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Abstract The aim of this paper is to investigate the ther-
mal conductivity and viscosity of a hybrid nanofluid con-
taining tetramethylammonium hydroxide (TMAH) coated
Fe;0, nanoparticles and gum arabic (GA) coated carbon
nanotubes (CNTs), experimentally. The magnetic nano-
particles and CNTs are physically attached as the result
of interaction between the TMAH and GA molecules. The
morphology and structure of the samples are characterized
with X-ray diffraction (XRD) and transmission electron
microscopy (TEM). The experiments are carried out in the
magnetic nanoparticles volume concentration range of 0.1—
0.9 %, CNT volume concentration range of 0.05-1.35 %
and the temperature range of 25-55 °C. The viscosity of the
hybrid nanofluid increases with the increase of volume con-
centration, while it decreases with the increase of tempera-
ture. Besides, results show that hybrid nanofluid behaves as
a shear thinning fluid. Furthermore, it is observed that the
thermal conductivity of the hybrid nanofluid enhances with
temperature and volume concentration.

1 Introduction

Ferrofluids are stable colloidal suspensions of single
domain nanosized superparamagnetic particles in either
aqueous or oil based media. These magnetic particles are
magnetite, ferric oxide, and iron nickel oxide of diameters
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ranging between 5 and 15 nm (nm). These sizes are such
that the thermal motion of particles in room temperature
prevents them from agglomerating due to magnetic attrac-
tion and settling down due to gravity. A surfactant layer
covers the surface of the nanoparticles helping them to
overcome the Van der Waal’s force by preventing them to
come close to each other. Ferrofluids can be used for a vari-
ety of applications ranging from bearing sealing to high-
fidelity speakers [1].

Many studies have been done on the thermal conduc-
tivity and viscosity of ferrofluids. An experimental inves-
tigation of effective thermal conductivity and viscosity of
magnetic Fe;O,/water nanofluid was reported by Sundar
et al. [2]. Their results revealed that the viscosity incre-
ment was greater than thermal conductivity enhancement
at same volume concentration and temperature. Huminic
et al. [3] studied the effects of both temperature and weight
concentration on the thermal conductivity and viscosity of
FeC/water nanofluid. The experimental results showed that
the thermal conductivity of FeC/water nanofluid increases
with the increase of both weight concentration of the nano-
particles and temperature. The data also indicate that the
influence of weight concentration of the nanoparticles on
viscosity becomes less significant for temperatures above
55 °C. Bahiraei and Hangi [4] reviewed and summarized
investigations performed on ferrofluids including those
conducted on thermophysical properties, natural convec-
tion, forced convection, boiling and their practical appli-
cations. Frank et al. [5] studied the behavior of a copper—
argon nanofluid confined in nanochannels. Using molecular
dynamics simulations, they showed that in narrower chan-
nels, the thermal conductivity increases approximately by
20 % compared to macroscopic cases. Their results sug-
gested that the structured liquid layers surrounding the
solid particles occupy a greater percentage of the system
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in narrower channels, and hence they enhance the thermal
conductivity of the nanofluid. Aminfar et al. [6] carried out
molecular dynamic simulations to examine the effects of
liquid—nanoparticle interaction strength, size and number
of nanoparticles on the aggregation process in liquid-based
nanofluid flowing inside nanochannels. The results showed
that the increase in liquid—nanoparticle interaction strength
leads to the reduction of aggregation rate. In addition, it
was found that the increase in the size and number of nano-
particles causes more aggregation rate.

