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Abstract. This study investigated the heat transfer characteristics of nano
uid nucleate
and �lm boiling experimentally. To this end, Al2O3 and SiO2 deionized water-based
nano
uids were prepared with three volumetric concentrations of 0.1%, 0.3%, and 0.5%.
Boiling experiments were conducted on a circular and polished copper surface with a
diameter of 25 mm. The results illustrated that the addition of nanoparticles to the
base 
uid reduced the heat transfer coe�cient of nucleate boiling. Boiling of nano
uids
elevated surface wettability and the critical heat 
ux was signi�cantly higher than that
of pure deionized water. The Al2O3 deionized water-based nano
uid with a volumetric
concentration of 0.5% had the best performance, with a critical heat 
ux of 44.56% higher
than that of pure deionized water. The presence of nanoparticles in the deionized water-
based nano
uid improved the heat transfer coe�cient of �lm boiling. As demonstrated by
the results, the stable �lm boiling for nano
uids began with a more signi�cant di�erence
in wall superheat temperature than pure deionized water. Among the investigated
concentrations, the volumetric concentration of 0.5% yielded the best performance for both
nano
uids such that the minimum heat 
uxes of Al2O3 and SiO2 deionized water-based
nano
uids increased by 35.01% and 34.40%, respectively, compared to pure deionized water.

© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

Among various heat transfer methods, boiling phe-
nomenon characterized by high thermal e�ciency is
widely used in various industries such as power plants,
chemical industries, refrigeration, and air conditioning
systems. In these industries, 
at or curved surfaces
are used horizontally, vertically, and inclined as boiling
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surfaces among which boiling on horizontal surfaces
facilitates cooling electronic systems, heat exchangers,
and boilers. The growing need for these industries and
their high e�ciency has led researchers to focus on
the enhancement of cooling and heat transfer. The
main problem with the use of boiling phenomenon
lies in the high and uncontrolled temperature of heat
transfer devices which limits the choice of materials
in these devices. Reforms that promote the e�ciency
of these systems are of great signi�cance to energy
saving. Therefore, researchers have focused on methods
for improving the boiling phenomenon for many years.
Di�erent techniques have been proposed to improve
the boiling process, one of which is the addition of
nanoparticles to the base 
uid.
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The results based on the dispersion of nanopar-
ticles help engineers design an e�cient thermal sys-
tem [1]. The presence of nanoparticles in the base 
uid
can enhance some of the thermal and thermophysical
properties of the 
uid. In the pool boiling of nano
uids,
the addition of nanoparticles to the base 
uid increases
the speci�c surface area. On the other hand, the
Brownian motion of the nanoparticles increases the
turbulence and mixing in the 
uid, which leads to an
increase in thermal conductivity. Because nanopar-
ticles are primarily made of metals or metal oxides,
they have higher thermal conductivity than base 
uids.
Therefore, coupling between nanoparticles increases
the thermal conductivity of nano
uids by creating a
chain of nanoparticles connected to each other that
causes heat transfer to occur at a higher rate.

The advantages of nano
uids and the develop-
ment of nanotechnology have led to use of nano
uids
in the boiling process in many recent empirical studies.
In the cooling of some industrial systems, heat transfer
may take place in all boiling curve regions and cover
a wide range of heat 
uxes. For this reason, re-
searchers have studied the two nucleate and �lm boiling
regimes. Although some researchers have studied these
two boiling regimes numerically [2{5], many studies
have investigated them experimentally as well, to be
reviewed below.

