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a b s t r a c t

The copper nanoparticles of average size of 10 nm have been prepared by the sputtering method and
characterized through atomic force microscopy (AFM), X-ray diffraction (XRD) and transmission electron
microscopy (TEM). The pool boiling heat transfer characteristics of 0.25%, 0.5% and 1.0% by weight con-
centrations of copper nanoparticles has been studied. Different copper based nanofluids were prepared in
both, distilled water and distilled water with 9.0 wt% of sodium lauryl sulphate anionic surfactant (SDS).
The pool boiling heat transfer data were acquired for the boiling of nanofluids over a 30 mm square and
0.44 mm thick stainless steel plate heater. The experimental results show that for the critical heat flux of
pure water is 80% higher than that of water–surfactant fluid. Also, it was found that the critical heat flux
for 0.25%, 0.5% and 1.0% concentrations of copper nanoparticles in copper–water nanofluids are 25%, 40%
and 48% higher than that of pure water. But in the case of copper–water with surfactant nanofluids com-
paring with pure water, the CHF decreases to 75%, 68%, and 62% for respective concentrations of copper
nanoparticles. The heat transfer coefficient decreases with increase of nanoparticles concentration in
both water–copper and water–copper with surfactant nanofluids.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

For decades extensive investigations have been carried out to
study the pool boiling of various fluids like water, refrigerant,
etc. Recently the pool boiling studies have drawn attention of sci-
entists and engineers owing to growing demand of high energy
dissipation in electronic equipment and computing machines. Ear-
lier, Rohsenow [1] and Cornwell and Houston [2] reported the boil-
ing heat transfer coefficient of water over various heating surfaces,
through mathematical approach based in the principles of physics
and by conducting experiments as well. Later, Pioro [3] experimen-
tally determined the heat transfer of water, ethanol, R-113 and R-
11 under nucleate boiling on copper, aluminum brass and stainless
steel plates. The effect of the thermo-physical properties of a boil-
ing surface ‘‘conjugate effect” on the heat transfer coefficient dur-
ing pool boiling resulted in the increase of heat transfer coefficient
with decreasing saturation pressure, below the atmospheric pres-
sure. Choi [4] found that the particles of the size of nanometer, sus-
pended with conventional fluids, enhance the heat transfer.
However, the sedimentation of particles was observed, which
was rectified by Xuan et al. [5,6] by adding small amount of surfac-
tant, like laurate salt, in water. They found that the erosion and
ll rights reserved.

: +91 1332 285665.
pressure drop during the flow was significantly reduced due to
powder form of these nano-size particles and the thermal conduc-
tivity of the base fluid was greatly enhanced. Lee et al. [7] found the
enhancement of thermal conductivity in a range of 7–30% when
Al2O3 and CuO nanoparticles were suspended with water and eth-
ylene glycol in 1–5% particle volume fraction. Eastman et al. [8]
also revealed an increase of 40% convective heat transfers with
2.0% nanoparticle concentration. Nanofluids have also significant
bearing on critical heat flux (CHF). Vassallo et al. [9] have reported
the considerable increase of CHF using 0.5% water–SiO2 nanofluids.
On the other hand, You et al. [10] have also observed the significant
CHF enhancement with water–Al2O3 nanofluids at concentrations
as low as 0.0001%. The pool boiling of Al2O3 nanofluid by Das
et al. [11,12] was experimentally investigated, and it was found that
the addition of nanoparticles deteriorated the boiling performance
with increase in particles size. Kim et al. [13,14] conducted the pool
boiling experiments on pure water over a Nicrome wires coated by
TiO2 and Al2O3. The experimental results reveal that the CHF was in-
creased in of the order of 148% for 0.001% and 200% at 0.1% nanopar-
ticles concentration of TiO2, respectively. Further increase in
nanoparticle concentration did not increase the CHF. However, in
the case of Al2O3 based nanofluids the enhancement in CHF is
176% for particle concentration of 0.1%. This was because of the fact
that microstructure and topography of the heater surface was mod-
ified by the deposition of suspended nanoparticles during the pool
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Nomenclature

A heated surface area (m2)
B full width at half of maximum intensity (FWHM) in

radians
Cp specific heat capacity (J kg�1 K�1)
I electric current (A)
Nu Nusselt number, hkfL

