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A B S T R A C T

Nanofluids have been the focus of many laboratories and research centres which seek practical applications for
them. Considering the challenges in machining process related with the high temperature in the cutting zone and
its influence on the tool life, in this study the nanofluids are employed in a system analogous to the an internally
cooled toolholder which can eliminate the use of cutting fluids. In this way, the purpose of this work consists in
evaluate the influence of addition of silver nanoparticles in different concentrations in a solution of ethylene
glycol/DI-water on the heat transfer coefficient. Moreover, inside the system, the nanofluids were subjected to
an electric field in the heat transfer region in order to analyse the influence of the electrohydrodynamic effect.
The tests showed that the nanoparticles influenced the fluid viscosity increasing its value up to 20.3% in higher
concentrations and also influenced the convective heat transfer coefficient (h). Furthermore, it was presented a
positive influence of the electric field enhancing the value of the convective heat transfer coefficient (h) up to
11% when the concentration was 0.039 vol%. On the other hand, the nanoparticle deposition on the heated
surface resulted in reduction of the heat transfer coefficient.

1. Introduction

Advances in nanotechnology have allowed the emergence of a new
generation of refrigerants known as nanofluids. They are, basically,
colloidal suspensions composed of solid nanoparticles with a maximum
size of 100 nm immersed in a base fluid [1]. Water, organic liquids
(ethylene glycol, ethylene, refrigerants, etc.), oils and lubricants, bio-
fluids and polymer solutions are some of the base fluids that can be
used. Nanoparticles can consist of a wide range of materials, such as:
chemically stable metals (gold, copper), oxides in general (alumina,
silica, zirconium, titanium, copper), metal carbides (SiC), carbon in
various forms (graphite, graphene, carbon nanotubes, fullerene) and
functionalized nanoparticles [2].

Improvement of the heat transfer capacity of a fluid can increase the
amount of thermal energy transferred in the same surface area or re-
duce the size of any given equipment by maintaining the heat transfer
rate. According to Laohalertdecha et al. [3], there are two techniques
that are used to optimize the thermal transfer: passive and active. The
passive technique deals with addition of elements in a fluid or the use of
special surfaces (rough, extended, etc.). In turn, the active one is about

the application of external forces, such as vibration (surface or acoustic)
or electric field.

According to several authors [1,4–8], the thermal conductivity of
nanofluids is influenced by some factors such as: temperature, con-
centration, composition, shape and size of nanoparticles. An increase in
temperature and concentration has the effect of raising the nanofluid’s
thermal conductivity. Also, the more elongated the nanoparticle is, the
greater is the increase in the thermal conductivity. In addition, sur-
factants ensure greater stability to the nanofluid by avoiding the de-
position and cluster formation of nanoparticles. This deposition can
influence positively or negatively the heat transfer coefficient.

Another factor that affects a thermal conductivity of nanofluids is
the presence of a nanolayer. Yu and Choi [9] developed a new model to
predict the thermal conductivity considering the presence of solid-like
nanolayer. The layer acts as a thermal bridge between liquid bulk and
nanoparticle and results in a thermal conductivity enhancement. Ac-
cording to Yu et al. [10], the thermal conductivity of the nanolayer on
the surface of the nanoparticle is not known. However, since the
layered molecules are in an intermediate physical state between a bulk
liquid and a solid, the solid-like nanolayer of liquid molecules would be
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expected to lead to a higher thermal conductivity than that of the bulk
liquid.

In order to understand the mechanisms involved in the increase of
thermal transfer under convection conditions, Buongiorno [11], states
that one of these reasons is the Brownian motion. It is the movement of
nanoparticles within the base fluid in consequence of continuous col-
lisions between the nanoparticles and the molecules of the base fluid.
The nanoparticles themselves can be viewed effectively as large mole-
cules, with an average kinetic energy equal to that of the fluid mole-
cules and thus with a considerable lower velocity. In this way, heat
transfer occurs more intensively because of these collisions.

The thermal conductivity of nanofluids containing Al2O3, CuO and
Cu in two different base fluids (water and HE-200 oil) was measured by
Eastman et al. [7]. Under a volumetric concentration of 5% it was
possible to achieve an increase of 60% in thermal conductivity com-
pared to the base fluid.

The effects of temperature and concentration were experimentally
studied by Harandi et al. [12] for nanofluids produced by the two step
method with functionalized multi-walled carbon nanotubes (f-
MWCNTs) and Fe3O4 nanoparticles dispersed in ethylene glycol (EG).
The volumetric concentration varied from 1%, 0.25%, 0.45%, 0.8%,
1.25%, 1.8% and 2.3% and the temperature from 25 °C to 50 °C. An
enhancement in the thermal conductivity with increasing the tem-
perature and volumetric concentration was achieved and, in lower
temperatures, the variation of thermal conductivity ratio with solid
volume fraction was less than that at higher temperatures. With 2.3 vol
% and temperature of 50 °C, a maximum thermal conductivity of 30%
was achieved.