Carbon nanotubes are cylindrical structures of carbon
atoms. They consist of a graphitic plane rolled into a tube
with a nanometric diameter. Carbon nanotubes present out-
standing mechanical, electrical, thermal and chemical prop-
erties. For example, a single nanotube is 100 times stronger
than steel. It is one of the best field emission emitters, it
can maintain high current density and it has a thermal
conductivity comparable to that of diamond. Functional-
izing CNTs with magnetic nanoparticles can combine the
features of magnetic nanoparticles and CNTs, which may
result in materials with novel chemical and physical proper-
ties, and thus promising applications [7-9]. Hong et al. [10]
reported for the first time that the thermal conductivity of
the heat transfer nanofluids can be enhanced by the external
magnetic field. Heat transfer nanofluids contain CNTs and
magnetic field sensitive nanoparticles of Fe,O;. The rea-
sonable explanation for this interesting result was that the
Fe,0; particles formed aligned chains under applied mag-
netic field and helped to connect the CNTs which resulted
in improved thermal conductivity. A homogeneous mixture
of magnetic nanoparticles coated with double surfactant,
both oleic acid and sodium dodecyl sulphate coated carbon
nanofibers, was studied by Parmar et al. [11]. The magnetic
particles adhered to the wall of carbon nanofibers by hydro-
phobic interactions. Hence, the ferromagnetic property
was added to the carbon nanofibers without disturbing the
high yield of tube formation. This simple and rapid process
resulted in the spatial organization of the carbon nanofibers
in the direction of applied magnetic field. Felicia and Philip
[12] investigated the effect of CNTs on the magnetorheo-
logical properties of an oil based ferrofluid. They observed
that the shear resistant plateau observed in a pure ferro-
fluid disappears when 0.5 wt% of CNTs is incorporated.
Additionally, they reported that the yield stress values of
the composite system are slightly smaller than those of
the pure system. Hence, they concluded that the presence
of carbon nanotubes (CNTs) weakens the magnetic field
induced microstructure of the ferrofluid due to their inter-
action that affects the hydrodynamic and magnetic interac-
tions between the dispersed nanoparticles.

To the best knowledge of the authors, only two archival
publications reported the effects of the temperature and
nanoparticle concentration on the viscosity and thermal
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conductivity of the water based nanofluids containing
Fe;O, and CNT nanoparticles [13, 14]. These studies con-
sidered low concentrations of the Fe;O,/CNT nanocompos-
ite (less than 0.3 %) and the exact concentrations for each
type of nanoparticles (Fe;0, and CNT) were unclear. Addi-
tionally, the effect of shear rate on the viscosity behavior
of the water based Fe;O,/CNT hybrid nanofluid was not
examined in these references. The present investigation is
conducted to determine the effects of temperature and vol-
ume concentrations of TMAH coated Fe;0, (up to 0.9 %)
and GA coated CNT (up to 1.35 %) on the viscosity and
thermal conductivity of the Fe;0,~CNT/water hybrid nano-
fluid. The interaction between the two surfactants causes
the physical attachment of magnetic particles with carbon
nanotubes. Furthermore, the viscosity versus shear rate and
shear stress versus shear rate behaviors for the water based
Fe;O,/CNT hybrid nanofluid at different volume concen-
trations of Fe;O, and CNT nanoparticles are studied.

2 Experimental section
2.1 Sample preparation
2.1.1 Ferrofluid

The aqueous ferrofluid used in this study is prepared using
a previously described procedure [15, 16]. All the reagents
are of analytical grade and purchased from Merck. In a typ-
ical process, 1.0 mL of stock FeCl, solution and 4.0 mL of
stock FeCl; solution are mixed together. Then, 50 mL of
0.7 M aqueous NH; solution is added dropwise. Magnet-
ite precipitate begins to form immediately. After evacuating
the excess liquid, the remaining solution is centrifuged for
1 min at 1000 rpm. As a result, a dark sludge remains at the
bottom of the tube. Subsequently, 8 mL of 25 % TMAH
solution is added and stirred till the thorough suspension of
solid in the liquid happens. Finally, by magnetically stirring
the solution for about 30 min, the extra ammonia is evacu-
ated [15, 16].

2.1.2 Multi-wall carbon nanotube-based aqueous
nanofluid (CNT nanofluid)

The materials needed for synthesis of carbon nanotube-
based aqueous nanofluid are de-ionized (DI) water, GA and
multiwalled carbon nanotubes (MWCNT). The nanotubes
(purity ~99 %, outer diameter of 10-30 nm and length of
10 um) were purchased from Research Institute of Petro-
leum Industry (RIPI, Tehran, Iran). Figure la, b illustrate
SEM and TEM images of the sample, respectively. GA
fine powder was procured from Biochemical. The aque-
ous CNT nanofluid used in this study is synthesized by the
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Fig. 1 Images of carbon nanotubes as provided by the producer com-
pany: a SEM image and b TEM image

Table 1 Samples used in this work

CNT volume
concentration (%)

Fe;0, volume
concentration (%)

0.1 0.05,0.1,0.15
0.3 0.15,0.3,0.45
0.5 0.25,0.5,0.75
0.7 0.35,0.7, 1.05
0.9 0.45,0.9,1.35

method explained by Garg et al. [17]. In a typical process,
GA is dissolved in DI water using a magnetic stirrer. Then,
CNTs are added to the solution and the resulting mixture is
ultrasonicated for 40 min using an ultrasonicator that has
an operating frequency of 20 kHz and a maximum power
output of 130 W [17]. It should be noted that the mass con-
centration of GA fine powder and CNTs are, 0.25 and 1 %,
respectively.

