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based on the maximum heat transfer enhancement per pres-
sure loss.

List of symbols

Variables
B  Magnetic flux density (T)
Cp  Specific heat (J/kg K)
D  Distance between heater block thermocouples
G  Magnetic flux density unit (Gauss)
H  Convective heat transfer coefficient (W/m2 k)
H  Heat sink height (m)
i,j  Heater block thermocouples
K  Thermal conductivity of fluid (W/mk)
L  Heat sink length (m)
Nu  Nusselt number
P  Pressure (Pa)
Q  Total heat power (W)
q′′  Heat flux based on thermal power (W/m2)
Re  Raynolds number
T  Temperature (K)
W  Heat sink width (m)

Greek symbols
μ  Dynamic viscosity (kg/ms)
ρ  Density (kg/m3)
ϕ  Volume fraction
η  Efficiency index

Subscripts
Avg  Average value
I  Input
F  Base fluid
M  Bulk
Nf  Nanofluid

Abstract The effect of an external magnetic field on the 
forced convection heat transfer and pressure drop of water 
based Fe3O4 nanofluid (ferrofluid) in a miniature heat sink 
is studied experimentally. The heat sink with the dimen-
sions of 40 mm (L) × 40 mm (W) × 10 mm (H) consists of 
an array of five circular channels with diameter and length 
of 4 and 40 mm, respectively. It is heated from the bottom 
surface with a constant heat flux while the other surfaces 
are insulated. The heat sink is also influenced by an exter-
nal magnetic field generated by an electromagnet. The local 
convective coefficients are measured at various flow rates 
(200 < Re < 900), magnetic field intensities (B < 1,400 G), 
and particle volume fractions (ϕ = 0.5, 1, 2 and 3 %). 
Results show that using ferrofluid results in a maximum of 
14 % improvement in heat transfer compared to the pure 
water, in the absence of magnetic field. This value grows 
up to 38 % when a magnetic field with the strength of 
1,200 G is applied to the ferrofluid. On the other hand, it is 
observed that the significant heat transfer enhancement due 
to the magnetic field is always accompanied by a pressure 
drop penalty. The optimum operating condition is obtained 
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O  Output
P  Particle
Ref  Reference condition
S  Surface

1 Introduction

Thermal load management is a key parameter in develop-
ment of modern industrial and scientific systems and tech-
nologies. Decrease of electronic components dimensions 
in micro and nano electromechanical systems (MEMS and 
NEMS) and increase of heat generation by these devices 
necessitate more efficient cooling methods. Among several 
methods of cooling and heat transfer enhancement, using 
nanofluids which is proposed by Choi [1] has achieved a 
growing interest by many researchers, recently.

Many numerical and experimental studies have been 
carried out on nanofluid heat transfer and effect of different 
parameters such as nanomaterial type, volume fraction and 
flow regimes have been investigated [2, 3]. Results of these 
studies show that adding nanoparticles to the carrier fluid 
improves the thermal conductivity of the fluid and results in 
the heat transfer enhancement.

The evaluation of the use of nanofluids as the working 
fluid in several applications has been also investigated pre-
viously. A group of these studies has focused on the appli-
cations of nanofluids for the heat removal in heat sinks 
[4–10].

Selvakumar and Suresh [4] studied the convective per-
formance of CuO/water nanofluid in an electronic heat 
sink and observed a 29.63 % heat transfer enhancement 
against 15.11 % pumping power increase compared to 
DI-water. Fazeli et al. [5] carried out Experimental and 
numerical investigations on heat transfer of silica nano-
fluid in a miniature heat sink. They studied the effect of 
the geometrical parameters of the heat sink such as diam-
eter, height, and number of channels and observed a sig-
nificant enhancement of the overall heat transfer coefficient 
by utilizing nanofluid while thermal resistance of heat sink 
was decreases up to 10 %. Furthermore, Hashemi et al. [6] 
studied the effects of channel aspect ratio and porosity on 
the heat transfer coefficient in a miniature plate fin heat 
sink with SiO2–water nanofluid as coolant. They observed 
a direct relation between the convective heat transfer and 
the studied parameters of channel aspect ratio and porosity. 
Pantzali et al. [7] investigated on the performance of CuO/
water nanofluid in a miniature plate heat exchanger with a 
modulated surface. Their results show that for a given heat 
duty, the required nanofluid volumetric flow rate is lower 
than that of water causing lower pressure drop. As a result, 
smaller equipment and less pumping power are needed. 