Lee et al. [4] dispersed CuO and Al2O3 nanoparticles in water and
ethylene glycol (EG) resulting in 4 different nanofluids: CuO/EG, CuO/
water, Al2O3/EG and Al2O3/water. Among these four nanofluids, the
CuO/EG containing 4 vol% showed the best performance resulting in an
increase of 20% in the thermal conductivity.

In a study using deionized water and EG as base fluids, nano and
microparticles of silicon carbide (SiC) with mean diameter of 26 nm and
0.6 μm, respectively, Xie et al. [13,14] compared the thermal con-
ductivity of both types of fluids by the transient hot-wire method. The
authors found that the same type of element, although of different sizes
and base fluids, produced the same increase in thermal conductivity.
Moreover, the results showed that the mathematical model of Hamilton
and Crosser (1962) is able to predict the thermal conductivity for
particles (SiC) with 0.6 μm in diameter, whereas this was not possible
for particles in nanoscale.

Using the same type of nanoparticle, Lee et al. [15] analyzed the
dispersion behavior for SiC/DI-water nanofluids in different pH values.
Then, because of the different volume fraction of nanoparticles, the
viscosity and thermal conductivity were investigated to evaluate the
potential of the nanofluids to work in heat transfer applications. Five
SiC/DI-water nanofluids with different volumetric concentration
(0.001%, 0.1%, 1%, 2% and 3%) were prepared. The authors found out
that the viscosity of SiC/DI-water nanofluids increases with an increase
of particle volume fraction and they alert that a large increase of
viscosity may result in a decrease of the potential benefits of nanofluids.

Considering the effect of concentration and temperature on the
dynamic viscosity, Baratpour et al. [16] utilized SWCNT/EG and found
out that the viscosity achieved an increase of 3.18 times in a tem-
perature of 30 °C and 0.1 vol%, when compared with the base fluid.
Moreover, the authors took the experimental data to develop a new
correlation with acceptable accuracy.

Aghabozorg et al. [5] studied the effect of different concentrations
of carbon nanotubes (CNT) and magnetite (Fe3O4) on water (Fe-CNT/
H2O) in the convective heat transfer coefficient. Mass fractions of 0.1%
and 0.2% were used in laminar, transition and turbulent flow regimes.
The results showed that the value of the heat transfer coefficient in-
creased 13.54% and 27.69% for the lowest concentration and 34% and
37.5% for the highest concentration in laminar and turbulent regimes,
respectively.

The effect of temperature on the thermal conductivity of nanofluids
containing CuO and Al2O3 was studied by Das et al. [8]. The authors
found that it is possible to double or even quadruple the thermal con-
ductivity when the temperature is increased from 21 °C to 52 °C. Thus,
this study suggests the application of nanofluids in equipment where
the fluid will work at a temperature higher than the ambient and with
high amount of energy to be dissipated.

Remarkable improvements in the efficiency of solar heating systems
were observed by Gorji and Ranjbar [6] with the aid of nanofluids. The
authors carried out a numerical and experimental study with three
types of nanoparticles dispersed in deionized water: graphite, magnetite
and silver. The temperature distribution of the fluid within the solar
collector was simulated using a computational model. Simultaneously,
physical experiments were performed to validate the numerical model
and investigate the effect of thermal flux intensity, nanoparticle con-
centration and nanofluids fluxes on the collector efficiency. According
to the results, the nanofluids promoted an increase from 33% to 57% in
energy absorption relative to the base fluid.

The lattice Bolzmann method (LBM) was used in many researches to

Nomenclature

h convective heat transfer coefficient (W/m2·K)
θ x( ) excess of temperature in a specific point of the fin (°C)
θb excess of temperature at the base of the fin (°C)
m fin parameter (m−1)
L fin length (m)
x distance from fin base (m)

∞T mean temperature at the fluid (°C)
Tb temperature in the fin base (°C)
Tin inlet temperature (°C)
Tout outlet temperature (°C)
Texp experimental temperatures (°C)
P perimeter (m)
k thermal conductivity (W/m·k)
Atr cross-section area (m2)
μ viscosity (mPa·s)
μnf viscosity of nanofluid (mPa·s)
μf viscosity of base fluid (mPa·s)
cp specific heat capacity (J/kg·K)

Ra arithmetic average roughness (μm)
Re Reynolds number
Nu Nusselt number
∅ volumetric concentration (%)
V fluid speed (m/s)
D diameter of fin (m)
Q fluid flow (L/min)
ρ specific mass (kg/m3)

Subscripts

EG ethylene glycol
DI-water deionized water
CNT carbon nanotubes
EHD electrohydrodynamic effect
PU polyurethane
SEM scanning electronic microscopy
EDS energy dispersive X-ray spectroscopy
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study the heat transfer in different conditions as a copper-water nano-
fluid in a microchannel in slip flow regime; a numerically study of
forced convection heat transfer of water-Ag, water-Cu and water-Al2O3

nanofluid in a microchannel; and the study of the laminar mixed con-
vection of Cu-water nanofluid in an inclined shallow driven cavity
which confirmed the appropriate ability of LBM to simulate the mixed
convection of nanofluid in this condition [17–19].