�1

P Pressure (Pa)
Pr Prandtl number
Ra average roughness (lm)
Rq root mean square roughness (lm)
Rmax maximum roughness (lm)
Rk coefficient of kurtosis
Rz orthogonal direction roughness (lm)
Reb boiling Reynolds number
V voltage (V)
a side (m)
g acceleration due to gravity (m s�2)
h heat transfer coefficient (W m�2 K�1)
hfg latent heat of vaporization (J kg�1 K�1)
k thermal conductivity (W m�1 K�1)
q heat flux (W m�2)
_qg internal volumetric heat generation rate (W m�3)

kw thermal conductivity (W m�1 K�1)
t size of the nanoparticle (nm)

Greek symbols
d thickness of the plate (m)
q density (kg m�3)
U fraction (%)
h maximum angle of reflection at which maximum inten-

sity (�)
r surface tension (Pa m)
l viscosity (Pa s)
k wavelength of X-ray target (for copper it is 1.54 Å)

Subscripts
b boiling
c critical
f fluid
g vapor
m mass
r ratio
v volume
w wall, plate

Angle of diffraction, 2θ, deg
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Fig. 1. Variation of intensity with angle of diffraction.
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boiling. Bang et al. [15] also found CHF enhancement due to surface
coating of the heater surface with nanoparticles.

A review of the literature shows that most of the experimental
studies are related to enhancement of the thermal conductivity
and CHF of nanofluids containing Al2O3. In a few of the studies nano-
particles of SiO2 also have been used [9]. Further, most of the work
was carried out over either small diameter wire [5,6,9,10,13,14,16]
or tubes having diameter less than 20 mm [11,12] with the average
size of the nanoparticles around 20–50 nm. The research results of
these investigations are not unique. Therefore, in order to under-
stand the general behavior of this new fluid medium i.e. nanofluid,
it is imperative to investigate the boiling of other nanofluids as well.
Therefore, an experimental investigation has been carried out to
study the pool boiling of nanofluids of different concentration of
copper nanoparticles having average size of 10 nm in water, over a
flat plate heater of 30 mm square size.

2. Preparation and characterization of nanofluid

In order to prepare nanofluids for present investigation the
nanoparticles were generated by the sputtering method. In this
method, the impact of an atom or ion on the target surface pro-
duces sputtering of particles from the surface as a result of the
momentum transfer. Unlike other vapor phase techniques there
is no melting of the material. The copper nanoparticles were gen-
erated using high pressure dc-magnetron sputtering. The sputter-
ing target was a 50 mm diameter and 5 mm thick pure copper
disc. The system was equipped with an arrangement to cool the
substrate by continuously supplying liquid Nitrogen. During sput-
tering process the temperature was close to 100 K and the pressure
was 10 mTorr of Argon gas. Before deposition, the chamber was
evacuated to a base pressure of 0.5 mTorr. The average size of
the nanoparticles measured by using Scherrer’s formula [17] was
approximately equal to 10 nm and the value of ‘2h’ and ‘B’ were
determined by the XRD spectra.

2.1. X- ray diffraction (XRD) spectra of copper nanoparticle

The XRD test of nanoparticles was carried out in the laboratory.
It was found that the copper nanoparticles were almost oriented
with Miller indices of [1 1 1]. The average size of the particle was
determined by the following Scherrer’s formula [17]:

t ¼ 0:9k
B cos h

ð1Þ

The graph shown in Fig. 1 depicts the X-ray diffraction spectra
of copper nanoparticles taking intensity as abscissa and ‘2h’ as
ordinate. The atomic structure of the majority of particles lied on
the miller indices of [1 1 1] and small number of particles on indi-
ces [2 0 0]. It was also observed that the copper nanoparticles re-
mained in pure copper state.

2.2. Atomic force microscopy (AFM) examination

Nanoparticles were also characterized by AFM in semi-contact
mode. Fig. 2(a) shows the distribution of copper nanoparticles over
a glass substrate mounted inside the chamber during the sputter-
ing process. It was found that 8–10 nanoparticles were agglomer-
ated with in the measured size of 100 nm when examined by AFM.
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Fig. 2. (a) AFM picture of copper nanoparticles and (b) variation of particle size with percentage volume.
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The [1 1 1] orientation of copper nanoparticles shows that the par-
ticles were of pure copper with a face-centered cubic (FCC) struc-
ture have an average size of 10–20 nm. No significant change in
the particle size was found when calculated by XRD at the room
temperature. However, the over all particle size shown by AFM is
much higher as compared with that calculated from XRD. This is
because of the fact that the XRD gives the average mean domain
size while AFM shows agglomeration of the particles. The XRD
and AFM data can be reconciled by the fact that smaller primary
particles have a larger surface free energy and would, therefore,
tend to agglomerate faster and grow into larger grains. Fig. 2(b)
shows the variation of particle size when calculated from the
AFM picture and plotted against the percentage volume. It shows
that majority of particles came under the range of 20–40 nm due
to agglomeration of particles.
2.3. Transmission electron microscopy (TEM) examination

