
DOI 10.1140/epjp/i2016-16414-x

Regular Article

Eur. Phys. J. Plus (2016) 131: 414 THE EUROPEAN
PHYSICAL JOURNAL PLUS

Experimental investigation on the boiling heat transfer of
nanofluids on a flat plate in the presence of a magnetic field

Ali Abdollahia and Mohammad Reza Salimpour

Department of Mechanical Engineering, Isfahan University of Technology, Isfahan 84156-83111, Iran

Received: 21 August 2016 / Revised: 30 October 2016

Published online: 29 November 2016 – c© Società Italiana di Fisica / Springer-Verlag 2016

Abstract. In this paper, the pool boiling heat transfer of Fe3O4-deionized (DI) water as a magnetic
nanofluid has been experimentally analyzed in the atmospheric pressure. The applied nanofluid within
this research has been synthesized through a single step to retain a high stability. The repeatability and
precision of the testing device with deionized water show a good agreement with the equations introduced
in previous studies. Parametric studies on magnetic field, surface roughness, and magnetic nanofluid con-
centration are performed to reveal various aspects of the boiling heat transfer. In order to study the surface
roughness, two surfaces with high average roughness (480 nm) and low average roughness (7.3 nm) were
used. The obtained results indicate that the boiling heat transfer on the rough surface increases when
raising the nanofluid concentration up to 0.1% volume concentration. In addition, it is observed that there
is an optimum 0.1% volume concentration for the nanofluid which makes the boiling heat transfer coef-
ficient increase up to 43%. Moreover, the heat transfer of a nanofluid with volume concentration of 0.1%
is greater for the rough surface compared with the smooth one. The results of the experiments indicate
that adding nanoparticles would not necessarily increase the boiling heat transfer coefficient. In fact, the
surface roughness and the magnetic field gradient on the boiling surface were the main factors that could
affect the boiling heat transfer coefficient significantly. The simultaneous analysis of magnetic field, surface
roughness, and nanofluid concentration reveals that the boiling heat transfer coefficient of the magnetic
nanofluid with 0.1% volume concentration in the presence of a magnetic field on the rough surface is higher
than on the smooth surface. Our findings show that this increase is associated to the increase of nucleation
sites concentration and bubble formation sites for the rough surface.

1 Introduction

Recently, extensive researches are performed to investigate and enhance the heat transfer coefficient of nucleate boiling
in various processes and industries. Since nanofluids are considered as a suspension of solid nanoparticles (smaller than
100 nm) in normal fluids, heat transfer occurs on the surface of suspending particles. On the other hand, nanoparticles
in a nanofluid retain a much higher surface-to-volume ratio in comparison with particles within the dimension range
of millimeters and micrometers. Hence, heat transfer increases with the increase in surface [1].

A magnetic nanofluid is, in fact, a colloidal suspension of magnetic nanoparticles, such as Fe3O4, CO and Fe, which
have been dispersed in a base fluid. Main fluids, such as water, industrial oils, and ethylene glycol compounds, are in
completely stable. This category of fluids not only behaves as Newtonian fluids regarding their viscosities but it also
presents magnetic characteristics similar to those of several magnetic materials. Due to these exclusive behaviors, the
broad range of applications and the high controllability of these fluids in the presence of a magnetic field, they have
been the core of attention for transfer phenomena. Several researches were perfomed by various scientists on magnetic
nanofluids [2–8].

A vast amount of research has been conducted on the nanofluid boiling heat transfer for over 20 years. While most
of researchers have focused on Al2O3-water nanofluid, there are limited studies that have used SiO2-water, ZrO2-water,
Bi2O3-water, TiO2-water, CuO-water, and CuO-pentane. In addition, some researchers have focused on a thin wire
boiling [9–14], while many studied the boiling surface of a plate surface [15–21]. In fact, the boiling heat transfer on a
plate surface is far more practical and reliable compared with a thin wire [22].
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There are various devices for analyzing the heat transfer of a boiling surface. Some researchers have not taken into
account the surface [14,17,18,21], and some others have performed a qualitative surface analysis by using Scanning
Electron Microscopy (SEM) [9–13,16,19]. However, only a few researchers have applied Transmission Electron Mi-
croscopy (TEM) and used the Atomic Force Microscope (AFM) for analyzing the surface and its roughness profile [15].