Henderson et al. [20] analyzed the influence in the convective heat
transfer coefficient (h) of SiO2 nanoparticles in R134a refrigerant at
concentrations of 0.05 vol% and 0.5 vol%. A concentric counter flow
heat exchanger made of cooper was adopted as test section. The re-
frigerant flowed through the inner tube, while hot water flowed in the
outer tube. For both concentrations, the heat transfer coefficient value
reduced in 43% and 55%, respectively, compared to the base fluid. The
authors credited the result to the formation of a layer of nanoparticles
on the heated surface and to the low stability of the nanofluid that
resulted in nanoparticles deposition.

In agreement with the results obtained by Henderson et al. [20],
although under different conditions, Park et al. [21] analyzed four
different concentrations of nanofluids with CNT dispersed in water. The
volumetric concentrations used were 0.0001%, 0.001%, 0.01% and
0.05% and the convective heat transfer coefficient was reduced in
7.4%, 22.3%, 34% and 38.2%, respectively, relative to its base fluid.

In a research which five different nanofluids were used, Moreira
et al. [22] analyzed the influence of the nanoparticles on the heat
transfer coefficient during flow boiling in a small diameter channel.
Attention was given to analyze the effect of nanoparticles deposition on
the heat transfer coefficient. The authors carried out texture char-
acterization and surface roughness analyzes to compare the heated
surface before and after the tests. Considering the results, the con-
centration and dimension of nanoparticles have influence in the heat
transfer coefficient. For smaller nanoparticles the deposition had a
different behavior (remarkable valleys and peaks) compared to bigger
nanoparticles and this different behavior contributed to a reduction in
the heat transfer coefficient due to the effect of the layer formed on the
heated surface and its consequences on the density of active nucleation
sites.

In order to optimize even more the thermal transfer of fluids, the
application of the Electrohydrodynamic Effect (EHD) merged as an
option. This effect is a consequence of the application of an electric field
under a dielectric fluid in the region where the heat transfer takes place
[3]. According to Allen and Karayiannis [23], there are three main
forms of Electrohydrodynamic Effect (EHD) to act on a fluid toward
increase of the convection heat transfer without phase change: corona
effect, electrophoresis and dielectrophoresis.

When the electric field acts on the present ions an internal move-
ment of the fluid known as the Corona effect starts. According to
Robinson M. [24], the ions present in the fluid begin to move, influ-
enced by the electric field. Thus, this movement will result in a large
number of collisions between molecules that do not suffer the effect of
the electric field and ions, resulting in a global fluid movement.

In cases where the EHD effect is induced by the electrophoresis,
colloidal particles or polyelectrolytes immersed in a liquid start to move
within the fluid due to the electric field influence. This movement
seems to be the one which affects more the thermal transfer and its
efficiency depends on the purity of these particles, type of fluid used
and if it is polar or non-polar and whether some kind of charge is ap-
plied to the fluid [23].

In addition, the Electrohydrodynamic Effect can be caused by the
dielectrophoresis where, due to a non-uniform electric field, the bulk
liquid is polarized to move toward regions of high electric field strength
[25].

Asadzadeh et al. [26] examined the changes in the thermal transfer
by natural convection due to the application of an electric field near to a
heated platinum wire immersed in a nanofluid. Fe3O4 nanoparticles in
volumetric concentrations of 0.015%, 0.02%, 0.05% and 0.1% were

dispersed in ethylene glycol. Nanoparticles collaborated positively up
to 0.02 vol%, which resulted in a higher convective heat transfer
coefficient. However, for volumetric concentrations higher than 0.02%,
the heat transfer was reduced. The Electrohydrodynamic effect (EHD)
contributed to an increase of the heat transfer and the greater the in-
tensity of the electric field was, the greater was the increase of the
thermal transfer coefficient. The highest value of the natural convection
heat transfer coefficient was reached at a concentration of 0.02% with
the application of the electric field.

Heris et al. [27] studied the effect of the electric field on the thermal
efficiency of a thermosyphon with phase change. Two types of nano-
fluids produced by the ultrasonic vibration process were used: Al2O3/
water and CuO/water. Both nanofluids were free of dispersants in order
to avoid changing their chemical properties. The results demonstrated
that the performance of the thermosyphon increased with higher elec-
tric field intensity and nanoparticle concentration. It was also found
that the action of nanoparticles on the performance of the thermosy-
phon was greater than the action of the electric field. The Al2O3 na-
nofluid had the best results and, according to the authors, this is due to
the smaller size and great mobility of Al2O3 nanoparticles within the
fluid, which directly influenced the breakage of the formed bubbles.