Shahmoradi et al. [6] conducted pool boiling ex-
periments for water-alumina nano
uid with volumetric
concentrations of less than 0.1% on a 
at plate of cop-
per. It was observed that by increasing the volumetric
concentration from 0.01% to 0.1%, the heat transfer
coe�cient of nucleate boiling would be reduced and the
Critical Heat Flux (CHF) would increase. The decrease
in heat transfer coe�cient of the nucleate boiling
results from the deposition of nanoparticles in the
boiling process and the �lling of the nucleation sites.
Besides, heat 
ux augmentation results from increase
in surface wettability. Raveshi et al. [7] investigated
the nano
uid pool boiling of a binary mixture of water-
ethylene glycol and alumina at the same volume ratio
on a 
at plate of copper. It was found that there was
an optimum volumetric concentration for nano
uids,
which had the highest nucleate boiling heat transfer
coe�cient. The optimum concentration was 0.75% and
the highest increase in nucleate boiling heat transfer
coe�cient was reported 64%, compared to base 
uid.

Umesh and Raja [8] investigated the pool boiling
of pentane-copper oxide nano
uid with volumetric
concentrations of 0.005% and 0.01% on 
at heaters
of brass. It was observed that at low volumetric
concentrations, the nucleate boiling heat transfer co-
e�cient increased by 5% to 25% compared to the base

uid, but decreased upon increase in the nano
uid
volumetric concentration. Ji et al. [9] conducted
boiling experiments on water-silica nano
uid with

mass concentrations of 0.025%, 0.05%, and 0.1% to
investigate the e�ects of surface wettability on pool
boiling. The results demonstrated that upon increasing
the mass concentration from 0.025% to 0.1%, the
nucleate boiling heat transfer coe�cient decreased.
The reason for this decrease was the deposition of
nanoparticles on the boiling surface, which made the
surface more hydrophilic and delayed the occurrence
of nucleate boiling. Dareh et al. [10] conducted pool
boiling experiments on pure water and water-alumina
nano
uids with volumetric concentrations of 0.0025%,
0.005%, and 0.01% on the micro- and nano-structured
surfaces. The results showed that for all the surfaces,
the CHF of the nano
uid was higher than that of the
base 
uid.

Kiyomura et al. [11] investigated the pool boiling
of a Fe2O3 water-based nano
uid at mass concentra-
tions of 0.029 and 0.29 gr/lit on copper surface. The
e�ects of nanoparticle deposition and surface roughness
on contact angle, surface wettability, and heat transfer
coe�cient of nucleate boiling were investigated. The
results illustrated that the highest nucleate boiling heat
transfer coe�cient belonged to the polished surface
with a lower concentration of nanoparticles. Va-
sudevan et al. [12] investigated the pool boiling of
reduced graphene oxide water-based nano
uid with
volumetric concentrations of 0.2%, 0.6%, and 0.8% on
a 
at plate of copper. The results showed that the
CHF increased following an increase in the volumetric
concentration from 0.2% to 0.8%. It was observed
that the CHF increase occurred due to the increase
in bubble density and existence of small bubbles.
Reddy and Venkatachalapathy [13] investigated the
pool boiling of hybrid nano
uid (Al2O3-CuO/water)
with di�erent volumetric concentrations on a 
at plate
of copper. The results illustrated that the CHF of the
hybrid nano
uid was higher than that of the single-
type nano
uid. It was observed that by increasing
the volumetric concentration from 0.01% to 0.1%, the
nucleate boiling curves shifted towards the right side
due to nanoparticle deposition, leading to enhanced
capillary action.

Kamel and Lezsovits [14] conducted the pool
boiling experiments on tungsten oxide water-based
nano
uid with volumetric concentrations of 0.005%,
0.01%, and 0.05% on horizontal copper tube. It was
observed that as the applied heat 
ux increased, the
nucleate boiling heat transfer coe�cient increased. The
results demonstrated that by increasing the volumetric
concentration from 0.005% to 0.05%, the nucleate
boiling heat transfer coe�cient decreased. Moham-
madi and Khayat [15] conducted the pool boiling
experiments on Al2O3 and CuO water-based nano
uids
with a volumetric concentration of 0.1% on a 
at plate
of copper. The results showed that the CHF of the
nano
uids was higher than that of the water. It was
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found that the boiling of nano
uids on the micro-
groove surface could not be used for a long-term process
due to the deposition of nanoparticles over time and the
creation of an insulation layer on the surface.