Previous studies present contradicting results about the boiling heat transfer coefficient rate with growth of
nanoparticle concentrations. Some researchers have claimed a constant boiling heat transfer coefficient while others
have reported either increasing or decreasing trends. In order to obtain consistent results on the effects of nanoparticle
concentrations on the boiling heat transfer coefficient, experimental studies should be conducted to reveal the influence
of parameters, such as geometry and surface topology on nanofluid boiling properties [12,22].

In recent decades, the influence of the magnetic field on the boiling heat transfer has been studied by many
researchers [23–32]. Since using magnetic field is known as an active approach of increasing boiling heat transfer,
this method can be accompanied by the inactive approach of adding nanoparticles to the base fluid to enhance the
heat transfer. There are a limited number of experimental studies focusing on the boiling characteristics of magnetic
nanofluids [33]. Analyzing magnetic nanofluids is of great importance due to their high controllability in the presence
of magnetic fields. Several researches were performed by Ellahi in this area [34–42].

This study is aimed to present a simultaneous analysis of influential parameters on boiling heat transfer coefficient
of a Fe3O4-DI-water nanofluid on the cross section of a copper cylinder block. In addition, the influence of the magnetic
field on the magnetic nanofluid boiling heat transfer coefficient is extensively investigated. As the surface roughness
can change the nucleation sites concentration, bubbles separation rate from the surface, the size of the bubbles on the
boiling surface, and surface thermal resistance, this work extensively analyzes the roughness parameter in empirical
boiling tests and its influence on the boiling heat transfer coefficient. Finally, the average roughness of the boiling
surface has been described by the means of AFM. Two roughness orders of nanometers and micrometers are chosen
to reveal all aspects of surfaces roughness on the heat transfer of boiling nanofluids. Thus, the main purpose of this
paper is the simultaneous study of magnetic field, surface roughness, and magnetic nanofluid concentration on the
boiling heat transfer coefficient.

2 Experimental procedure

2.1 Nanofluid preparation

The applied nanofluid within this research has been synthesized according to the introduced approach by Berger et
al. [43]. The chemical equation of the nanofluid synthesis is as follows:

FeCl2 + 2FeCl3 + 8NH3 + 4H2O → Fe3O4 + 8NH4Cl. (1)

Primarily, 1mL of a FeCl2 solution (2 molar solution of FeCl2 in 2 molar HCl) has been mixed with 4mL of a FeCl3
solution (1 molar solution of FeCl3 in 2 molar HCl). Afterward, 50mL of a 0.7 molar ammonia solution has been
added, with a syringe pump, with a rate of 375mL/h. It should be mentioned that the required materials have been
purchased from Merck.

While adding the ammonia solution, the solution became darker and magnetic particles formed. By centrifuging
the solution, a highly dark sediment remained at the bottom of the test tube. Finally, 8mL of a 25% tetra-methyl-
ammonium hydroxide solution has been added to the sediment to provide the solid-in-fluid suspension after stirring.
Putting the final solution within a stirrer for 30 minutes results in the separation of excessive ammonia from the
solution.

Figure 1 shows the diagram of the X-Ray Diffraction (XRD) pattern corresponding to the synthesized Fe3O4

nanoparticles without surfactant. This XRD pattern indicates that the breaks of peaks have been indexed
in (220), (311), (222), (400), (422), (511), and (440), which is in excellent agreement with the pattern of Fe3O4.
In addition, this pattern indicates a high purity for this product.