The copper nanofluid was prepared by dispersing copper nano-
particles into water as a base fluid. The reason for using copper
nanofluid for the boiling heat transfer studies is the fact that the
nanofluids have superior heat transfer characteristics, stability
and uniformity. The nanoparticles suspended in the base
fluid are exclusive of any noticeable chemical change of the base
fluid i.e. water. Further, the physical properties of copper nanofluid
can also be determined by using analytical methods. In order to en-
sure a stable and uniform suspension of nanoparticles in base fluid,
the dispersed solution was vibrated in an ultrasonic bath for about
10 h. During this preparation, the nanofluid solution temperature
increased from room temperature to nearly 40 �C. Three different
mass concentrations of copper nanofluids were prepared for the
experiments by controlling the amounts of the particles in base flu-
ids i.e. water and water with 9.0% SDS anionic surfactant. A high
resolution transmission electron microscopy (TEM) was used to
analyze the size and morphology of the nanoparticles. Fig. 3(a)
and (b) shows the copper nanoparticles dispersed in the base fluid
of water and its diffraction pattern, respectively. It was approxi-
mated that the average size of these very ultra fine particles was
10 nm and these nanoparticles were dispersed in water evenly
even after 10 h of ultrasonic vibration. Some of the particles
agglomerated and formed cluster due to their inter-molecular
attractive force and the average size of the agglomeration was
found to be less than 20 nm. Also from the diffraction pattern the
structure of the particles was found as polycrystalline.
2.4. Physical properties of nanofluid

In general, the properties of nanofluids depend upon the phys-
ical properties of nanoparticles, and the involvement of surface
molecules in heat transfer process, which depends upon the size
and shape of the particles themselves. The shape and size of parti-
cles also affected the agglomeration of the particles. It is to be
noted that the flow phenomenon of a liquid–solid solution de-
pends upon the hydrodynamic force acting on the surface of solid
particles. The following conversion formula was used to compute
the exact volume of nanoparticles:

Uv ¼
1

1�Um
Um

� �
qp
qf
þ 1

ð2Þ

From the following equations the density and the heat capacity of
nanofluids were driven [5]:

q ¼ qfð1�UvÞ þ qpUv ð3Þ
qCp ¼ qf Cpfð1�UvÞ þ qpCppUv ð4Þ

Applying the Hamilton and Crosser model [18] to copper nanopar-
ticles in water, the effective thermal conductivity of the copper–
water nanofluid was estimated by the following Eq. (5) by Xuan
and Li [5]:

k
kf
� 1þ nUv ð5Þ

where n = 3/w, and w is the sphericity of particles, defined as the
ratio of the surface area of a sphere with a volume equal to that
of the particle to the surface area of the particle. The effects of
particle volume fraction and shape on the thermal conductivity
ratio for a copper–water system have been plotted in Fig. 4.
The results clearly show that the thermal conductivity of the
fluid–particle system depends on both, particle volume fraction
and the sphericity as well. For the sphericity of copper nanopar-
ticles as 0.3, the thermal conductivity of water can be enhanced
by a factor of 1.003 at the low nanoparticle weight fraction of
0.25%. This finding demonstrates feasibility of nanofluids, i.e.
metallic nanoparticles are capable of increasing the thermal con-
ductivity of conventional heat transfer fluids. The following equa-
tion can be used for the prediction of viscosity of nanofluid,
Brinkman [19]:

l ¼ lf ð1þ 1:25UvÞ ð6Þ



Fig. 3. TEM photographs of water–copper nanofluid.
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Fig. 4. Variation of thermal conductivity ratio with concentration of nanoparticles.
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From the above equations, the major properties of copper nano-
fluids for various concentrations were determined and are given in
Table 1.
3. Experimental set up and procedure for boiling heat transfer
studies

Fig. 5(a) shows the schematic diagram of flat plate heater exper-
imental set up. The experimental set up was consisted of emery
polished square stainless steel test-heater surface of 30 mm size
and 0.44 mm thickness. Two opposite sides of the test-section
were brazed with the copper bus bar of 180 mm length and
30 mm � 5 mm cross section. This heater was tightly inserted in
to the slot made in the teflon sleeve of diameter of 60 mm through
Table 1
Major properties of nanofluids.