Pantzali et al. [8] also studied the efficacy of nanofluids 
as coolants in a commercial herringbone-type plate heat 
exchanger and showed that besides the physical properties, 
the type of flow inside the heat exchanging equipment also 
affects the efficacy of a nanofluid as coolant.

Zamzamian et al. [9] studied on the forced convective 
heat transfer of Al2O3/EG and CuO/EG nanofluids in a 
double pipe and plate heat exchangers under turbulent flow 
and reported an enhancement heat transfer coefficient up 
to 50 %. Moreover, Jwo et al. [10] investigated the Per-
formance of alumina nanofluid on overall heat transfer in 
multi-channel heat exchanger and showed that the overall 
heat transfer coefficient ratio was higher when the proba-
bility of collision between nanoparticles and the wall of the 
heat exchanger was increased under higher concentration.

Different nanofluids have been considered in the above 
studies, metallic such as Cu, Ag, and Au, nonmetallic such 
as Al2O3, CuO, TiO2, SiC, and carbon nanotubes. However, 
application of magnetic nanofluids or so called ferrofluids 
with distinctive characteristics seems to have much more 
potential for heat transfer enhancement specially in the 
presence of an external magnetic field. Ferrofluid is a syn-
thesized colloidal mixture of non-magnetic carrier liquid, 
typically water or oil, containing single domain permanently 
magnetized nano particles, typically magnetite [11]. Fer-
rofluid has the merits of regular nanoparticles in exhibiting 
improved thermal properties. Moreover, ferrofluid responds 
to the external magnetic field. Hence, ferrofluid transport 
properties can be influenced by applying a magnetic field.

Studies concerning thermal conductivity measurement 
of ferrofluids are divided in two groups, in the absence of 
magnetic field [12–15] and under the influence of an exter-
nal magnetic field [16–19]. Results of the first group indi-
cate that similar to other nanofluids, thermal conductivity 
increases with particle volume fraction and temperature. 
However, in the presence of an external magnetic field, 
more extensive increase of thermal conductivity has been 
reported in the researches of the second group. Among 
them are, Philip et al. [16] and Gavali et al. [19] who 
observed 300 and 200 % thermal conductivity enhance-
ment for Fe3O4 ferrofluid.

Forced convection heat transfer with ferrofluids are less 
concentrated, in contrast to the other nanofluids. Sundar 
et al. [20] studied turbulent forced convection heat trans-
fer and friction factor of Fe3O4 magnetic nanofluid in a 
tube in the absence of magnetic field and developed cor-
relations for the estimation of Nusselt number and friction 
factor. Their results show that the heat transfer coefficient 
is enhanced by 30.96 % and friction factor by 10.01 % at 
0.6 % volume fraction compared to the base fluid. Moto-
zawa et al. [21] studied the effect of magnetic field on heat 
transfer of water-based magnetic fluid named W-40 in a 
rectangular duct. It is shown that heat transfer coefficient 
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increases locally in the region where magnetic field exists 
and has a direct relation with magnetic field intensity. They 
reported a maximum of 20 % heat transfer enhancement 
for their studied case. Lajvardi et al. [22] studied the con-
vective heat transfer of ferrofluid flowing through a heated 
copper tube in the laminar flow regime in the presence of 
magnetic field. They attributed the enhancement of the heat 
transfer to the improvement of thermophysical properties 
of ferrofluid under the influence of magnetic field.

Recently, Ghofrani et al. [23] investigated the effect of 
constant and alternating magnetic fields on the forced con-
vection heat transfer in a short tube. They showed that 
increasing the alternating magnetic field frequency increases 
the heat transfer up to of 27.6 % in low Reynolds numbers.