The use of cutting fluid is one of the biggest problems in machining
processes, since it can represent up to 17% of the total costs involved in
the production of a piece [28] and it is highly damaging to the en-
vironment and to the health of the workers [29]. For this reason, one of
the main topics of study in machining is concentrated in the attempt to
substitute the use of cutting fluids by methods of refrigeration that, at
least, do not diminish the tool life. Among some methods, the indirect
cooling, which is based on the internal cooling of the toolholder, has
been highlighted. This can be verified by the increase in the number of
researches and patents in this field [30–37]. However, no work em-
ploying internal cooling method provided sufficient performance for
the complete elimination of the cutting fluid. A relevant attempt, not
yet found in the literature, would be the increase of the internal cooling
capacity of the toolholder by means of nanofluids.

The objective of this study is to evaluate the possibility of the uti-
lization of nanofluids combined with the action of the electro-
hydrodynamic effect with the purpose of increasing the heat extraction
capacity from the machining cutting zone with the use of the indirect
cooling method in a toolholder. For this, a thermal transfer device with
characteristics analogous to the region where the heat extraction of the
cutting tool takes place in an internally cooled toolholder is proposed.
The reason to setup the device out of tool machine, in laboratory, is due
to the greater number of possibilities for testing, since each new mod-
ification of the tool holder would involve time and cost to its design and
manufacture. Therefore, the device proposed is easier and simpler to
operate than a real internally cooled toolholder, allowing the results
obtained for different types of nanofluids, nanoparticle concentration
and electric field intensity to be transferred to the machining process
after the best solution have been found. More specifically, this device is
analogous to the toolholder developed by Ingraci et al. [38], which
presented the most promising results among the internally cooled
toolholder found in the literature even considering that its performance
is not yet sufficient to eliminate the cutting fluid in difficult-to-ma-
chining steels.

2. Experimental apparatus and procedure

2.1. Heat chamber

In order to evaluate the application of nanofluids and the
Electrohydrodinamic Effect (EHD) in conditions of external forced
convection, similar to the internally cooled toolholder condition, an
experimental apparatus was developed. The illustration of the heating
chamber, which is the main component of the system, is shown in
Fig. 1. This chamber is composed of a copper rod (k=401W/m·K)
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which is heated in its outer part to the chamber. The inlet and outlet
channels are made of polyurethane (PU) hose with 8mm of internal
diameter. The structure of the heating chamber is composed of trans-
parent glass plates with thickness of 8mm. Flow drivers were used in
order to guide the flow of nanofluid and to avoid regions of fluid
stagnation. Finally, as can be verified, five k-type thermocouples were
used to acquire the temperature at different points on the copper rod
and the inlet and outlet temperatures of the fluid. The dimensions of the
interior of the chamber were 140mm length, 30 mm height and 10mm
width.

The information related to the geometry of the rod and the position
of the thermocouples will be used in the mathematical development of
the amount of heat dissipated by the copper rod, which will be con-
sidered a fin. The important information are the diameter of the rod
(5mm), length (30mm) and the distances from the thermocouple po-
sition in relation to the base point (T1= 8mm; T2= 17mm;
T3= 25.5 mm).

A heater that supplied the system with a constant power of 60W
was used to heat the rod and reach similar temperatures of the tool-
holder developed by Ingraci et al. [38]. In addition, the part of the rod
outer, the heat chamber and the heater were thermally insulated by
means of a ceramic fiber blanket to prevent the generated heat from
being lost to the environment.

In order to test the nanofluid in the heating chamber, a circulation
system was developed. In addition to the heating chamber and the
heater, which have already been mentioned, the system was equipped
with a computer for data acquisition; a cooling unit where the fluid
flows through a copper serpentine immersed in water and ice; a re-
servoir; a peristaltic pump (VerderFlex Smart S10C) by which the fluid
was repressed towards the heating chamber and the High Tension
Source to apply the EHD effect. All details can be viewed in Fig. 2.

The hoses used were of polyurethane since this polymer has good
resistance to the circulation of different fluids. Also, this type of hose
allows the use of pneumatic connections that worked properly in the
developed system and are easy to handle.

2.2. Analysis of roughness and surface deposition

It is well-known that the surface quality influences the thermal
transfer rate and, in case of nanofluids, also influences the deposition
process of nanoparticles on the heated surface. For this reason, the
copper rod was polished prior to the experiment.

The surface roughness was measured before and after the tests
employing a portable Time Group model TR200 roughness tester. The
arithmetic average roughness (Ra) was measured using a cut-off of
0.8 mm. Also, the surface aspect was observed by means of a Scanning
Electron Microscope (SEM) - ZEISS EVO LS15 - with the detector op-
erating with a 15 kV electron beam and the chemical characterization
of the heated surface was made by an Energy-Dispersive Spectroscopy
(EDS) which was coupled to the SEM.

2.3. Electric field application

The generation of the electric field was done by a DC High Voltage

Low Current Power (ISB model 20kV5W) with adjustment between 0
and 20 kV. Two AISI 316 stainless steel plates with dimension of
14mm×29mm were positioned in the external lateral region of the
heating chamber near to the heated rod as can be seem in Fig. 3. The
distance between the plates was 30mm and the applied voltage was
10 kV. Thus, the electric field generated was of 330 kV/m.

