at 4 T of magnetic induction the
results were almost constant. The strongest effect of magnetic field on the
fluid behaviour could be observed for Cu1000, for which the Nusselt number
ratio increased about 25%. To understand deeply the influence of nanoflu-
ids’ properties changes on the heat transfer, the convective and conduction
heat rates ratios were shown in Fig. 3b and 3c. With increasing magnetic
induction the convective heat rate ratios for Cu50 and Cu500 didn’t change
much, whereas for Cu1000 it increased slightly up to 8 T, than the ratio
value felled slightly at 9 T for Cu50 and Cu1000. The difference between the
Cu50, Cu500, and Cu1000 are probably coming from their physical prop-
erties, even the changes are not very clear. The conduction heat rate ratio
(Fig. 3c) took the lowest value for Cu1000. Slight increase of conduction
heat rate ratio for Cu50 with increasing magnetic induction could be ob-
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served, while for Cu500 it stand almost constant. The probable explanation
is connected with higher magnetic field impact on the Cu1000 convection.
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Figure 3: (a) The Nusselt number ratio versus the thermomagnetic Rayleigh number;
(b) convective and (c) conduction heat rates ratios depended on the magnetic
induction.
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Examples of spectral analysis at 0 T for Cu50, Cu500 and Cu1000, also log-
log scale diagrams for all nanofluids are presented in Fig. 4, respectively.
The abbreviations t1-t6 represent recorded signals from the thermocouples
shown in Fig. 1(b). Dependence of power density on frequency was calcu-
lated using FFT analysis, by the time-integral squared amplitude (TISA)
method. Generally temperature spectral functions generally depends on the
energy dissipation, temperature, kinematic viscosity and thermal diffusivity.
In the inertial-convective range, the spectra do not depend on the diffusion
processes, therefore do not depend on the kinematic viscosity or thermal
diffusivity. The function is similar to the energy spectrum as the power
function of wave number with exponent -5/3. When, the thermal diffusiv-
ity becomes more significant, the range is called viscous-diffusive and the
spectral function is proportional to the inverse value of wave number (k−1)
[20]. The straight lines with slopes of -5/3 and 1 were shown in Figs. 4 and
5 to find the analogy between theory and experiment. One clear peak was
visible on the Cu1000 diagram and its magnitude was smaller at 9 T, which
is presented in Fig. 5. There were many peaks representing flow structures
for Cu50 and Cu500 at 0 T, and their magnitutes were also smaller at 9 T
of magnetic induction, see Fig. 5. It could indicate a suppression of ther-
momagnetic convection. It looked like the number and strength of vortices
were reduced, so the magnetic field changed the flow structure and also en-
ergy transported by them. As it was mentioned earlier due to the complex
forces system, the unequivocal interpretation of results is difficult.

The power spectrum representations in log-log scale for Cu50, Cu500 and
Cu1000 at 0 T are shown in Fig. 4. The straight solid line of -5/3 slope was
in good agreement with the power spectrum for Cu500 and Cu1000, what
suggested the flow occurring in the inertial-convective turbulent regime [19].
The flow characteristics for Cu50 did not fit in this range. The straight dot-
ted line of -1 slope did not match the power spectrum distribution in any
range for any fluid. The power spectrum representations in log-log scale for
Cu50, Cu500 and Cu1000 at 9 T was presented in Fig. 5, by analogy. The
straight lines (-5/3 and -1 slopes) Cu50, Cu500 did not match these flow
regimes. However pretty good agreement with Cu1000 could be observed,
the change in nanofluids flow structure was noticeable.

The peaks, in spectral analysis, indicated occurrence of a certain peri-
odicity, shown in Figs. 4 and 5. Therefore, the peaks could be identified
with the existing vortices of determined frequency and their manual ‘visu-
alization’ was performed. The peaks, which were characterized by the same
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frequency, at the same time for various thermocouples have been recognized
as one swirl structure. Knowing the location of the particular thermocou-
ples, schematic view of such flow structure inside the enclosure was drawn
and shown in the Fig. 6. It should be emphasized that measurement points
were in the distance of 5 mm from the front wall. That is why the drawn
representation is shown in the plane and not in the whole volume. For the
convection in a strong magnetic field (9 T) were seen few vortices, which
might suggest slowing down of the flow.
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Figure 4: The power spectrum versus frequency without magnetic field for (a) Cu50, (c)
Cu500, (e) Cu1000 and log-log scale representation for (b) Cu50, (d) Cu500,
(f) Cu1000 nanofluids..
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a)                                                                                       b)

c)                                                                                        d)

e)                                                                                        f)
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Figure 5: The power spectrum versus frequency at 9 T of magnetic field for (a) Cu50, (c)
Cu500, (e) Cu1000 and log-log scale representation for (b) Cu50, (d) Cu500,
(f) Cu1000 nanofluids.

4 Summary

The experimental analysis of thermomagnetic convection of 50, 500 and
1000 ppm concentrations copper nanofluids was presented. The impact of
magnetic field on the transport processes and fluid flow structure for such
low concentrations was investigated. Estimation of the heat transfer and
flow structure was able due to the signal analysis.
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a)                                                              b)

c)                                                               d)

e)                                                                 f)

Figure 6: Schematic drawings showing structure of the vortices inside the enclosure with-
out the magnetic field for nanofluids: a) Cu50, b) Cu500 and c) Cu1000, as
well as with the magnetic induction equal to 9 T for: d) Cu50, e) Cu500, and
f) Cu1000.

Reciprocal interaction between the gravitational and magnetic buoyancy
forces affected the behavior of the fluid during the thermomagnetic convec-
tion. The magnetic buoyancy force was about 42–45% smaller than the
gravitational buoyancy force, however it was able to increase the Nusselt
number of about 25%.
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Finally, it should be mentioned that few aspects of presented results
still require a comprehensive clarification, among others, influence of higher
nanoparticles concentration and magnetic field orientation on phenomena,
distinguishing if the bulk flow governs the heat transfer or it depends on the
particular components of nanofluid. Therefore, an overall understanding of
this phenomenon, which will enable to draw the more general conclusions,
needs complex analysis of the flow structure.
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