Copper nanofluid 1 2 3

Um (%) 0.2500 0.5000 1.0000
Uv (%) 0.0280 0.0560 0.1130
q/qfo 1.0020 1.0040 1.0090
Cp/Cpo 0.9980 0.9960 0.9830
k/ko 1.0026 1.0056 1.0113
l/lo 1.0007 1.0014 1.0028
a silicone rubber disc. The other end of copper bars were connected
to power supply unit of step down transformer having variable
capacity of 10 kVA controlled through a dimmer stat. Five T-type
thermocouples were tightly held at different position by the sili-
cone rubber disc and these thermocouples were used to measure
the bottom surface temperature of the stainless steel test-section.
The thermocouple leads and voltage leads were taken out through
five capillary holes made in the teflon sleeve and these leads were
connected with data acquisition system. The contact of the ther-
mocouple beads with test-section was ensured by checking the
connectivity between them using a multimeter. Fig. 5(b) shows
the photographic views of flat plate heater assembly.

This heater assembly was further inserted in the bottom side of
the borosilicate glass vessel of inner diameter 60 mm and thick-
ness 4 mm. The vessel has the provision with inlet, drainage, clean-
ing hole, one vertical reflux glass condenser and thermocouple to
measure the bulk temperature of the test-fluid. The vessel arrange-
ment was mounted to the immovable base using mild steel rods of
6 mm diameter, connecting the base and the pressure plate fixed
above the vessel using the silicone rubber for leak proof. Finally
the experimental set up was checked for any leakage.

Prior to data acquisition, the vessel and test-section were thor-
oughly cleaned with soap water, distilled water, and finally with
acetone to remove any deposition and dirt. After cleaning the
test-section was filled with distilled water and was thermally sta-
bilized by heating for 12 h at a heat flux of 500 kW/m2. Subse-
quently the test-section was allowed to cool down for another
12 h. In the beginning of data acquisition, the test-fluid was main-
tained at saturation temperature by given lowest heat flux of
50 kW/m2 and the generated steam was allowed to pass through
the crack valve (3) of condenser to remove any dissolved gases in
the test-fluid and in the test-vessel. Then cooling water circulation
to the reflux condenser was started simultaneously, so that, any
vapor generated by boiling of water was condensed and drained
back to the liquid pool through the gravity. The heat flux of the test
heater was then increased in steps from 50 kW/m2 to just before
the burn out level and the data were acquired at each step. The en-
tire tests were performed under atmospheric pressure. After the
experiments, the distilled water was replaced by water–copper
nanofluids of the copper concentrations of 0.25%, 0.5% and 1.0%
by weight and finally water–copper nanofluid with 9.0% surfactant
of same concentration of copper particles in the mixture. The data
were again acquired for the heat flux starting from 50 kW/m2 to
just before the burn out level. After each test conducted, the vessel
and heater surfaces were cleaned with a water jet.
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The wall temperature of plate heater test-section was deter-
mined by the following Eq. (7):

Tw ¼
_qg

2kw
d2 þ Tb ð7Þ

where Tb is the average bottom surface temperature of test heater
determined from the following Eq. (8):

Tb ¼
T1 þ T2 þ T3 þ T4 þ T5

5
ð8Þ

where T1, T2, T3, T4, and T5 are the bottom surface temperature of the
test heater located at different places. The average heat transfer
coefficient evaluated from the following Eq. (9):

h ¼ q
Tw � Tsat

ð9Þ

Although all precautions were taken to minimize the errors in
experimentation, yet some errors were likely to creep. The error
in measurement depends upon the accuracy of the measuring
instruments. An uncertainty analysis of the experimental results
has also been carried out. The accuracy in the measurement of
temperature, voltage and current was 0.1 �C, 0.1 V and 1.0 A,
respectively. The highest experimental uncertainty in heat transfer
coefficient was less than 10%.