In an effort to develop a more efficient heat exchang-
ing system, the current research investigates the effect of an 
external magnetic field on the heat transfer and pressure drop 
of Fe3O4 ferrofluid flowing in a miniature heat sink. The heat 
sink is heated from the bottom surface with a constant heat 
flux and is also subjected to a constant magnetic field gener-
ated by an electromagnet. Local forced convection heat trans-
fer coefficients and pressure drop across the heat sink have 
been measured for different magnetic field strengths, fer-
rofluid concentrations and Reynolds numbers. Heat transfer 
enhancement by ferrofluid is compared to pure water and the 
optimum operating conditions have been recognized based on 
the maximum heat transfer per pressure loss achievement.

2  Experimental method

2.1  Ferrofluid synthesis procedure

The ferrofluid samples are synthesized via the conven-
tional coprecipitation process which is reported by Ahmadi 

et al. [24]. Briefly, stochiometric amounts of FeCl2·4H2O 
and FeCl3·6H2O equivalent to the chemical composi-
tion of Fe3O4 are dissolved in DI-water and degassed via 
Argon gas purging. Then, NH4OH solution is gradu-
ally added to the iron solution under the mechanical stir-
ring until pH reaches 12. The black precipitate is removed 
from the liquid phase via centrifugal and magnetic separa-
tion and is washed several times by acetone and DI-water. 
The obtained solid product is redispersed in DI-water and 
TMAH is added to the solution under stirring to achieve the 
desired volume fraction values of 0.5, 1, 2 and 3 %. The 
stirring process is continued for an extra 1 h until the stable 
ferrofluid is obtained.

TEM image of the synthesized sample is presented in 
Fig. 1a. The size distribution of the individual nanoparticles 
considering at least 50 particles is also shown in Fig. 1b. As 
seen in Fig. 1a, nanoparticles with various shapes including 
spherical and cubic ones are aggregated and formed larger 
agglomerates. It is shown in Fig. 1b that the mean particle 
size is 24.1 nm.

The volume concentrations of the samples are obtained 
by:

The following equations have also been used for calcula-
tion of nanofluid bulk density and specific heat:

where, ρp is the particle density, ρf is the base fluid density 
and cp,p and cp,f are the particle and the base fluid specific 

(1)ϕ =

mp

ρp
mp

ρp
+

mf

ρf

(2)ρnf = ϕρp + (1− ϕ)ρf

(3)cp,nf =
ϕρpcp,p + (1− ϕ)ρf cp,f

ρnf

Fig. 1  a TEM image of the 
synthesized sample, b the size 
distribution of the individual 
nanoparticles
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heats, respectively. The viscosity of the ferrofluid at differ-
ent concentrations has been estimated by Einstein equation 
as:

It is shown in Ref. [23] that Eq. 4 is reliable compar-
ing with the experimental viscosity measurements. Fur-
thermore, the thermal conductivity of the ferrofluid is cal-
culated from the following equation, as recommended by 
Ref. [25]:

where, kf and kp are conductivities of the base fluid and the 
particle, respectively.

2.2  Experimental apparatus

The experimental setup used in this study is presented 
schematically in Fig. 2. The main components are: a con-
stant temperature bath with a closed-loop for circulating 
the nanofluid, heat sink test section, magnetic field genera-
tion device and the data acquisition system.

2.2.1  Fluid circulation device

Nanofluid is circulated in a loop from a reservoir tank by 
a 24 V DC pump which is controlled by a DC power sup-
ply. Volumetric flow rate passing through the loop is meas-
ured using a calibrated flow meter and can be varied by 
changing the input voltage of the DC power supply to the 
pump. There is also a fluid collection tank for measuring 
and calibrating the flow rates. The constant temperature 

(4)µnf = µf (1+ 2.5ϕ)

(5)knf = kf

[

2kf + kp − 2ϕ(kf − kp)

2kf + kp + ϕ(kf − kp)

]

bath (F10-Hc Julabo) is located upstream of the pump to 
control the heat sink inlet temperature. The exit heated fer-
rofluid from the heat sink passes through a spiral copper 
tube which is submerged in the constant temperature bath 
reservoir. Ferrofluid is cooled due to heat transfer to the 
cold water inside the reservoir. Therefore, inlet temperature 
of the heat sink can be controlled by the thermal bath reser-
voir temperature.