2.4. Nanofluids preparation

The nanoparticles used in tests were manufactured by TNS
Nanotecnologia Ltda. A Transmission Electron Microscopy (TEM)
image is presented in Fig. 4. As can be seem, the silver nanoparticles
have a spherical shape and mean diameter of 20 nm.

In other researches [39,40], the base fluid was a solution of ethylene
glycol and deionized-water with a volume ratio of 56% and 44%, re-
spectively. The volumetric concentrations of nanoparticles were
0.039% and 0.078%.

Considering that the nanoparticles were dispersed in a solution of
EG, the first step was to calculate the amount of this solution necessary
to achieve the desired nanoparticles concentration. After that, the ad-
ditional EG and the DI-water were calculated and then, weighted in a
precision analytical balance. Since obtained the correct amounts of Ag/
EG, EG and DI-water for each condition, they were mixed by mechan-
ical agitation. The nanofluid was not subject to the process of ultra-
ssonication because the nanoparticles were already in a stable solution
of EG and this process could negatively affect the stability of the na-
nofluid. It is worth mentioning that the final volume of each solution
was of 350ml.

A sample of nanofluid was produced with 0.078 vol% and no sedi-
mentation was verified during 6 h. Therefore, it can be considered that
the tests were carried out in a quasi-state condition since each test
lasted 35min. Despite the verified stability of the nanofluid it is im-
portant to have in mind that the experimental tests were carried out in a
dynamic condition where the nanofluid was circulating in a closed
system and, due to the circulation, the stability could be influenced.

2.5. Experimental procedure

The flow rate during the tests was of 0.4 L/min due to the pump
capacity and each test took 35min. It is important to mention that this
time represent the total time of fluid circulation. However the period of
data acquisition was from 26 to 35 min, after achieving the steady state
condition. Two different concentrations of nanoparticles and the ap-
plication of the Electrohydrodynamic Effect (EHD) were analyzed and,
considering the base fluid without nanoparticles, there were a total of 6
different conditions that can be visualized in Table 1. Each condition
was performed 3 times and DI-water was used to clean the circulation
system after all tests. This procedure was based in, after removing the
nanofluid, circulating DI-water during 10min.

 
T3 
T2 

T1 

Tout Tin 

Copper rod 

Flow Laminators 

Inlet channel Outlet channel 

Thermocouples 

Flow drivers 

x 

Fig. 1. Heat Chamber and its components.

1

2

3

4

5

6 7
Voltage

Controller

Fig. 2. Experimental apparatus:(1) Heating source; (2) Heat chamber; (3) Reservoir; (4)
Cooling unit; (5) Peristaltic pump; (6) High tension source; (7) Thermal insulation.
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2.6. Viscosity measurement and theoretical models

With respect to the absolute viscosity of nanofluids, there are in
literature several models [41–45]. These models only consider the na-
noparticle concentration and the viscosity of the base fluid. The used
models as references are presented in Table 2.

Where ∅ represents the volumetric concentration of nanoparticles
and μnf and μf the absolute viscosities of the nanofluid and the basefluid,
respectively.

In this work, the viscosity measurements were performed by a
Brookfield LVDV-IIIU, cone-plate type Rheometer. The spindle used was
the CPE-40 and the volume of each sample was 0.5ml.

2.7. Analysis of the convective heat thermal coefficient

For the analysis of the thermal transfer coefficient, some con-
siderations have been taken to solve the problem, such as: (a) the
copper rod is an extended surface, with uniform cross sectional area and
adiabatic tip; (b) one-dimensional conduction along the rod; (c) the
radiant exchange with the neighborhood is negligible; (d) internal en-
ergy generation is null; (e) steady-state conditions; (f) constant prop-
erties of the fluids and rod; (g) uniform convective heat transfer coef-
ficient.

According to Incropera and Dewitt [46], the temperature distribu-
tion for fins with uniform cross section and adiabatic tip are given by
the Eq. (1).

Temperature distribution (θ/θb):

=
−θ x

θ
m L x

mL
( ) cosh ( )

coshb (1)

where L is the length of the fin (cooper rod);m is parameter related with
the geometric characteristics of the fin and the heat transfer coefficient;
θ(x) and θb represent the temperature in excess in a specific point of the
fin and on its base, respectively, considering the average temperature of
the fluid. Thereby, θ and θb are calculated by Eqs. (2) and (3):

= − ∞θ x T x T( ) ( ) (2)

= − ∞θ T Tb b (3)

where in ∞T is the media temperature (average between inlet and outlet
fluid temperature in the chamber). To calculate m, the Eq. (4) is used:

=m hP
kAtr

2
(4)

where h is the convective heat transfer coefficient; P and Atr are the
perimeter and the area of the fin cross-section, respectively; k is the
thermal conductivity of the fin.

In this way, to calculate the temperature distribution for all exten-
sion of the fin it is used the Eq. (5).

= + −
−

∞ ∞T x T T T m L x
mL

( ) ( ). cosh ( )
coshb (5)

To obtain the Tb and m values, that where not known, the use of the
software MATLAB® 2013a was necessary. The function “curve fitting”
adjusted the acquired temperature points (T1, T2 and T3) to a curve by
the Ordinary Least Square Method and, as return, the values of Tb and
m.