Figure 2 shows the results of the Dynamic Light Scattering (DLS) test. DLS —showing the size distribution of
magnetic nanoparticles— has shown an average diameter of 25 nm, for nanoparticles, for a 0.1% volume concentration
nanofluid.

The zeta potential (ζ) measures the electrical charge on the surface of particles and implies the physical stability
of colloidal systems. Based on previous studies [44], suspensions of nanoparticles with ζ measure higher than 30mV
will be thoroughly stabilized. In the present study, for the 0.1% volume concentration nanofluid with pH of 7 to 8, ζ
has a value of −44.1mV implying its highly stabilized status.

2.2 Testing instrument

The purpose of this study is to conduct a boiling test in the pool boiling region on the base of a cylindrical copper
block. The general set-up of boiling consists of four main parts, such as a main boiling reservoir, cylindrical copper
block, cooling system and power control system. Figure 3(a) illustrates the set-up of our boiling test.
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Fig. 1. XRD pattern diagram for synthesized Fe3O4 nanoparticles sample.

Fig. 2. DLS diagram in 0.1% volume concentration synthesized nanofluid.

As is shown in fig. 3(b), the main reservoir is a cylindrical Pyrex vessel with the height of 250mm, an outer
diameter of 55mm and glass thickness of 5mm. The distal section of the glass has been glued to a Teflon cylinder.
The Teflon cylinder with a thickness of 90mm and diameter of 300mm has been applied for insulating the copper
block. The applied Teflon is Polytetrafluoroethylene (PTFE), and its thermal conduction coefficient (0.29W/m · K)
has been measured by the means of kd2 Pro instrument with a resolution of 0.01W/m · K. In the center of this Teflon
cylinder, a hole with the outer diameter of 45mm has been tapped for locating the copper block.

The copper block is a high-grade copper cylinder with diameter and length of 45mm and 100mm, respectively.
The thermal conductive coefficient of high-grade copper is 401W/m · k. Since the thermal conduction of the copper
is several times higher than that of PTFE, radial heat transfer reaches its minimal measure. In the copper, three
elements made of steel with diameter of 9mm and length of 50mm are located in the bottom part, each having a
power of 800W. The heat energy is transferred to the surface of the copper block through conductive heat transfer.
Figure 4 shows the geometry of the copper block and the location of attached heaters. The boiling heat transfer surface
is located on the top surface of the cylinder, which is in contact with the fluid.

As can be noticed in fig. 4, the copper block has three holes in the body and three holes on its lower surface. The
three holes within the body are supposed to be the location of PT-100 Resistance Thermometer Detector (RTD) for
measuring the temperature. The holes are 22.5mm deep, up to the middle of the copper cylinder, having diameter of
3mm. They are located at a distance of 7mm, 19mm, and 30mm from the top surface of the copper (uncertainty of
0.1mm) and at a relative angle of 120 degrees with each other. Furthermore, in order to evaluate the one-dimensional
status of the heat transfer, the temperature measurement has been conducted at a 30mm distance from the surface
in various angles. The depth of these holes was different at different angles. The acceptable difference of measured
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Fig. 3. (a) Actual image. (b) General set-up.

Fig. 4. Geometry of cylindrical copper block.

temperatures in this case has been less than 0.1K. The three holes are defined on the lower surface of the copper
cylinder for heat elements (Power = 800W). These holes have a similar diameter of 9mm and a depth of 50mm with
a relative angle of 120 degrees.
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Fig. 5. (a) The rough surface, average surface roughness of Ra = 480 nm. (b) The smooth surface, average surface roughness
of Ra = 7.3 nm measurements.