Gylys et al. [16] presented experimental results of
�lm boiling by testing the cooling process of spherical
surfaces in subcooled water. Spherical surfaces are
made of three di�erent types of steel, copper, and
aluminum. The results showed that the minimum
�lm boiling temperature was in
uenced by the thermal
di�usion characteristics of the surface (thermal conduc-
tivity, thermal capacity, and density), water tempera-
ture, and heat transfer rate between the surface and
the liquid. Arai and Furuya [17] investigated the �lm
boiling experiments by quenching a high-temperature
stainless steel sphere in Al2O3 water-based nano
uid
at volumetric concentrations of 0.024% to 1.3%. The
�lm boiling heat transfer rate of nano
uid was reported
to be approximately similar to, or slightly lower than,
that of water. Ciloglu et al. [18] investigated the pool-
�lm boiling of Al2O3, SiO2, TiO2, and CuO water-
based nano
uids with a volumetric concentration of
0.1%. A high-temperature cylindrical rod was used as
the boiling surface. The results showed that during
iterative tests, the cooling time was reduced and the
main reason was the change of the surface properties
due to the deposition of nanoparticles on the surface.

Li et al. [19] conducted boiling experiments by
quenching hot stainless steel spheres in the water-based
nano
uid pool in the presence of carbon nanotubes
(CNTs) of di�erent sizes. The results demonstrated
that due to di�erences in the size of the nanoparticles,
the CHF and Leidenfrost point increased up to di�erent
values. The results of the contact angle and roughness
test demonstrated that the porous layers a�ected sur-
face roughness rather than surface wettability. Kang et
al. [20] conducted �lm boiling experiments to evaluate
the e�ects of surface hydrophobicity on minimum �lm
boiling temperature and Minimum Heat Flux (MHF)
by quenching the spherical surfaces of saturated water.
Superhydrophobic surfaces were prepared by anodic ox-
idation on zirconium surface. The results showed that
the superhydrophobic surfaces increased the minimum
�lm boiling temperature and the MHF.

Wci�slik [21] reviewed the e�ect of adding common
nanoparticles to the base 
uid on the Leidenfrost tem-
perature and performed a simple economic analysis of
the use of nanoparticles. Among the �ve nanoparticles
investigated in this paper (Ag, Al2O3, SiO2, TiO2,
and C-diamond), Al2O3 nanoparticles with a size of
39 nm and a volumetric concentration of 0.1% had
the best thermal e�ect. In most of the analyzed
cases, the minimum �lm boiling temperature is in-
versely correlated with the volumetric concentration of
nano
uids. Talari et al. [22] investigated the e�ects
of micro/nanostructured surfaces on the Leidenfrost

drop temperature with an emphasis on its enhance-
ment and discussed the mechanism of surface topology
improvement. It was observed that multiscale surfaces
signi�cantly increased the Leidenfrost temperature and
had a better performance by combining the bene�ts of
both nano and micro structures.

A review of literature points to the larger number
of nano
uid �lm boiling experiments conducted on
spherical and cylindrical surfaces rather than on the
horizontal 
at plate. The occurrence of �lm boiling at
high temperatures has limited its experimental study;
therefore, the majority of boiling studies have focused
on nucleate boiling. Due to the ability of our instru-
ment to work at high temperatures, the present paper
made it possible to conduct �lm boiling experiments
on the horizontal 
at plate. The experimental study
of nano
uid �lm boiling on the horizontal 
at plate
is a new aspect of the present paper. However, to
conduct more comprehensive studies, nucleate boiling
is also investigated. To this end, the e�ects of adding
nanoparticles to the base 
uid on the nucleate and
�lm boiling heat transfer coe�cient, CHF, MHF, and
minimum �lm boiling temperature are investigated
experimentally.