Considering the calculations carried out, some properties of the base
fluid have been defined, as well as the flow characteristics of the fluid
and region where the thermal transfer took place. The properties of the
EG+DI-water solution (56%/44%) were obtained from the MEGlobal
catalog [47], for an average temperature of 14 °C. Thus, the following
values were taken: cp=3301 J/kg·K; k=0.3937W/m·K;
μ=5.97mPa·s; ρ=1055.7 kg/m3.

2.8. Uncertainties and validation of the experimental data

The parameters m and Tb were determined by a computational
statistics code with a 95% confidence level. So, these values are used to
determine the heat transfer coefficient uncertainty based on the Eq. (4).
In this case, the methodology presented by Kline and McClintock [48]
was used to estimate the experimental uncertainties considering the
instruments error and statistics parameters. It is possible to see on
Table 3 the experimental uncertainties associated with each parameter.
The calculated uncertainty for the heat transfer coefficient (h) was
obtained as 15% and it is mainly attributed to the uncertainties of m
parameter. The uncertainty of the viscosity of± 1% was determined
based on the data provided by the rheometer manufacturer. The max-
imum uncertainties for Reynolds and Nusselt number, also determined
by the Kline and McClintock [48] method, is± 3.3% and±15%,

Cooper rod

Inlet channel Outlet channel

PlatesFlow laminator

Fig. 3. Top view: application of the electric field on the experimental apparatus.

Fig. 4. TEM images of the nanoparticles. Provided by: TNS Solution Ltda.

Table 1
Experimental conditions.

Condition Fluid Volumetric concentration of
nanoparticles (%)

Electric Field
(kV/m)

1 EG+DI-
water

– Absent
2 – 330
3 EG+DI-

water
0.039 Absent

4 330
5 EG+DI-

water
0.078 Absent

6 330

Table 2
Theoretical models for viscosity.

Author Equation

Einstein [41] = + ∅μ μ(1 2.5 )nf f

Brinkman-Roscoe [42]
=

− ∅
μ μnf f

1
(1 )2.5

Vand [43] = + ∅ + ∅μ μ(1 2.5 7.349 )nf f
2

Batchelor [44] = + ∅ + ∅μ μ(1 2.5 6.2 )nf f
2

Bruijin [45]
=

− ∅ + ∅
μ μnf f

1
(1 2.5 1.552 2)
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respectively.
In order to validate the experiments, deionized water was used in

the experimental apparatus in a condition of external convection with
laminar flow. Nusselt number was compared with well-known em-
pirical equations. According to the results, the predictions and the ex-
perimental results are in good agreement. For Zukauskas [49], Hilpert
[50] and Churchill and Bernstein [51] methods, the difference between
the calculated Nusselt number and the predictions were of 9.4%, 14.8%
and 7.3%, respectively, as can be seem in Table 4. It is worth men-
tioning that for these empirical expressions, it is not expected an ac-
curacy better than 20%.

3. Results and discussion

3.1. Viscosity of nanofluids

The dynamic viscosity of nanofluids is fundamental and experi-
mental data were obtained and compared with some already known
theoretical models.

For the pure solution of EG+DI-water in the temperature of 14 °C,
the dynamic viscosity is 5.97mPa·s [47]. This value was used to cal-
culate the theoretical viscosity using the different models.

The values of the dynamic viscosity for different theoretical models
and the experimental results are presented in Fig. 5. The influence that
the concentration of nanoparticles has on the dynamic viscosity is
evident. An increase of 24% in the dynamic viscosity, according to
Vand Model, can be verified in the condition of higher concentration.
Considering the experimental results, increases of 8.13% and 20.3%
were achieved for volumetric concentrations of 0.039% and 0.078%,
respectively.

It is observed that the variation of the experimental viscosity values
presented the same tendency of the theoretical models. In addition, it is
worth mentioning that the values acquired were, generally, lower than
the estimated values, even the difference being lower than 2.5% in all
cases.

Viscosity measurements were performed at temperatures from 11 °C
to 15 °C, since the average temperature of the fluids in the heat chamber
during the experiments was within this range. The dynamic viscosities
for each nanofluid in different temperatures are presented in Fig. 6. The
higher increase is verified for 14 °C, where the difference between the
viscosity of the base fluid and the nanofluid (0.078 vol%) achieved
20.3%.

Also, the Reynolds number (Re) was calculated for all conditions
considering that, except by the viscosity, the fluid speed, specific mass
and fin diameter were constant. The viscosity considered was for the
temperature of 14 °C because it was the average temperature of the
fluid in the heat chamber. The Re number varied between 16.0 and 19.2
characterizing a laminar flow.

3.2. Heated surface analysis

In order to identify the deposition of nanoparticles, data related to
the surface roughness, SEM images and the analysis of the chemical
composition of the heated surface are presented.