The applied boiling surfaces in these experiments were categorized in two surface roughness orders entitled as
rough and smooth. The rough surface was polished with N320 sandpaper, and its average roughness was measured to
be Ra = 480 nm. The standard uncertainty of the surface roughness measurement was nearly 10%. For the smooth
surface, the surface has been polished with four pieces of sandpaper (N600, N800, N1200, and N2400) to obtain
minimal roughness. Thereafter, alumina polishing has been applied to acquire an absolutely smooth surface. The
average measured surface roughness (AFM, Bruker, Germany) was Ra = 7.3 nm. Figure 5 shows the roughness
diagrams for the rough and smooth surfaces. It is worth noting that all surfaces have been cleaned with acetone and
DI water to obtain similar experimental conditions.

A cooling system has been applied for keeping a constant fluid surface within the boiling reservoir. As can be
noticed in fig. 3(b), this system includes a glass condenser with a length of 150mm, which is located on the Pyrex
glass. The ending tube of the condenser, which is located on the Pyrex glass, is a cone of diameter from 30mm to
60mm. Therefore, using a Teflon band completely seals the area between the glass reservoir and the condenser. The
water for condenser cooling is pumped from the cooling container and enters the condenser after passing through the
rotameter. The cool water condenses the boiling vapors, and the condensed vapor then returns to the boiling reservoir.
The exiting water from the condenser will also go back to the cooling container. Since the vapor side of the condenser
is open toward the atmosphere, the pressure of the boiling reservoir is equal to the atmospheric pressure.

In order to obtain different points of the boiling curve, a power control system, as in fig. 3(b), is applied. This
system consists of a voltage controller (auto-trans) to change the voltage and provide various input powers, an ammeter
for measuring the current, a voltmeter for measuring the voltage, and a conductor to control the direction of the input
current to the elements.

In order to obtain the temperature at different points of the copper block, the saturation temperature of the fluid,
the temperature of entering and exiting cooling water within the condenser, the PT-100 RTD has been used. This
device has been calibrated for our specified temperature range with a precision of 0.1K. Autonics screens (Model
TC4Y) have been used to show the temperature.



Page 6 of 16 Eur. Phys. J. Plus (2016) 131: 414

Fig. 6. Positioning of PT-100 RTD.

2.3 Measurement

In order to obtain the boiling curve, it is required to read the boiling surface temperature and the saturation tempera-
ture of the fluid to calculate the transferred heat flux with respect to the fluid. Reading the boiling surface temperature
with a direct attachment of thermocouple on the surface produces an extra nucleation site, followed by significant
occurring error in the final result. Most of researchers have performed a direct temperature measurement and only a
few have calculated the surface temperature through extrapolation [20]. As is shown in fig. 6, two PT-100 RTDs have
been positioned at different distances from the boiling surface. In fact, the boiling surface temperature in the present
study has been indirectly obtained through extrapolation. The third RTD(T3) has been applied to control the power
through the thermostat to prevent any damage to the system.

In each experiment, 200 cc of a nanofluid with specific concentration has been charged into the boiling main
reservoir. Then, the nanofluid has been warmed up to different powers to become stable, and temperatures have been
recorded 10 minutes after temperature stabilization (dT

dt = 0.01 K
min ).

As mentioned previously, the copper block is made of high-grade copper and a PTFE Teflon layer has been applied
to its surrounding. Since the thermal conduction of copper is three times higher than PTFE, radial heat loss can be
neglected. The transferred heat flux on the boiling surface can be assumed to be one-dimensional, and steady-state
heat condution can be calculated as follows:

q′′ = K
T2 − T1

d2 − d1
. (2)

Moreover, the temperature of the boiling surface can be calculated by the means of extrapolation [20] and using eq. (2)
for heat flux relation. Hence, the difference between the boiling surface temperature and saturation temperature is
obtained by

ΔTS = TS − Tsat =
(

T1 −
q′′d1

K

)
− Tsat. (3)

Additionally, the value of the heat transfer coefficient from heat flux and the wall superheat temperature can be
calculated through

h =
q′′

ΔTS
. (4)
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Fig. 7. Heat flux as a function of wall superheat between DI water compared with the Rohsenow correlation.