2.2.2  Heat sink test section

The test section consists mainly of a miniature channel 
heat sink in a plexiglass housing. Because of plexiglass low 
thermal conductivity, the effect of lateral heat transfer from 
the sides of the test section is eliminated. The heat sink is 
fabricated from a square block of aluminum with dimen-
sions of 40 mm (L) × 40 mm (W) × 10 mm (H) and con-
sists of five circular channels with an internal diameter of 
4 mm. Four 1 mm diameter holes with 20 mm depth are 
drilled in the side wall of the heat sink close to the bottom 
surface for thermocouple junctions.

All the thermocouples used in this study are calibrated 
and the uncertainty of the temperature measurement is esti-
mated to be less than 0.1 K. Four K-type thermocouples, 
coated with a compound of copper powder and thermal 
paste are embedded in the 1 mm holes of the heat sink for 
measuring the base plate temperature. Also, located in the 
inlet and outlet of the heat sink housing, are two K-type 
thermocouples to measure the inlet and exit temperatures 
of the fluid.

In order to provide a constant heat flux to the bot-
tom surface of the heat sink for simulating an elec-
tronic chip, a square aluminum heater block of 

Fig. 2  The experimental setup 
for pressure drop and heat trans-
fer measurement and schematic 
of the electromagnet, the heat 
sink and the heater block
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40 mm × 40 mm × 30 mm is used. The heat sink and the 
heater block are shown schematically in Fig. 3.

Two 10 mm diameter cartridge heaters are placed in the 
heater block for heat generation. Also, six holes are drilled 
in the upper part of the heater block for embedding K-type 
thermocouples, three of which had a depth of 2 cm and the 
other three had a depth of 1.5 cm. These thermocouples are 
used for calculation of the applied heat flux to the bottom 
surface of the heat sink.

Insulation of the heater block from the surrounding is 
done by covering the bottom and side walls of the heater 
with polyurethane insulation foam, so that heat transfer 
interaction could only take place at the interface between 
the heater block and the heat sink. To improve the heat 
transfer efficiency, the contact surface between the heat 
sink and the heater block is covered with a layer of high 
thermal conductive grease.

2.2.3  Pressure drop measurement

The pressure drop across the heat sink is measured by 
Endress Hauser differential pressure transducer with opera-
tion range of 0–250 kPa (0–2,500 millibar) and 2 % accu-
racy, as calibrated by the manufacturer. It is connected to 
two holes located on either side of the manifold, as shown 
in Fig. 2.

2.2.4  Magnetic field generation device

An electromagnet is used to generate a uniform mag-
netic field. As shown in Fig. 3 it consists of an Iron core 
with 400 mm height and 1.5 mm diameter current carry-
ing copper coil with the total electrical resistance of 9.4 Ω 
wounded on it. The winding has a length of 195 mm and 
thickness of 60 mm. There is a 97 mm air gap between the 
tips of the iron core where the test section is placed.

The electromagnet is connected to a DC power supply 
ps-305D with voltage and current ranges of 0–30 V and 
0–5 A, respectively.

Magnetic field generation has been simulated by finite 
element commercial code COMSOL. Distribution of the 
magnetic field is depicted in Fig. 4.

As shown, the magnetic field can be assumed uniform 
in the center of the air gap where the heat sink is located. A 
HT201 teslameter has been also used to measure the mag-
netic field strength during the experiments.

The thermocouples are connected to a Testo 177-T4 data 
logger which is connected to a PC and all the temperatures 
can be monitored and recorded simultaneously.

3  Data processing

The local convection heat transfer coefficient in the heat 
sink channels is calculated from:

where q′′ is the imposed constant heat flux to the bottom 
surface of the heat sink and Ts(x) and Tm(x) are the heat 
sink surface and bulk fluid temperatures, respectively. Ts(x) 
is measured at four equally spaced locations x = 0.5, 1.5, 
2.5 and 3.5 cm along the heat sink length. Through the 
energy balance, Tm(x) is obtained by:

where ṁ is the mass flow rate, q is the total heat flow and 
Tmi is the inlet temperature of the fluid. The heat flux can be 
calculated using the temperatures obtained by six thermo-
couples embedded in the heater block as follows:

where, k is the thermal conductivity of the aluminum heater 
block and D is the distance between two thermocouples. 
Heat flux can be also calculated from the total power trans-
ferred to the heater divided by the top surface of the heater. 