The Fig. 7 shows a visual comparison between the rod before and
after the conclusion of the experiments with 0.078 vol%. It is worth
mentioning that the rod was polished before the tests. It is possible to
verify a clear change between the initial and final condition of the rod
and to realize, even without the use of microscopes, that the surface
was modified due to a chemical reaction with the cooper or nano-
particles deposition. However, the chemical reaction is not considered
because the tests using the pure solution of EG+DI-water had not al-
tered the fin surface. Despite of the nanoparticles deposition on the
heated surface, no visual sedimentation was verified on the circulation
system (internal parts of the hoses, reservoir and heat chamber), but
considering a non-visual scale of the nanoparticles and what happened
in the rod, it is possible that a minor amount of nanoparticles had de-
posited in the system.

Fig. 8 presents the surface roughness measured before and after the
tests. An increase higher than 20 times was noticed for the concentra-
tion of 0.078%. It is possible to confirm that the nanoparticles deposi-
tion really happened in the heated surface and that the surface was
altered. Consequently, all these changes would influence the value of
the heat transfer coefficient. Many authors justified the deterioration
process of the heat transfer coefficient due to the nanoparticles de-
position on the heated surface [52,53]. The conclusions proposed by Qu
and Wu [54] states that the nature of the nanoparticle also influences
the deterioration of the heat transfer coefficient because, for similar
conditions with different base fluids or nanoparticles, the deposition
process can be an advantage or a disadvantage.

The analyses using Energy-dispersive X-ray spectroscopy (EDS)
carried out after the tests with 0.078 vol%, were useful to characterize
the composition of the heated surface and to identify the presence of
different elements. According to Fig. 9, measurements indicated that
about 20% of the surface composition was silver in the T1 and T2 re-
gions, while in the T3 region this value decreased to 3.5%. The differ-
ence can be justified by the gradient of the fluid speed in the inner
region of the chamber, considering that the region T3 was the lowest
one because of the chamber geometry. Moreover, different elements
were found such as small amounts of Si and Al. The presence of Si and C
can be explained by the utilization of sand paper composed by SiC
during the first step of the polishing process. In the second step, a
polishing paste composed by Al2O3 was used, justifying the presence of
Al. The presence of O is an evidence that oxidation may had happened
resulting in an oxide layer.

Fig. 10 presents the images of regions T1, T2 and T3 with a magni-
fication of 100× before and after performing all tests. No material
deposition was visible in previous conditions. The surfaces were clear
and the scratches that are indicated by the arrows were results of the
sanding and polishing processes. after the tests was not possible to see
any sanding marks or scratches. The surface was modified by the pre-
sence of clusters of silver nanoparticles that were deposited or oxides
that were formed during the deposition process, considering the tem-
perature and the abundant presence of oxygen. In region T1 there are
larger clusters accumulation than in the region T2 and T3. Again this
greater accumulation is justified by the flow profile and by the in-
clination of the chamber (17°), favoring a higher flow in the region T1.
The arrows indicate regions where clusters of nanoparticles or oxides
were deposited on the surface. Further, a Region A is highlighted and
presented in details in Fig. 11.

An analysis of the deposited layer is presented in Fig. 11 where a
magnification of 2000× was made of the Region A (indicated in

Table 3
Experimental uncertainties.

Parameter Uncertainty

Perimeter, P (m) ± 88.6 µm
m (m−1) ± 8.0%
Cross-sectional area, Atr (m2) ± 3.9× 10−7 m2

Fluid speed, V (m/s) ± 3%
Diameter, D (m) ± 50 µm
Viscosity, µ (Pa·s) ± 1%
Volumetric Flow, Q (L/min) ± 2%

Table 4
Comparison between calculated and experimental Nusselt number.

Nu Hilpert Zukauskas Churchill & Bernstein

21.37 18.33 19.49 19.95
Variation 14.8% 7.3% 9.4%
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Fig. 10). The darker spots present in the SEM image and highlighted by
the arrows can be considerate porous where there was no deposition of
nanoparticles or the amount of deposited material was lesser than the
surrounding region. Besides that, it is also possible to identify the for-
mation of sheets which represent thin layers of deposited material. So,
merge as a hypothesis, the fact that internal porous can be formed
between the superimposed layers. Furthermore, this porous would re-
present a thermal barrier within the deposited layer and could be empty

spots or filled with the basefluid.
Considering this sheets, merge as a hypothesis the fact that internal

porous can be formed between the sheets or between the rod and the
silver layer. Furthermore, this porous would represent a thermal barrier
within the deposited layer and could be empty spots or filled with the
basefluid.

3.3. Convective heat transfer coefficient

The convective heat transfer coefficient value (h) was estimated
applying the principle of reverse heat transfer. Thus, one cooper rod
was considered as a fin with uniform cross section with adiabatic tip.
The temperature distribution profile and heat loss equation were used
to determine the values of the fin base temperature (Tb) and the para-
meter m.

This procedure were applied to some tests and the Table 5 shows the
Tb and m values provided by the least squares method with 95%
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reliability. In order to obtain the approximated equation, the average
temperatures of the fluid were used and all the procedure was per-
formed using MATLAB® software.