3 Result and discussion

3.1 Water boiling curves

Figures 7 and 8 compare the experimental boiling curves of DI water with the results of the Rohsenow correlation.
The Rohsenow correlation can be expressed as follows [22]:

ΔTS =
hfg

Cp,l
Csf

[
q′′

μlhfg

(
σ

g(ρl − ρv)

)0.5
]1/3

Prn, (5)

where hfg is the fluid’s latent heat, σ is surface tension, ρl and ρv are fluid and vapor densities, respectively. In addition,
Pr is the Prandtl number, Csf and n of the polished copper surface are constants which have been considered equal
to 0.013 and 1, respectively.

Uncertainty analyses have been performed according to the method proposed by Moffat [45] as in the following
equations:

Uq′′

q′′
=

((
UT2−T1

T2 − T1

)2

+
(

Ud2−d1

d2 − d1

)2
)1/2

, (6)

UΔTs

ΔTs
=

((
UT1−Tsat

T1 − Tsat

)2

+
(

Ud1

d1

)2

+
(

Uq′′

q′′

)2
)1/2

, (7)

Uh

h
=

((
Uq′′

q′′

)2

+
(

UΔTs

ΔTs

)2
)1/2

. (8)

The uncertainty of the temperature and the distance measurement are 0.1K and 0.1mm, respectively. The results
indicate that the maximum uncertainty in the heat flux calculation and boiling heat transfer coefficient was, respec-
tively, 4% and 5.8%. Based upon figs. 7 and 8, experimental results show a good agreement with those of the Rohsenow
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Fig. 8. Boiling heat transfer coefficient as a function of heat flux between DI water compared with the Rohsenow correlation.

correlation. On the other hand, as regards the significance of repeatability, the experiments have been replicated in
different days with similar conditions. The results indicate that the main characteristics of the boiling heat transfer
have remained constant through the replications.

3.2 Boiling curve for the Fe3O4-DI water nanofluid

As was mentioned in the case of DI water experimental tests, these experiments have been replicated three times with
similar conditions for all of the concentrations. Figure 9 shows the boiling curve of experimental tests for the Fe3O4-DI
water nanofluid with 0.1% volume concentration and their repeatability in three replications in three different days. It
is clearly observed that the characteristics of boiling heat transfer also remained of the same order for all experimental
tests with the nanofluid.

It can be noticed that the nanofluid, compared with DI water, retains the lowest temperature difference for a
similar heat flux and requires lower temperature differences to remove heat flux from the boiling surface. Hence, it
maintains a higher heat transfer coefficient for any heat flux, compared with DI water. According to fig. 9, in the case
of higher heat fluxes (nucleate boiling), there is a growing increase in the boiling heat transfer coefficient. Hence, the
nucleation sites and the separation of bubbles increase in the nucleate boiling region. Therefore, the maximum boiling
heat transfer coefficient of the nanofluid has increased more than 43% in comparison with that of DI water.

3.3 Effect of nanofluid volume concentration and surface roughness on boiling curve

3.3.1 The rough surface

Figure 10 illustrates the variation of the boiling heat transfer coefficient as a function of heat flux for different volume
concentrations of the nanofluid. It is clear that the heat transfer increases as the wall superheat increases. The plot
also shows that the heat transfer is increased when the nanofluid concentrations is raised up to 0.1%. As the nanofluid
volume concentrations increase more than 0.1%, the heat transfer decreases with an increase in the concentration.
Hence, there is an optimum point for nanofluid volume concentration in which the heat transfer coefficient is maximized.
This phenomenon has also been reported by other researchers [14,16,20,46,47].
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Fig. 9. Boiling heat transfer coefficient as a function of nanofluid heat flux with 0.1% V concentration compared with DI water.