(6)h(x) =
q′′

Ts(x)− Tm(x)

(7)Tm(x) =
qx

Lṁcp
+ Tmi

(8)q′′ = k
�T

D

Fig. 3  Schematic of the electro-
magnet and location of the heat 
sink and the heater block in the 
air gap
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There is a slight difference between calculated values of 
the heat flux and measured dissipated power due to the heat 
loss from the heater block and shrouds.

Finally, using the obtained local convection heat transfer 
coefficients, the average value is calculated from:

4  Uncertainty analysis

Uncertainty of the experimental data may origin from the 
measuring errors of quantities such as heat flux or tempera-
ture. The uncertainty of the local convection heat transfer 
coefficient is calculated as follows.

Then,

The uncertainties of the measurements in the present 
study are summarized in Table 1.

Also, from Eq. 8 uncertainty of the heat flux is calcu-
lated as:

Uncertainty values have been calculated for all the 
measured cases. The average uncertainty in calculation of 
local convection heat transfer coefficient is ±5.2 %.

(9)havg =
1

L

L
∫

0

h(x)dx

(10)δh =

√

(

∂h

∂q′′
δq′′

)2

+

(

∂h

∂Ts
δTs

)2

+

(

∂h

∂Tm
δTm

)2

(11)
δh

h
=

√

(

δq′′

q′′

)2

+

(

δTs

Ts − Tm

)2

+

(

δTm

Ts − Tm

)2

(12)
δq′′

q′′
=

√

(

δk

k

)2

+

(

δTi

Ti − Tj

)2

+

(

δTj

Ti − Tj

)2

+

(

δD

D

)2

5  Results and discussion

5.1  Heat transfer experiments

Fe3O4 ferrofluid with the inlet temperature of 25 °C flows 
into the heat sink which is heated with a constant heat flux 
of 66,000 W/m2 from the bottom surface while the side-
walls and the top surface are insulated. Four ferrofluid vol-
ume fractions of ϕ = 0.5, 1, 2 and 3 % have been prepared 
and used in the tests separately. Also, experiments have 
been carried out at five different Reynolds numbers in the 
laminar flow range of 200–900. Effect of uniform magnetic 
field on the forced convection heat transfer of ferrofluid 
has been examined by imposing six magnetic flux densities 
of B = 200, 400, 600, 800, 1,000 and 1,200 G on the heat 
sink. Surface temperature of the heat sink has been meas-
ured at four equally spaced locations of x = 0.5, 1.5, 2.5 
and 3.5 cm which have been used for calculation of local 
heat transfer coefficients.

In order to verify the correct functioning of the experi-
mental apparatus, primary tests have been carried out with 
DI-water as the working fluid and the average heat trans-
fer coefficient has been calculated at different Reynolds 
numbers.

Forced convection of DI-water in the heat sink is also 
stimulated numerically. The top surface of the heat sink and 
the surrounding plexiglass walls are considered as insulated 

Fig. 4  Contours of magnetic 
flux density generated by the 
electromagnet in a xy plane, b 
xz plane

Table 1  Uncertainty of the measured parameters

Quantity Uncertainty

ΔT (°C) 0.1

�k
(

W

mk

)

0.05

ΔL (m) 5 × 10−5
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walls and the bottom surface of the heat sink is exposed to a 
constant heat flux. The governig differential equations of con-
tinuity, momentum and energy with the mentioned boundary 
conditions are solved by the finite volume based code, Fluent. 
Simulations have been carried out separately for two cases of 
DI-water with constant and temperature dependent properties. 
Results have been compared with that of previously published 
experimental work of Fazeli et al. [5], as shown in Fig. 5.

Figure 5 indicates that there is a good agreement 
between this work and the numerical and the experimental 
results [5].

In the absence of magnetic field, variation of the local 
heat transfer coefficient along the heat sink at Re = 600 
is plotted for different values of volume fraction in 
Fig. 6.