2.1.3 Hybrid nanofluid

The hybrid nanofluid is prepared by adding the desired
amount of CNT nanofluid to the synthesized ferrofluid,

followed by sonication of the aqueous mixture for 5 min.
The considered volume ratios between the CNT nanofluid
and ferrofluid are 1:2, 1:1 and 2:1. The volume concentra-
tion of the Fe;O, and CNT nanoparticles in the prepared
hybrid nanofluid samples are presented in Table 1.

2.2 Characterization

The phase and purity of the prepared samples are examined
using Siemens D-500 diffractometer equipped with a rotat-
ing anode and a CuK, radiation source (A = 0.15148 nm).
TEM (CM120, 120 kV) is used for determination of the
surface morphology and size of the synthesized samples.

Figure 2a shows the XRD pattern of uncoated Fe;0,
nanoparticles. The pattern represents different reflection
planes indexed as (111), (220), (311), (222), (400), (511)
and (440), which is quite identical to pure magnetite pat-
tern. Also, no characteristic peaks, which represent the
impurities, are observed [18, 19]. The average diameter of
sample evaluated according to (311) reflection by utiliz-
ing Scherrer’s [20] equation is approximately 13 nm. The
TEM image of Fe;O, nanoparticles is presented in Fig. 2b.
According to the TEM image, the average diameter of nan-
oparticles is of the order of 10 nm, which is in good agree-
ment with the XRD analysis.

Figure 3a— show the TEM result, photograph of the
synthesized hybrid nanofluid and its response to a magnet,
respectively. The black powder is attracted towards the mag-
net in a few seconds, demonstrating high magnetic sensitivity.

2.3 Measurement of viscosity

The viscosity of the ferrofluid and hybrid nanofluid sam-
ples is measured in the temperature range of 25-55 °C and
shear rate range of 10-100 s~! using a Paar Physica MCR
300 (SN634038) parallel disc rheometer with a specified
accuracy of 0.5 %. A 0.15 mL ferrofluid or hybrid nano-
fluid sample is placed in the rheometer test section which
has a 0.5 mm gap separating the rotating disc from the
platen. The temperature is regulated by a Paar Physica cir-
culating bath and a controlled peltier system (TEZ 150P/
MCR) with an accuracy of 0.1 °C.

2.4 Measurement of thermal conductivity

In the present work, the thermal conductivity is meas-
ured using a KD2-pro instrument (Decagon devices, Inc.,
USA), which acts based on the transient hot wire method.
The instrument has a probe of 60 mm length and a 1.3 mm
diameter (KS™!) and closely approximates the infinite line
heat source which gives least disturbance to the sample
during measurements. The instrument uses a heating ele-
ment, a thermo-resistor and a microprocessor to control and
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Fig. 2 a X-ray diffraction of synthesized Fe;O, particles, b TEM image of nanoparticles

(b) (©

Fig. 3 a TEM image of hybrid nanofluid, b photograph of the synthesized hybrid nanofluid and c its response to a magnet

measure the conduction in the probe with a specified accu-
racy of +5 %. The samples are maintained at several tem-
peratures using a temperature-controlled chiller. After the
temperature of the sample reached the required temperature,
the sample is kept at that temperature for further 30 min to
ensure temperature equilibrium before each measurement.
The thermal conductivities of the samples are measured in
the temperature range of 25-55 °C with 5 °C intervals.

3 Results and discussion
3.1 Viscosity data

Hereafter, the pure ferrofluid and the hybrid nanofluid
are referred to as FF and FF + CNT, respectively. The
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variation of dynamic viscosity of the FF and FF + CNT
with the effect of volume concentration and tempera-
ture are presented in Fig. 4a—e. The shear rate for vis-
cosity measurement is 10 s~!. As the accuracy of viscos-
ity measurements is +0.5 %, the error band of viscosity
data are smaller than the symbol size. It is observed that
the viscosity of the FF increases with increase of vol-
ume concentration, but decreases with increase of tem-
perature. This result is consistent with the findings of
Khedkar et al. [21] and Gu et al. [22]. Viscosity enhance-
ments of 2.66-3.19 and 72.21-95.85 % are observed at
0.1 and 0.9 % FF, respectively, in the temperature range
of 25-55 °C. This is because the hydrodynamic interac-
tions between particles become important as the distur-
bance of the fluid around one particle interacts with that
around other particles at higher volume concentrations
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Fig. 4 Effect of volume concentration and temperature on experimental viscosity of FF and FF + CNT