4. Results and discussion

The data obtained from the boiling of distilled water over a flat
plate test heater, have been analyzed in order to check the integrity
of the experimental set up. These data shall also be used as refer-
ence data to assess the pool boiling characteristics of nanofluids.
The heat transfer coefficient for the pool boiling of water have been
compared with that predicted by Cornwell–Houston correlation [7]
given by the following Eqs. (10) and (11):

Nu ¼ 9:7P0:5
c FpRe0:67Pr0:4 ð10Þ

Fp ¼ 1:8P0:17
r þ 4P1:2

r þ 10P10
r ð11Þ

Fig. 6 shows the comparison of experimental data with Corn-
well–Houston correlation [7] taking heat flux, q, as abscissa and
heat transfer coefficient, h, as ordinate for the pool boiling of water
over the flat surface. The experimental data for the boiling of water
are found to be in good agreement with those predicted by Corn-
well–Houston [7] correlation. At low heat flux of 200 kW/m2, the
Cornwell–Houston correlation under predicts the experimental
Heat flux, q, kW/m2
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Variation of heat flux with wall superheat.
data by 30%. As the heat flux increases the predictions from corre-
lation are converge to the experimental values. The results show
that the test surface has better heat transfer performance in asso-
ciation with the more bubble nucleation and higher bubble gener-
ation frequency [20]. Therefore at higher heat flux the heat transfer
curve for experimental data converges towards the predicted val-
ues due to high bubble dynamic.

The boiling heat transfer of nanofluid is expected to be higher
than that of water due to the fact that the thermal conductivity
of the nanofluid is more than that of water. In fact, the properties
and behavior of a nanofluid depend upon a number of parameters
including the properties of the base liquid and the dispersed
phases, particle concentration, particle size and morphology, as
well as the presence of dispersants or surfactants [11,12].
Fig. 7(a) shows that for a given wall superheat of test-section the
boiling heat transfer of nanofluids is lower than that for pure water
as revealed by the shift of boiling curve for nanofluids to the right
side of the boiling of pure water. A possible reason for this shift
may be the filling up of tube surface cavities by nanoparticles
and, thus, reducing the number of nucleation sites on the test-sec-
tion. Also, it is noticed in Fig. 7(a) that the boiling curve shifts to-
wards right as the concentration on nanoparticles increases in
the base fluid i.e. water. This indicates that the boiling heat transfer
decreases with an increase of nanoparticles concentration, due to
alteration in the microstructure and topography of the test-section
by the deposition of nanoparticles. Although at a given wall super-
heat the heat flux for the nanofluid is lower, yet the critical heat
Figure 8. Variation of heat flux with wall superheat 
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Table 2
Percentage variation of CHF values of nanofluids with water.

S. No Test-fluid CHF MW/m2 % Increased

1 Water 1.044 –
2 0.25 wt% Cu �water nanofluid 1.305 25
3 0.5 wt% Cu �water nanofluid 1.465 40
4 1 wt% Cu �water nanofluid 1.540 48

% Decreased
5 Water with surfactant 0.193 82
6 0.25 wt% Cu + surfactant �water

nanofluid
0.264 75

7 0.5 wt% Cu + surfactant �water
nanofluid

0.335 68

8 1 wt% Cu + surfactant �water
nanofluid

0.398 62
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flux, CHF, is found to be higher for nanofluids. The CHF of nanofl-
uids for different concentrations of copper are given in Table 2.

Fig. 7(b) has been drawn for copper–water nanofluid, taking
heat flux, q, as abscissa and boiling heat transfer coefficient, h, as
ordinate. It is found in Fig. 7(b) that for a given heat flux the heat
transfer coefficient reduces with increase in the concentration of
nanoparticles. This is due to the fact that during the pool boiling
of pure water, at low heat flux, only large size cavities are acti-
vated. When the heat fluxes increases, the small sized cavities
are also activated. But for nanofluid, these cavities were filled with
nanoparticles, thus reduced the number of active nucleation sites
and hence, reduced the heat transfer coefficient. The boiling phe-
nomenon occurs in the three distinct regimes, viz. nucleate pool
boiling, discrete bubble regime, and coalesced bubble regime. With
the onset of nucleate boiling and at heat flux higher than 400 kW/
m2, more nucleation sites are activated on the heater surface. The
similar phenomenon is also observed by Bang et al. [15] using
Al2O3 nanofluid taking water as base fluid. However, they achieved
the onset of nucleate boiling at the heat flux of 100 kW/m2. This
may be due to the changed heat transfer characteristics of nano-
fluid used and surface roughness of the heating surface. The change
of surface roughness before and after pool boiling experiments of
present investigation was found by using Perthometer and is
shown in Table 3.