Fig. 10. Boiling heat transfer coefficient as a function of heat flux for different volume concentrations of the nanofluid.
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Fig. 11. Boiling heat transfer coefficient as a function of heat flux for different volume concentrations of the nanofluid on the
smooth surface.

Most of researchers have described the precipitation of particles on the surface as the main reason for the observed
empirical results [20,22]. In these studies, the parameter ϕ has been considered as the ratio of the surface roughness
to the average diameter of the particles. According to the published results of these researches, the heat flux increases
in low concentrations and decreases in high concentrations when the surface roughness is greater than one. However,
for roughness parameters smaller than 1, the heat flux is reduced [4]. In these experiments, all of the surfaces have
been polished with N320 sand paper, and their roughness equals 480 nm, as shown in fig. 5(a). According to fig. 2, the
average diameter of the nanoparticles is approximately 25 nm. Since the surface roughness is greater than the average
nanoparticles size, smaller particles will settle in the nucleation sites and form new nucleation sites. Thus, there is an
increased number of nucleation sites and of new bubbles. Additionally, the separation of boiling bubbles and boiling
heat transfer coefficient increases when the concentration of nanoparticles is low.

Figure 10 also shows that increasing the concentration of nanoparticles reduces the heat transfer. According to
fig. 2, the size distribution of nanoparticles goes up to 50 nm; thus, a higher number of particles exist in the range
of nucleation sites as the partial fraction increases. Since the adhesive force will also increase by raising the diameter
of particles, larger particles adhere to nucleation sites. Consequently, nucleation sites deactivate, the separation of
bubbles and the heat transfer decrease dramatically [4,20,22]. Additionally, increasing the volume concentration of
nanofluid makes the fluid viscosity increase, restrains the separation of boiling bubbles and decreases heat transfer [48].

3.3.2 The smooth surface

Figure 11 shows the variation of the heat transfer coefficient as a function of the heat flux in different nanofluid volume
concentrations for smooth surface. It can be noticed that the heat transfer decreases with a concentration increase for
all nanofluid concentrations. The reduction for smooth surfaces has already been reported by other researchers [4,22].

As has been mentioned earlier, several researches show that this phenomenon is related to the ϕ parameter, which
is the ratio of average surface roughness over average nanoparticles size. For the smooth surface, the average surface
roughness is equal to 7.3 nm (fig. 5(b)) while the average size of nanoparticles is nearly 25 nm. Thus, the ϕ ratio is less
than 1, and this shows that nanoparticles of equal size with surface roughness tend to occupy nucleation sites. This
incidence makes the nucleation concentration, the separation of bubbles and the heat transfer consequently decrease.
In addition, nanoparticles with size greater than the surface roughness will not only cover the nucleation sites but also
increase the thermal resistance through forming trapped vapor in the pores, leading to a lower heat transfer [22].
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Fig. 12. Comparison of boiling heat transfer coefficient as a function of heat flux on the rough and smooth surface.

Figure 11 clearly shows that increasing the nanofluid concentration would lead to a growing heat transfer reduction.
Increasing the volume concentration would also increase the surface tension, thermal resistance of the surface and
nucleation concentration. Therefore, a greater heat transfer reduction is obtained.

3.3.3 Comparison of the smooth and rough surfaces

Figure 12 plots the boiling heat transfer coefficient as a function of the heat flux for DI water and a specific nanofluid
concentration on the rough and smooth surface. Aforementioned data in fig. 5 indicate that the average roughness of
the rough and smooth surface are 480 nm and 7.3 nm, respectively. As can be observed, the heat transfer of DI water
is not significantly different for smooth or rough surface. However, the heat transfer of a nanofluid on a rough surface
with volume concentration of 0.1% is greater than that on a smooth one.