[14]. Moreover, the results demonstrate that the viscos-
ity of the FF increases by the addition of the CNT nano-
fluid. Viscosity increments of 0.85-7.81 and 20.88-
29.62 % are observed at 0.1 % FF + 0.05 % CNT and
0.9 % FF + 1.35 % CNT, respectively, in the temperature
range of 25-55 °C. Sundar et al. [14] reported viscosity
enhancements of 14.37-32.96 and 23.86-47.72 % at 0.1

and 0.3 % volume concentrations of water based Fe;O,/
CNT hybrid nanofluids, respectively, in the temperature
range of 25-55 °C compared to the base fluid. It is worth
mentioning that the shear rate for viscosity measurement
was not mentioned by Sundar et al. [14] and, hence, it
is not possible to compare their viscosity data with the
results of this study.
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Fig. 6 Effect of volume concentration and shear rate on experimental
viscosity of 0.9 % FF and FF + CNT

Figure 5 plots the experimental findings of dynamic vis-
cosity as a function of shear rate (1-100 s~ for different
volume concentrations of FF 4+ CNT at 25 °C. It is appar-
ent from the results that the FF 4+ CNT samples behave as
shear thinning fluids since there is a sharp decrease in the
viscosity of nanofluids with increase of shear rate at lower
shear rates, and the viscosity becomes gradually constant
at higher shear rates. The shear-thinning region is up to
70 s~!; for higher shear rates, the viscosity tends to follow
the Newtonian pattern. It can be said that there is a greater
degree of shear thinning behavior at higher concentrations.
The shear thinning effect may be due to the possible de-
agglomeration of bundled nanotubes and Fe;O, nano par-
ticles or realignment in the direction of the shearing force,
resulting in less viscous drag [17, 23].

The influence of the CNT nanofluid volume concentra-
tion on the dynamic viscosity of the FF 4+ CNT samples is
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Fig. 7 Effect of volume concentration and shear rate on shear stress
of FF and FF + CNT

graphed in Fig. 6. It is clear that for shear rates greater than
70 s~!, the viscosity of all samples is constant. The results
show that adding 0.45, 0.9 and 1.35 % CNT to the 0.9 %
FF leads to 5.72, 16.86 and 28.60 % increments in viscos-
ity, respectively, compared to the 0.9 % FF.

Figure 7 contains the variations of shear stress with
shear rate at 25 °C for the 0.9 % FF and FF + CNT. From
this figure, it is evident that for all nanofluid, at shear rates
greater than 20 s~!, the variation of the shear stress with
shear rate is linear and the curves approach the origin of the
diagram. Hence, the FF 4 CNT samples behavior is gener-
ally Newtonian.

3.2 Thermal conductivity data

The variations of thermal conductivity enhancement,
(kFFor FF + CNT — KDIwater) X 100/kprwater, of FF and
FF + CNT with volume concentration and temperature are
presented in Fig. 8a—e. As shown in these figures, thermal
conductivity of all samples increases with temperature.
A similar trend was observed by Abareshi et al. [24] and
Gavili et al. [25] for Fe;O, nanofluid. The enhanced ther-
mal conductivity is due to micro-convection and Brown-
ian motion of the particles and base fluid. In addition, the
thermal conductivity increment depends on the concen-
tration of FF and CNT nanofluid. The higher the particle
concentration, the more remarkable such an increment is.
Thermal conductivity enhancements of 4.92-7.87 and
22.79-35.03 % are observed at 0.1 and 0.9 % volume con-
centrations of FF, respectively, in the temperature range of
25-55 °C compared to the base fluid. Additionally, thermal
conductivity enhancements of 13—15.59 and 34.43-44.6 %
are observed for 0.1 % FF + 0.05 % CNT and 0.9 %
FF + 1.35 % CNT, respectively, in the temperature range
of 25-55 °C compared to the base fluid.
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Fig. 8 Effect of volume concentration and temperature on thermal conductivity enhancement of FF and FF + CNT