The critical heat flux (CHF) of nanofluids has been compared
with that of pure water by a number of investigators. The critical
heat flux enhancement is nearly 73% for stainless steel wire with
Al2O3, ZrO2 and SiO2 nanofluids, Kim et al. [14]. In fact, the
enhancement in CHF is due to increase of effective contact area
by deposition of nanoparticles over the heating surface. The nano-
particles generate a nano porous layer on the test-section tube sur-
face, thus, reducing the contact angle between the fluid and heater
surface [21]. Further more, the existence of sorption layer en-
hances the trapping of liquid in the nano porous sorption layer
and prevents the vapor blankets formation. Therefore, the CHF in-
creases with increasing the sorption layer thickness at the low par-
Table 3
Surface roughness parameters of test heater.

S. No Rq (lm) Rmax (lm) Ra (lm) Rz (lm) Rk

Before boiling experiment
1 0.499 6.66 0.198 1.74 0.23
2 0.570 0.55 0.041 0.33 0.11
3 0.427 2.89 0.246 1.16 0.55
4 0.377 3.22 0.182 0.85 0.10
After boiling experiment
5 0.155 1.11 0.104 0.70 0.27
6 0.134 1.20 0.093 0.78 0.25
7 0.143 1.15 0.112 0.80 0.37
8 0.116 0.99 0.086 0.64 0.27
ticle concentration range. After the particle concentration exceeds
a certain value, the sorption layer thickness would not increase,
and therefore, the CHF shall not increase. Fig. 8 shows the enhance-
ment of critical heat flux with concentration of the nanoparticles in
the water. Nanoparticles affect the surface characteristics and,
therefore, influence the boiling heat transfer. Adaptation of the
heater surface by the nanoparticle surface coating was dependent
on the particle concentration of the nanofluids. In the case of nano-
fluids with the lowest particle concentration of 0.25 wt%, the heat-
ing surface displayed only a nominal change. However, as the
concentration increased, surface deposition of the nanoparticles
thickened and more micro-sized structures were formed on the
heating surface. A similar phenomenon was also reported by Kim
et al. [14] for their pool boiling CHF experiments of water–TiO2

nanofluids under atmospheric pressure.
Properties of nanofluids, as given in Table 1, show that the ther-

mal conductivity of water can be enhanced by a factor of 1.003
with a low nanoparticle concentration of 0.25% by weight. The
most obvious reason behind the increase of thermal conductivity
is the increased surface area due to particle size reduction. How-
ever, other factors including Brownian motion, interfacial liquid
layering, ballistic transportation of energy carriers within nanopar-
ticles and formation of nanoparticles structure through fractal,
clustering and networking, are also important. It is observed that
the heated surface, after the boiling tests, is smooth and has a
metallic brilliancy and is slightly oxidized. It is also observed that
there exists a thin sorption or porous layer on the surface formed
by nanoparticles. The sorption layer on the copper surface de-
creases active nucleation sites and the contact angle, Liu et al.
[22]. Less active nucleation sites and the contact angle would delay
the inception of boiling and generation of fewer bubbles at a given
heat flux. In addition, the sorption layer increases the heat resis-
tance between the metal surface and nanofluid. The surface rough-
ness of heater influences the boiling heat transfer coefficient. The
increased surface roughness gives better heat transfer at a given
wall superheat [23,24]. Webb et al. [25] also showed the enhance-
ment of boiling heat transfer coefficient of refrigerants by increas-
ing the surface roughness of heaters. This was confirmed through
the surface roughness tests conducted before and after the boiling
experiments by Perthometer at different places of the test heater
and the roughness parameters are tabulated in Table 3. The aver-
age surface roughness before boiling experiment was found to be
0.167 lm and it has been reduced to 0.099 lm after the boiling
experiments. This is due to nanoparticles deposited over the sur-
face of the test heater and reduces the surface roughness and hence
the heat transfer coefficient decreases.
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Fig. 10. Boiling curves of copper–water nanofluids with surfactant (a) DTVsq and
(b) qVsh.
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Fig. 9 shows a comparison of CHF enhancement obtained in the
present case with that of others investigations. From Fig. 9, it is ob-
served that the CHF enhancement is higher in the wire heaters and
CHF increases with increase of concentration of the nanoparticles
irrespective of nanofluid. The CHF enhancement trend obtained
by Kim et al. [13,14] using wire heater is similar to trend obtained
by present results. The modification of liquid properties is marginal
when compared with the data scattering in Fig. 9, however, the
modification of heating surface due to the interaction of nanopar-
ticles become important under high heat flux conditions. This has
been suggested by a number of researchers as possible mecha-
nisms for the observed CHF enhancement [9,14]. Such effects can
be classified as the roughness, porous effect, improved wettability
effect or modified nucleate sites effect.