2. Experimental apparatus and test procedure

2.1. Description of problem
In the present study, boiling experiments were car-
ried out under the same laboratory conditions with
ambient pressure of 80 kPa, ambient temperature of
23�C, and water boiling temperature of 92.9�C. Boiling
experiments were applied to a circular and polished
copper surface with a diameter of 25 mm. The 
uids
used for boiling experiments include pure deionized
water and two types of Al2O3 (�) and SiO2 deionized
water-based nano
uids. To investigate the e�ects of
nano
uid volumetric concentration on the heat transfer
characteristics of �lm and nucleate boiling, experiments
were carried out with three volumetric concentrations
of 0.1%, 0.3%, and 0.5%.

2.2. Pool boiling experimental apparatus
A schematic of the pool boiling apparatus used in this
study is shown in Figure 1. This device includes a
structural part, retaining bases, and a test chamber.
Data processing, lighting, power transmission, and
heating parts are located in the lower section of the test
chamber. The test chamber is a Pyrex glass with the
diameter, height, and thickness of 200, 300, and 5 mm,
respectively. In addition, to prevent heat dissipation,
the outer part of Pyrex is coated with one layer of
�berglass, two layers of thermal insulation, and one
layer of aluminum insulation glue. On the top of the
Pyrex, there is a safety glass cover with dimensions
of 400 � 400 mm and, in this cover, a pressure gauge
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Figure 1. Pool boiling apparatus and its components in a schematic form.

and a safety valve are located. A pressure gauge
was employed to display the pressure inside the test
chamber which remained constant. The M-shaped rod
pre-heater with a power of 500 W is located in the

uid to warm the operating 
uid to its saturation
temperature at atmospheric pressure before and during
the test. A condenser with a diameter of 10 mm and a
length of 15 cm was employed to cool and condense the
water into the chamber and a pump with a discharge
of 400 lit/hr was employed to keep the water inside the
condenser continuously rotating.

Cartridge is a cylinder with two di�erent cross-
sections at top and base and is made of copper with
a purity of 99%. Figure 2(a) and (b) show the
copper cartridge before being placed in the pool boiling
apparatus. The total height of the cartridge is 120 mm
and the upper and lower section diameters are 25 mm
and 140 mm, respectively. The upper cross-section is
used as the boiling surface. On the upper neck of this
cartridge, three holes are created with a diameter of
2 mm and a distance of 7 mm from each other and
the thermocouples are located on them. In the bottom
part of the cartridge cross-section, eight holes with a
diameter of 10 mm and a depth of 55 mm have been
created, which is the location of the heaters. In the
present apparatus, a variance of 3000 W with a variable
output of 0 to 250 V is used to power the device.

To record the temperatures of the three thermo-
couples connected to the cartridge and that of a ther-

Figure 2. (a) and (b) Copper cartridge before being
placed in the pool boiling apparatus, and (c) PTFE
wrapped around the copper cartridge.

mocouple inside working 
uid, a TM4-type thermostat
was employed to record the data into the computer
every second. Silicon paste was used to prevent heat
dissipation in holes where heaters and thermocouples
were located in cartridges. In addition, silicon glues
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with high thermal resistance were used to seal Pyrex
and its underlying steel as well as between the cartridge
and Te
on thermal insulation (PTFE). Te
on thermal
insulation is a circle with a diameter of 14 cm and a
thickness of 3 cm. Figure 2(c) shows how the PTFE is
wrapped around the copper cartridge. On the wall of
this piece, three holes with a diameter of 3 mm were
created to pass the thermocouples and they remained
aligned with the location of the thermocouples on the
cartridge. The thermocouples used in this device were
of K type and covered a temperature range of �200�C
to 1350�C.

To simplify the experiment procedure, the heat
transfer in the cartridge is assumed to be one-
dimensional; therefore, it is necessary to insulate the
cartridge to prevent heat loss in the radial direction.
Therefore, �rst, the cartridge is covered by glass wool
with a thermal conductivity rate of 0.04 W/m.�C and
temperature resistance of 750�C. Then, a layer of thick
PTFE sheet is fastened to the glass wool. Then,
another layer of glass wool and an elastomeric insulator
are placed over the whole set and tightly closed.