The local heat transfer coefficient has a decreasing trend 
along the heat sink due to the growth of thermal bound-
ary layer. However, it increases with ferrofluid concentra-
tion due to the improvement of thermal properties. 13.3 % 
enhancement is observed at x = 35 mm by increasing the 
volume fraction from 0.5 to 3 %.

Fig. 5  Average heat transfer coefficient comparison for pure water as 
the heat transfer fluid

Fig. 6  Effect of concentration on the variation of local heat transfer 
coefficient along the heat sink length at Re = 600 in the absence of 
magnetic field

Fig. 7  Effect of magnetic field on variation of local heat trans-
fer along the heat sink length at Re = 600 and volume fraction of 
ϕ = 3 %

Fig. 8  Variation of average heat transfer coefficient with Re for dif-
ferent volume fractions in the absence of magnetic field
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Fig. 9  Effect of magnetic field on the average heat transfer coefficient of ferrofluid with volume fractions of a ϕ = 0.5 %, b ϕ = 1 %, c 
ϕ = 2 %, d ϕ = 3 %

Fig. 10  Variation of heat transfer enhancement with Re, a for different volume fractions at B = 1,200 G, b for different magnetic flux densities 
at ϕ = 3 %
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Moreover, Fig. 7 shows the effect of magnetic field 
strength on the local heat transfer coefficient for Re = 600 
and ϕ = 3 %.

Generally speaking, forced convective heat transfer can 
be enhanced in two ways, increase of fluid thermal conduc-
tivity and decrease of thermal boundary layer thickness. As 
mentioned earlier, the magnetic field is almost uniform in 
the region in which the heat sink is located. Therefore, the 
magnetic body force which is resulted from the magnetic 
field gradient is negligible and the thermal boundary layer 
is not expected to be influenced by the external magnetic 
field. However, the magnetic torque acting on the magnet-
ite nanoparticles tries to align the magnetic moments of the 
particles with the external magnetic field. This is known as 
the mechanism of ferrofluid thermal conductivity enhance-
ment due to a uniform magnetic field [16–19]. It has been 
also shown in previous works that thermal conductiv-
ity increases with magnetic field strength. Therefore, the 
increase of heat transfer from the heat sink as observed in Fig. 11  Effect of magnetic field on the pressure drop along the heat 

sink length for ϕ = 2 %

Fig. 12  Variation of efficiency index with magnetic flux density at various Reynolds numbers for volume fractions of a ϕ = 0.5 %, b ϕ = 1 %, c 
ϕ = 2 % and b ϕ = 3 %
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Fig. 7 can be related to the improvement of ferrofluid con-
ductivity due to the applied external magnetic field.

Values of the average heat transfer coefficient have been 
calculated for all studied cases. Figure 8 shows the average 
heat transfer coefficient as a function of Reynolds number 
and ferrofluid concentration in the absence of magnetic field.

As Fig. 8 demonstrates, the average heat transfer coef-
ficient has direct relation with Reynolds number and con-
centration. A maximum heat transfer enhancement of 14 % 
compared to the pure water has been obtained for the fer-
rofluid with ϕ = 3 %.

Variation of the average heat transfer coefficient with 
Reynolds number for different values of magnetic field 
strength has been depicted for volume fractions of ϕ = 0.5, 
1, 2, and 3 % in Fig. 9a–d, respectively.

As shown in the Fig. 9, the average heat transfer coef-
ficient increases with magnetic field intensity. It is also 
observed that, average heat transfer is steeper at lower 
Reynolds numbers which means that magnetic field is more 
effective in low fluid velocities.

Heat transfer enhancement due to the influence of 
magnetic field on the ferrofluid flow can be defined as 
Nu

Nuref
. Where, the Nusselt number obtained for the case 

of DI-water is considered as the reference value, Nuref. 
Figure 10a, b show the effect of concentration and mag-
netic field strength on the heat transfer enhancement, 
respectively.

It can be seen in Fig. 10a, b that the heat transfer 
enhancement decreases with Reynolds number which 
means that effect of magnetic field is more pronounced at 
low Reynolds numbers. Moreover, increase of ferrofluid 
concentration over value of ϕ = 2 % does not have notice-
able effect on the enhancement. Figure 10b also shows that 
the heat transfer enhancement increases from 14 to 38 % 
when a magnetic field of 1,200 G is imposed on the ferro-
fluid flow at Re = 300.