In the case of water–copper with surfactant nanofluids, Xuan
and Li [5] found that the addition of sodium lauryl sulphate
(SDS) anionic surfactant, 9.0% by weight, in water-nanoparticles
prevent the agglomeration of the particles and gives stable nanofl-
uids for a longer time. In the present investigation also, no settle-
ment has been found for the nanofluids with 9.0% surfactant,
even 36 h after the process of ultra sonic vibration. In fact, the sur-
factant behaves like an interfacial shell between the nanoparticles
and base fluids. Surfactant alone modifies the surface tension and
wettability of fluids, and influence boiling heat transfer in a signif-
icant manner [9,26,27]. Fig. 10(a) and (b) it was observed that the
trend of the boiling curves for copper–water with surfactant nano-
fluids are similar than that of copper–water nanofluids. And also it
was observed that for given low heat flux, the difference in heat
transfer coefficient is higher for 0.25%, 0.5% and 1.0% copper–water
with surfactant nanofluid with each other and it reduced for high
heat flux. This is due to high bubble dynamic at high heat fluxes.
Fig. 10(a) shows the CHF of pure water decreased due to the addi-
tion of 9.0% surfactant (SDS) by weight in copper–water nanofluids.
Compared with pure water CHF, it is found that the CHF of 0.25%,
0.5% and 1.0% of copper nanoparticle by weight in copper–water–
surfactant nanofluids to be reduced by 75%, 68%, and 62%, respec-
tively. But compared with the CHF of water–surfactant fluid, the
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CHF values of 0.25%, 0.5% and 1.0% of copper nanoparticles in cop-
per–water–surfactant nanofluids are increased by 37%, 74% and
106%, respectively, as shown in Table 2. Fig. 10(b) depicts that
the heat transfer coefficient is decreasing when the concentration
of nanoparticles increasing for the same heat flux. Furthermore,
in the present investigation, during the boiling experiment, it
was found that the addition of surfactant increases the bubble dy-
namic, an early incipience, followed by a rapid departure of smal-
ler-sized and regularly shaped bubbles from the heater surface.
Which intern increase the number of active nucleation sites. This
is due to the fact that surfactant decreases the dynamic surface
tension, and increases the wettability of the heater surface [28].
The critical heat flux obtained in the surfactant nanofluids are gi-
ven in Table 2. Fig. 11 shows the critical heat flux with increase
of concentration of nanoparticles in copper–water nanofluid with
9.0% surfactant. The CHF reduces drastically with the addition of
9.0% surfactant in copper nanofluids. However, with the increase
in the concentration of nanoparticles the CHF increases and it at-
tains the highest value at 1.0% concentration of copper nanoparti-
cles, which is only 38% of that for pure water. This is due to the fact
that early departure of bubbles growing in the water–surfactant
nanofluids increases the wettability of the surface and dynamic
surface tension decreases as compared with pure water [28].

5. Conclusions

1. The critical heat flux (CHF) of nanofluids when boiled over a
stainless steel flat plate test-section increases with the concen-
tration of copper nanoparticles in the base fluid increases. The
highest enhancement when compared to pure water has been
found to be 48% and 106% with water and water with 9.0% by
weight of surfactant, respectively, when dispersed with 1.0%
by weight of copper nanoparticles.

2. Copper nanoparticles cause a decrease in pool boiling heat
transfer coefficient for water as base fluid. The heat transfer
coefficient decreases as the concentration of nanoparticle
increases for both copper–water and copper–water with surfac-
tant nanofluids. The CHF of pure water was decreased by 75%,
68%, and 62% for 0.25%, 0.5% and 1.0% of copper nanoparticle
dispersed in water with surfactant nanofluids, respectively,
which is purely due to the reduction in surface tension of water
by surfactant and high bubble dynamic.
3. The CHF enhancement of nanofluids was closely related to the
surface microstructure and enhanced topography resulting
from the deposition of nanoparticles on the tube surface. The
average surface roughness was reduced from 0.167 to
0.099 lm after the boiling experiments.
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