2.3. Preparation of nano
uids
The nano
uids used in the boiling experiments of the
present study include Al2O3 (�) and SiO2 nanopar-
ticles in deionized water-based 
uid. In Table 1, the
characteristics of the nanoparticles used in this study
are presented.

Table 1. Speci�cations of nanoparticles.

Nanoparticles ! Al2O3 (�) SiO2

Producer US NANO Degussa
Color White White
Dimension (nm) 50 12
Density (gr/cm3) 3.97 2.24

To reach the volumetric concentrations of 0.1%,
0.3%, and 0.5% in a liter of deionized water, the
required mass of each nanoparticle was calculated using
Eq. (1). Table 2 shows the mass requirements of the
nanoparticles at di�erent volumetric concentrations:

m =
�np � Vnf � ('� 10�2)

(1� '� 10�2)
: (1)

In Eq. (1), �np is the nanoparticle density, Vnf
nano
uid volume, and ' volumetric concentration.

Figure 3 shows a schematic of the nano
uid
preparation process used in boiling experiments. For
preparation of the nano
uids, a magnetic stirrer was
used to distribute the particles into the base 
uid.
Also, an ultrasonic probe (UP400St, hielscher) with
the power of 400 W and frequency of 24 kHz was used
to stabilize the solution, and an ultrasonic bath tank
(WUC-D10H, DAIHAN Scienti�c Co., Ltd) with the
power of 665 W and frequency of 40 kHz was used to
homogenize and remove the agglomerates.

To test the stability of nano
uids, the deposition
of nanoparticles in the base 
uid over time has been
studied visually. For example, the nano
uid stability
test with a volumetric concentration of 0.5% is shown
in Figure 4(a) and (b). According to these �gures, the
deionized water-based Al2O3 and SiO2 nanoparticles

Table 2. Required mass of nanoparticles at di�erent
volumetric concentrations.

Nanoparticles ! Al2O3

(�)
SiO2

(gr)
Volumetric concentration of 0.1% 3.974 2.242
Volumetric concentration of 0.3% 11.945 6.740
Volumetric concentration of 0.5% 19.950 11.256

Figure 3. Schematic of preparation of nano
uids for boiling experiments.
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Figure 4. Deposition test of deionized water-based
nanoparticles at a volumetric concentration of 0.5%: (a)
Al2O3 and (b) SiO2.

had good stability after 21 days. It is noteworthy that
boiling experiments were performed one day after the
preparation of nano
uids.

To investigate the size and shape of nanoparticles,
Transmission Electron Microscopy (TEM) images of
nano
uids were prepared. In Figure 5(a) and (b), the
TEM images of Al2O3 and SiO2 nanoparticles in deion-
ized water-based 
uid with a volumetric concentration
of 0.5% are shown, respectively. According to these
�gures, the nanoparticles are well dispersed in the base

uid and the dimensions reported in the images are
consistent with the stated dimensions.

2.4. Measurement and data error analysis
First, the Pyrex chamber is �lled with one liter of
working 
uid and the pre-heater is turned on to warm
up the water to the saturated temperature (92.9�C at
80 kPa). At this point, the condenser is turned on so
that vapors condense and return to the boiling cham-
ber. In the next step, the main heaters are switched

Figure 5. Transmission Electron Microscopy (TEM)
image of deionized water-based nanoparticles at a
volumetric concentration of 0.5%: (a) Al2O3 and (b) SiO2.