5.2  Pressure drop experiments

An important parameter in the application of nanofluids in 
a heat exchanging equipment is the pressure drop. Pressure 
drop of the ferrofluid across the heat sink channels have 
been measured for all studied cases. Figure 11 shows the 
effect of magnetic field on ferrofluid pressure drop.

Pressure drop increases with Reynolds number and 
magnetic field intensity. Increase of pressure drop in the 
absence of magnetic field results from increase of fluid vis-
cosity due to the addition of nanoparticles to the base fluid. 
Also, in the presence of an external magnetic field, the mag-
netic particles suspended in the base fluid tend to remain 
chained-alignment along with the direction of the external 
magnetic field and the ferrofluid viscosity increases [26]. 
Therefore, despite heat transfer enhancement, the pressure 

drop is intensified due to the application of magnetic field. 
In order to compare these two effects and evaluate the over-
all performance of the ferrofluid as a heat transfer fluid, a 
parameter called efficiency index is defined as follows:

Values of η lower than unity means that the pressure 
drop increase dominates heat transfer enhancement and 
vice versa. Variation of efficiency index with magnetic 
flux density at various Reynolds numbers for volume frac-
tions of ϕ = 0.5, 1, 2, and 3 % are shown in Fig. 12a–d, 
respectively.

Figure 12 reveals the different effects of magnetic field on 
ferrofluid behavior in low and high concentrations. Values 
of efficiency index, η mostly lower than unity and also its 
descending trend with magnetic field intensity for ϕ = 0.5 % 
imply that application of magnetic field on the ferrofluid 
increases the pressure drop more than heat transfer in low 
volume fractions. Therefore, it may not be beneficial consid-
ering the excess power needed for the pump. By contrast, in 
high concentrations, heat transfer enhancement dominates 
increase of pressure drop. Another noteworthy observation is 
that an optimum magnetic flux density of B = 400 G exists 
for high concentrations of ϕ = 2 and 3 % in which the maxi-
mum heat transfer per pressure loss is achieved.

Variation of η with Reynolds number at different volume 
fractions is depicted in Fig. 13.

It is clear from Fig. 13 that η decreases when volume 
fraction increases from ϕ = 2 % to ϕ = 3 % which means 
that increase of concentration does not necessarily lead 

(13)η =

hnf
hf

�Pnf
�Pf

Fig. 13  Variation of efficiency index, η with Reynolds number at dif-
ferent volume fractions
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to better performance. It is also shown that ϕ = 2 % and 
Re = 700 are the optimum concentration and Reynolds 
number, respectively.

6  Conclusion

Laminar forced convection of ferrofluid in a miniature heat 
sink in the presence of an external magnetic field has been 
studied experimentally. Local and average convection heat 
transfer coefficients and pressure drop across the heat sink 
have been obtained for several ferrofluid concentrations, 
Reynolds numbers and magnetic field strengths. The fol-
lowing results have been obtained.

•	 In the absence of magnetic field, convective heat trans-
fer of ferrofluid increases with Reynolds number and 
concentration up to 14 %.

•	 Convective heat transfer of ferrofluid can be enhanced 
noticeably under the influence of a magnetic field. A 
maximum convective heat transfer coefficient augmen-
tation of 38 % has been obtained compared to the pure 
water for Re = 300, ϕ = 3 % and = 1,200 G.

•	 Heat transfer enhancement is due to the increase of ther-
mal conductivity with the external magnetic field.

•	 Increase of viscosity is an inevitable consequence of 
applying magnetic field to the ferrofluid which results in 
an increase of pressure drop across the heat sink.

•	 Evaluation of ferrofluid overall performance as a heat 
transfer fluid recommends its usage at higher concentra-
tions. The Optimum values for magnetic field strength, 
Reynolds number and volume fraction have been 
obtained in order to achieve the maximum heat transfer 
enhancement per pressure loss.

In conclusion, the use of ferrofluids in the presence of 
magnetic field seems to be a promising solution towards 
designing efficient heat exchanging systems.
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