It can be concluded that the ratio of average surface roughness over average size of nanoparticles plays a key role
in increasing or decreasing of the heat transfer in a nanofluid. As mentioned, roughening the surface increases the
concentration of nucleation sites, traps vapors in the pores of the surfaces, the separation of boiling bubbles and also
decreases the boiling surface thermal resistance and increases the heat transfer. On the other hand, in order to evaluate
the influence of ϕ on the heat transfer, a nanofluid with a greater or smaller average size of nanoparticles should be
synthesized. Contrary to the case of the smooth surface, the ϕ value far less than 1 is obtained when the average
size of nanoparticles is increased more than 90 nm for the rough surface. Furthermore, increasing both nucleation
concentration and number of nucleation sites would lead to a rise in the heat transfer. Regarding the smooth surface,
decreasing the average size of nanoparticles to less than 5 nm would noticeably augment the heat transfer due to the
increase of nucleation sites.

3.4 Effect of magnetic field presence on the nanofluid’s boiling curve

Since nanoparticles are magnetic materials, the characteristics of a nanofluid are highly affected by the magnetic field.
Figure 13 shows the testing device for the examination of the nanofluid within a magnetic field of two permanent
magnets. The magnets are made of ceramic in the form of a cube with dimensions 150 × 100 × 25mm. The distance
between the two magnets is 60mm.
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Fig. 13. Testing device with permanent magnets.

Figure 14 shows the schematic of the magnetic field contour within the distance between the two magnets. As
can be seen in the figure, the magnetic field is uniform between the two magnets. According to figs. 13 and 14, the
magnitude gradient of the magnetic field increases from the bottom to the top of the vessel.

Figures 15 compares the boiling heat transfer of the base fluid and Fe3O4-DI water nanofluid (with 0.1% volume
concentration) with and without the presence of a magnetic field.

According to results, the presence of the magnetic field reduces the heat transfer for both the base fluid and the
nanofluid. Moreover, it is noteworthy that heat transfer reduction of the nanofluid is higher than that of the base fluid.
In fact, this occurs due to the simultaneous effect of a magnetic field on both the base fluid and the nanoparticles. As
mentioned above, the gradient of the magnetic field magnitude is positive and normal to the boiling surface. Based
upon a previous experimental study [49], the bubbles are elongated from the location with stronger field to the location
with weaker field. Hence, the diameter of the bubbles will be larger and they will be elongated mostly in the horizontal
direction. When the bubbles become large, their separation from the surface is more difficult and the heat transfer in
the presence of a magnetic field will decrease, consequently. Additionally, the variation of heat flux in fig. 15 shows that
the heat transfer of the fluid in a specific concentration significantly reduces in the presence of the magnetic field with
high heat fluxes. In fact, these phenomena occurr in the nucleate boiling region (higher fluxes), where the influence
of the magnetic field on the separation of bubbles is high. However, the magnetic field does not retain a significant
importance in low heat fluxes (free convection region). In order to increase the heat transfer, the magnetic field gradient
should be decreased from the boiling surface in the upward direction. This means that there should be a weaker field
as it gets farther from the boiling surface. For this purpose, the magnet can be used beneath the boiling surface. It
is worthwhile to note that a high magnitude of magnetic field makes substantially the boiling heat transfer fluctuate,
whether increasing or decreasing. In fact, the influence of the magnetic field on the nanoparticles can be attributed to
their rearrangement in the direction of the field. Moreover, fig. 15 shows that the boiling heat transfer coefficient of the
base fluid is reduced nearly by 11% in the presence of the magnetic field while this reduction is approximately 23% for
a 0.1% volume concentration nanofluid. The discrepancy between boiling heat transfer coefficients can be due to the
presence of nanoparticles within the base fluid. As mentioned before, the arrangement of nanoparticles in the magnetic
field direction on the surface leads the bubbles to hardly separate from the surface, resulting in a lower heat transfer.
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Fig. 14. Contour of magnetic field magnitude in the distance between two magnets.

Fig. 15. Boiling heat transfer coefficient as a function of heat flux for 0.1% volume concentration nanofluid and base fluid in
the presence of magnetic field.
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Fig. 16. Boiling heat transfer coefficient as a function of heat flux for a 0.1% volume concentration nanofluid and the base fluid
in the presence of a magnetic field.