on to apply heat 
ux to the surface and the 
uid. For
this purpose, the voltage of the power supply increases
step by step until the boiling process reaches the CHF.
After each step of increasing voltage and reaching a
steady state, the temperature of the thermocouples is
recorded by TM4-type thermostat to predict surface
temperature and heat 
ux. In the present study, the
steady state (temperature change of thermocouples less
than 0.1�C) is achieved less than 15 minutes in all
experiments. After reaching the CHF, due to the lack
of contact of the cooling 
uid with the boiling surface,
a sudden jump in temperatures is observed which is
recorded by the thermocouples and the turbulence of
the 
uid under boiling process is reduced. An unstable
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vapor layer covers the surface and the boiling occurs
in a transient manner. In this step, although the
operating voltage does not increase, the temperature
of the thermocouples continues to increase. In order to
observe and evaluate the stable �lm boiling, the surface
temperature must be su�ciently high. Therefore, the
boiling process after CHF is allowed to reach the
highest thermocouple temperature of about 400�C.
Then, the applied voltage decreases in order to limit
the temperature rise of the thermocouples. In this
step, through trial and error (decreasing and increasing
voltage), the operating voltage is changed to keep the
temperature of thermocouples almost constant. In the
next step, the temperature of the thermocouples must
remain high so that the boiling process is stable in
the �lm boiling region (point A in Figure 6). Upon
reaching steady state, the applied voltage is reduced in
a stepwise manner until the �lm boiling process reaches
the MHF and the hysteresis curve of the �lm boiling
can be plotted according to the schematic diagram of
Figure 6 [23].

Figure 7 schematically shows the location of the

Figure 6. Schematic of the pool boiling curve [23].

Figure 7. Schematic of the location of the thermocouples
in the copper cartridge.

thermocouples in the copper cartridge. As shown in
Figure 7, T1, T2, and T3 represent the thermocouple
temperatures of 1, 2, and 3, respectively, and Ts
represents the surface temperature.

With proper insulation around the copper car-
tridge, radial heat transfer to the environment can be
neglected and heat transfer is considered as one dimen-
sional along the cartridge. Therefore, with respect to
the thermal conductivity of copper, the temperature
of the thermocouples, and the distance between the
holes embedded in the cartridge, the heat 
ux can be
calculated using Eq. (2):

q00 = �kT3 � T1

�Z1�3
: (2)

In Eq. (2), �Z1�3 is the distance between Thermocou-
ples 1 and 3. If the heat 
ux is known, the Fourier law
can be used to predict the surface temperature at any
constant heat 
ux according to Eq. (3):

Ts = T1 � q00�Zs�1

k
; (3)

where �Zs�1 is the distance between the boiling
surface and Thermocouple 1. The boiling heat transfer
coe�cient can be calculated using Eq. (4):

h =
q00

(Ts � Tsat)
: (4)

Figures 8 and 9 shows the temperature change diagram
of the three thermocouples in four di�erent 
uxes
according to their position on the cartridge in the
nucleate and �lm boiling regimes, respectively, to keep
one-dimensional heat transfer assumption. According
to these �gures, through the least squares method,
the deviation for nucleate boiling is greater than 0.99

Figure 8. Linear temperature variations of
thermocouples depending on their location on the
cartridge for nucleate boiling.
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Figure 9. Linear temperature variations for
thermocouples depending on their location on the
cartridge for �lm boiling.

Table 3. Experimental data uncertainty.

Parameter Uncertainty

Thermocouples temperature (�C) �0:1
Voltage (V) �1%
Current (I) �0:1%
CNC machining (mm) �0:1

and for �lm boiling greater than 0.98. Therefore, one-
dimensional heat transfer is assumed correct, but there
is always some loss in some part of the heat generated
in the elements.

Table 3 presents data uncertainty in the present
research experiments. It is necessary to explain that
the holes of the thermocouples located in the copper
block were produced by CNC numerical control ma-
chining.