Baby and Sundara [13] found 3-5 % and 6.5-10 % ther-
mal conductivity enhancements for 0.005 % and 0.03 %
Fe;O0,/CNT hybrid nanofluid, respectively, over the tem-
perature range of 30-50 °C compared to the base fluid.
Also, Sundar et al. [14] reported a thermal conductivity
enhancement of 11.64-15.41 and 18.06-25.93 % at 0.1 and

0.3 % volume concentrations of Fe;0,/CNT hybrid nano-
fluids, respectively, in the temperature range of 25-55 °C
compared to the base fluid. The comparison between
the present thermal conductivity data and those obtained
by Sundar et al. [14] reveals that the thermal conductivi-
ties of 0.1 % FF + 0.05 % CNT and 0.3 % FF + 0.15 %
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Table 2 Variation of thermal conductivity enhancement of FF + CNT with temperature

FF volume CNT volume Temperature (°C)
concentration (%) concentration (%)
25 30 35 40 45 50 55
0.1 0.05 7.71 7.42 7.57 7.49 7.46 7.06 7.16
0.1 7.76 7.47 7.63 7.55 7.52 7.13 7.23
0.15 7.81 7.52 7.68 7.61 7.59 7.20 7.31
0.3 0.15 8.72 7.13 6.88 6.79 6.94 6.56 6.65
0.3 9.45 7.85 7.59 7.51 7.79 7.28 7.38
0.45 9.78 8.26 8.21 7.79 8.33 7.55 7.71
0.5 0.25 8.47 6.85 6.73 6.71 6.58 6.48 6.26
0.5 10.14 8.47 8.33 8.30 8.15 7.22 7.83
0.75 10.65 8.69 8.88 9.10 8.93 8.73 8.34
0.7 0.35 6.83 6.69 6.75 6.70 6.38 6.27 6.15
0.7 8.99 8.78 8.84 8.63 8.43 8.25 8.08
1.05 9.75 9.97 10.13 9.75 9.61 9.77 8.67
0.9 0.45 7.52 7.24 6.76 6.53 6.14 7.39 6.06
0.9 8.95 8.23 8.12 8.39 6.86 8.56 6.40
1.35 9.48 9.25 8.62 9.49 8.98 8.91 7.09

CNT are slightly higher than the results of Sundar et al.
[14] for hybrid nanofluids with 0.1 and 0.3 % Fe;O,/
CNT nanocomposite. This can be attributed to the higher
concentrations of Fe;O, and CNT nanoparticles in 0.1 %
FF + 0.05 % CNT and 0.3 % FF 4 0.15 % CNT compared
to hybrid nanofluids containing 0.1 and 0.3 % Fe;O,/CNT
nanocomposite.

It is evident from the experimental results that the addi-
tion of CNT nanofluid increases the thermal conductivity
of FF. The variations of enhancement in thermal conductiv-
ity in percent, (Ka% FF +b% cNT — Ka% FF) X 100/kgg, with
temperature are presented in Table 2. Thermal conductivity
enhancements of 7.71-7.16 and 9.48-7.09 % are observed
for 0.1 % FF + 0.05 % CNT and 0.9 % FF + 1.35 % CNT,
respectively, in the temperature range of 25-55 °C.

4 Conclusions

In this study, the viscosity and thermal conductivity of
water-based hybrid nanofluid containing TMAH coated
Fe;0, nanoparticles and GA coated carbon nanotubes are
investigated, experimentally. For this purpose, the aqueous
mixture of ferrofluid having an average diameter of 13 nm
and CNT nanofluid is homogenized using ultrasonication
technique. The experimental results show that the viscos-
ity of FF increases with increase of volume concentration,
but decreases with increase of temperature. Additionally,
the presented results demonstrate that the viscosity and
thermal conductivity of FF are augmented by the addition
of CNT nanofluid. Viscosity enhancements of 0.85-7.81

@ Springer

and 20.88-29.62 % are observed at 0.1 % FF + 0.05 %
CNT and 0.9 % FF + 1.35 % CNT, respectively, in the
temperature range of 25-55 °C. Moreover, thermal con-
ductivity enhancements of 13-15.59 % and 34.43-44.6 %
are observed at 0.1 % FF + 0.05 % CNT and 0.9 %
FF + 1.35 % CNT, respectively, in the temperature range
of 25-55 °C compared to the base fluid. Lastly, results
show that the FF + CNT samples behave as a shear thin-
ning media at low shear rates while it exhibits Newtonian
behavior at higher shear rates.
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