3.5 Simultaneous effect of magnetic field, surface roughness, and nanofluid concentration on boiling curve

Figure 16 illustrates the influence of the heat flux on the boiling heat transfer coefficient for DI water and a specific
nanofluid concentration in the presence of a magnetic field on the smooth and rough surface. Therefore, it can be
noticed that there is a decrease in the heat transfer due to the presence of magnetic field. According to fig. 12, the
rough surface makes the heat transfer of the nanofluid with 0.1% volume concentration increase more than that with
smooth surface. Moreover, the heat transfer of the nanofluid, in this case, for the rough surface was higher than that
of the base fluid. It is noted that the presence of a magnetic field has decreased the heat transfer of the nanofluid
with the same concentration for both the smooth and rough surfaces. In addition, the heat transfer coefficient of the
nanofluid with 0.1% concentration in the presence of a magnetic field was lower than that of the base fluid without
an existing magnetic field. In other words, the influence of the presence of a magnetic field overcomes the effects of
nanofluid concentration and decreases the heat transfer coefficient of the nanofluid compared with the base fluid.

Figure 16 clearly shows that the boiling heat transfer coefficient of a nanofluid with 0.1% volume concentration in
the presence of a magnetic field on the rough surface is greater than that of the same condition on a smooth surface.
This increase can be associated with the increased concentration of nucleation sites, the locations of bubble formation
and the separation of boiling bubble on the rough surface.

4 Conclusion

In this paper, experimental investigation is performed to reveal the simultaneous effects of nanofluid concentration and
surface roughness on the boiling heat transfer of Fe3O4-DI water magnetic nanofluid. In addition, the influences of the
magnetic field on the heat transfer of the nanofluids are investigated. The average size of the synthesized nanoparticles
has been measured to be nearly 25 nm. In order to study the effect of surface roughness, two surfaces with average
roughness values of 480 nm (as the rough surface) and 7.3 nm (as the smooth surface) have been utilized. The results
indicate that increasing the concentration of the nanofluid in the case of rough surface enhances the boiling heat
transfer coefficient. In fact, there is an optimum value for the concentration which increases the boiling heat transfer
coefficient by up to 43%.
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Our results show that the boiling heat transfer coefficient of a nanofluid with the same concentration on the rough
surface is greater than that of the smooth surface. Moreover, the presence of a magnetic field decreases the boiling heat
transfer coefficient of the magnetic nanofluid. The diminution of boiling heat transfer of the magnetic nanofluid in the
presence of a magnetic field is due to the simultaneous influence of the permanent magnetic field both on the base fluid
and the nanoparticles. The influence of the magnetic field on the base fluid is higher than that on nanoparticles. Thus,
the simultaneous analysis of magnetic field, surface roughness, and nanofluid concentration reveals that the boiling
heat transfer coefficient of the rough surface is greater than the smooth surface when a the main fluid is magnetic
nanofluid with 0.1% concentration and a magnetic field is presented.

Nomenclature

Cp: Specific heat (J/kgK)
Csf : Coefficient in Rohsenow correlation
d: Distance (mm)
h: Heat transfer coefficient (W/m2K)
hfg: Fluid’s latent heat (J/kg)
K: Thermal conductivity (W/mK)
n: Power in Rohsenow correlation
Pr: Prandtl number
q′′: Heat flux (W/m2)
Ra: Average roughness of the surface (μm)
T : Temperature (K)
t: Time (min)
U: Uncertainty
Greek symbols
μ: Dynamic viscosity (N/m2)
ρ: Density (kg/m3)
σ: Surface tension (N/m)
ς: Electrical charge
ϕ: Roughness parameter
Subscripts
l: Liquid
s: Surface
sat: Saturated
v: Vapor
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