The assumption that the thermal conductivity of
copper remains constant during the test may cause
error in the test results and, therefore, its uncertainty
needs to be calculated. The thermal conductivities
of copper at 100�C and 300�C are 395.89 W/m.�C
and 382.89 W/m.�C, respectively [24]. In nucle-
ate boiling experiments, the thermal conductivity of
copper is considered constant and its uncertainty is
3.28%. Because of the signi�cant surface temperature
variations in the �lm boiling experiments, variations in

the thermal conductivity of copper are not negligible
and the value for each temperature is interpolated from
the reference tables [24] with the maximum uncertainty
being 0.063%.

In the present study, Mo�at method [25] was
employed to calculate heat 
ux, surface, and 
uid tem-
perature di�erence and boiling heat transfer coe�cient
uncertainties.

As shown by the Fourier heat conduction relation,
the magnitude of the heat 
ux error depends on the
thermal conductivity errors of the copper, tempera-
tures, and location of the thermocouples according to
Eq. (5). Therefore, the heat 
ux uncertainty can be
calculated from Eq. (6) using Mo�at method:

q00 = f(k;�T;�Z); (5)

Uq00
q00 =

s�
UT3�T1

T3 � T1

�2

+
�
UZ3�Z1

Z3 � Z1

�2

+
�
Uk
k

�2

: (6)

Eq. (7) can be used to calculate the uncertainty of the
surface and 
uid temperature di�erence (�Ts):

U�Ts
�Ts

=

s�
UT1�Tsat

T1 � Tsat

�2

+
�
UZ1

Z1

�2

+
�
Uk
k

�2

: (7)

Eq. (8) can be used to calculate the uncertainty of the
boiling heat transfer coe�cient:

Uh
h

=

s�
Uq00
q00
�2

+
�
U�Ts
�Ts

�2

: (8)

Table 4 presents the heat 
ux, the surface and 
uid
temperature di�erences, and the boiling heat transfer
coe�cient uncertainties. Based on the accuracy of
the measuring instruments, the maximum errors in
calculating the heat 
ux and the heat transfer coef-
�cient of the nucleate boiling were 8.6% and 9.7%,
respectively. In addition, they were 11.7% and 11.9% in
the calculation of heat 
ux and heat transfer coe�cient
of the �lm boiling, respectively.

3. Validation of results

In the present study, laboratory data were validated
for both nucleate and �lm boiling regimes. For
this purpose, the nucleate boiling data obtained from

Table 4. Uncertainty of parameters in nucleate and �lm boiling.

Parameter Uncertainty in
nucleate boiling (%)

Uncertainty in
�lm boiling (%)

Heat 
ux (kW/m2) �8:6 �11:7

Surface and 
uid temperature di�erences (�C) �4:5 �2

Heat transfer coe�cient (kW/m2.�C) �9:7 �11:9
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Figure 10. Heat 
ux curve versus wall superheat
temperature di�erence for nucleate and �lm boiling of
deionized water on the polished copper surface.

the experiments were compared with the empirical
relationships and the results of other researchers. In
addition, the �lm boiling data obtained from the
experiments were compared with valid experimental re-
lationships. Finally, a repeatability test was performed
to complete the veri�cation.

Before conducting the experiments, the copper
surface was polished by 1500 grain sanding to create
a smooth boiling surface. After surface preparation,
experiments were performed using deionized water as
the working 
uid on the polished surface.

In Figure 10, the heat 
ux diagram is plotted
versus the wall superheat temperature di�erence using
the data of the deionized water boiling experiment on
the polished copper surface.

Using the Rohsenow empirical relation [26], the
heat 
ux of nucleate boiling can be calculated in terms
of the wall superheat temperature di�erence according
to Eq. (9):�

cpl�Tsat

ilv

�
= Csf

�
q00
�lilv

r
�

g(�l��v)
�nhcp�

k

im+1

l
:
(9)

In Eq. (9), cpl, �l, k, and �l are the speci�c heat
capacity, dynamic viscosity, thermal conductivity, and
liquid density, respectively, �v is the vapor density,
ilv the latent heat of evaporation, and � the surface
tension. For boiling the water, n = 0:33, m = 0,
and surface-
uid correction coe�cient for water-Cu
composition is Csf = 0:013. Using Zuber empirical
relation [27], the CHF for pure deionized water can be
calculated through Eq. (10):

q00max = 0:131ilv�0:5
v [�g(�l � �v)]0:25: (10)

In Figure 11, the nucleate boiling curve of the present
study is compared with the Rohsenow empirical rela-

Figure 11. Comparison of the nucleate boiling curve of
the present study and the Rohsenow experimental
relationship.