Considering the definition of the parameter m defined on Eq. (4), it
is possible to calculate the convective heat transfer coefficient. The
values of h are presented in Fig. 12 for each condition.

Considering the definition of the parameter m defined on Eq. (4), it
is possible to calculate the convective heat transfer coefficient. The
values of h are presented in Fig. 12 for each condition.

Taking into account previous researches, it was expected an in-
crease in the heat transfer coefficient (h) values with the increase of
nanoparticles concentration. It was also expected that the application of
the Electrohydrodynamic Effect would result in a more expressive in-
crease in the h values.

In the conditions with the same concentration, but including the
EHD, there is an increase in the heat transfer coefficient. This behavior
is analogous to previous work such as Allen and Karayiannis [23].
Except by the dielectrophoresis, which occurs only when a non-uniform
electric field is applied, the corona effect and electrophoresis have
positive influence on the heat transfer coefficient. Increases of 8.7%, 8%
and 6.4% in heat transfer coefficient were achieved in comparisons
between conditions 1 and 2; 3 and 4; and 5 and 6, respectively. Thus,
among all conditions analyzed, the highest value of the heat transfer
coefficient (h) was for 0.039 vol% with EHD, resulting in an increase of
11% compared to the base fluid. On the other hand, the worst condition
was attained with the greater concentration and without the EHD,
which represented a decrease of 15% in the heat transfer coefficient (h).
It is important to keep in mind that the concentration of 0.078 vol%
increased the viscosity of the fluid in 20% reducing the heat transfer

coefficient (h). Furthermore, the higher volumetric concentration im-
plies in an intensification of nanoparticle deposition on the heated
surface, as showed in Fig. 11.

These results are in agreement with Asadzadeh et al. [26], where
higher concentrations led to an increase in viscosity and nanoparticles
deposition, impairing the heat flux. The influence of the deposition was
also highlighted by Moreira et al. [22] where a decrease in the heat
transfer coefficient was verified in some conditions which the nano-
particles deposition was verified.

With the application of the EHD effect, the reduction on the heat
transfer coefficient was attenuated and, according to Asadzadeh et al.
[26], this is due to the fact that electric forces introduce disturbances in
the boundary layer that increase the heat transfer and corroborate to
reduce the negatively effect of the nanoparticles deposition and visc-
osity increase.

Thus, in agreement with the presented data, it is important to em-
phasize that the concentration of 0.078 vol% modified the viscosity of
the fluid reducing the heat transfer coefficient (h). Furthermore, the
higher volumetric concentration implies in an intensification of nano-
particle deposition on the heated surface.

It is worth mentioning that the deposition of silver nanoparticles by
itself cannot be considered a satisfactory explanation for the decrease in
the heat transfer coefficient because the thermal conductivity of silver
(429W/m·K) and cooper (401W/m·K) are close and a layer composed
exclusively of silver nanoparticles would not represent a thermal re-
sistance. However, considering the EDS analyze and the amount of
oxygen on the surface, the presence of oxides represents a thermal re-
sistance that would result in the heat transfer coefficient degradation.

Moreover, the nanoparticles deposition occurred in absence of
pressure, so, it is possible to have the formation of porous within the
silver oxide layer or between the silver nanoparticles and the cooper
surface, as presented in Fig. 11. It is known that the presence of these
porous would represent a thermal resistance, even if filled with liquid.

4. Conclusions

The higher value for the heat transfer coefficient (h) was obtained
with the lower volumetric concentration. When the EHD effect was
applied, the heat transfer coefficient increased further more by about
11%. At the highest concentration, the value of the heat transfer coef-
ficient (h) was reduced due to the effect of the deposition of nano-
particles on the heated surface and the increase of the viscosity of the
nanofluid.

The increase in nanoparticle concentration implied reductions in
viscosity values. This reduction reached the maximum of 20.3% for the
temperature of 14 °C.

In this study it was observed that nanoparticles deposited on the
heated surface and this may represent an important limitation when
this layer becomes a thermal resistance either by the formation of

Porous

Sheets

Fig. 11. SEM images made of the Region A (Fig. 10) with magnifications of 2000× in
region T3.

Table 5
Information and parameters obtained by MATLAB® processing.

Condition m (m−1) Tb (°C)

1 EG+DI-water
Reference

45.15 104.6

2 EG+DI-water
EHD

47.07 103

3 EG+DI-water
0.039 vol%

45.75 123.3

4 EG+DI-water
0.039 vol% + EHD

47.54 114.3

5 EG+DI-water
0.078 vol%

41.64 104.9

6 EG+DI-water
0.078 vol% + EHD

42.69 97.38
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oxides or by the presence of pores. Because of this deposition, the
surface roughness of the rod after the tests was approximately 20 times
higher than at the beginning of the tests in the condition with the
higher concentration.

Thus, it can be concluded that the interaction between nanoparticles
is evident and the heated surface as well as the nanofluid stability are
fundamental in practical applications of heat transfer.
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