Figure 12. Comparison between the nucleate boiling
curve of the present study and the results of other
researchers.

tion, which has a maximum error of 9.7%. As shown in
Figure 11, the Rohsenow relation agrees satisfactorily
with the data of the present experiments. Using the
Zuber empirical relation, the CHF for pure deionized
water is 1108 kW/m2, which has 7.9% error compared
to the CHF in the present study.

In Figure 12, the nucleate boiling curve of the
present study is compared with the results of other
researchers [6,28,29]. As shown in Figure 12, the data
of the present experiments have good agreement with
other empirical data.

Berenson [30] by combining the theory of wave
hydrodynamic instability with Bromley's model [31],
has proposed an experimental relation for �lm boiling
on a horizontal 
at plate. proposed an experimental
relation for �lm boiling on a horizontal 
at plate. Upon
using it, the heat transfer coe�cient of the �lm boiling
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(hfb) can be calculated in terms of the wall superheat
temperature di�erence (�Tsat) according to Eq. (11):

hfb = 0:425

"
k3
v�v��gi0lv

�v�Tsat
p
�=g(��)

# 1
4

: (11)

In Eq. (11), i0lv is the e�ective latent heat of evaporation
which can be calculated using Eq. (12):

i0lv = ilv
�
1 + 0:5

�
cpv�Tsat

ilv

��
: (12)

Using the Berenson empirical relations, the MHF
and the wall superheat temperature di�erence of the
�lm boiling starting point (�Tmin) can be calculated.
Because the steam properties are implicitly dependent
on temperature, the iteration method is used:

q00min = 0:091�vilv
�

�g��
(�l + �v)2

� 1
4

; (13)

�Tmin =
q00min
hfb

: (14)

Henry [32] proposed Eq. (15) by considering the e�ects
of solid surface thermophysical properties on the min-
imum �lm boiling temperature:

Tmin�T �min
T �min�Tl =0:42

"s
(�ck)f
(�ck)w

ilv
Cw(T �min�Tsat)

#0:6

:
(15)

In Eq. (15), T �min is the minimum �lm boiling temper-
ature, which is obtained by the Berenson relation. The
index f is for saturated liquid and w for solid surface.

In Figure 13, the �lm boiling heat transfer co-
e�cient of the present study is compared with the
Berenson empirical relation, which has a maximum
error of 10.7%.

Figure 13. Comparison of the �lm boiling heat transfer
coe�cient curve of the present study and the Berenson
empirical relation.

Figure 14. Repeatability of pure deionized water
nucleate and �lm boiling on the polished copper surface.

By using Berenson empirical relations, �Tmin is
obtained as 77.02�C for pure deionized water. Upon
using the Henry relation and considering the e�ects
of the thermophysical properties of copper, �Tmin is
obtained as 146�C. In the present study, �Tmin for
pure deionized water on a polished cooper surface is
obtained as 159.7�C, which di�ers by 9.3% from the
Henry empirical relation.

In order to investigate the repeatability test, pure
deionized water boiling experiments were performed on
the polished copper surface on two di�erent days and
the nucleate and �lm boiling diagrams are plotted in
Figure 14. The amount of error in the CHF is 1.9%
and in the MHF is 2.8%, which indicates the accuracy
of the results.

Figure 15 shows how bubbles form on the polished
copper surface at di�erent heat 
uxes. At low heat

uxes (Figure 15(a)), the bubbles are smaller and as
the heat 
ux increases, the small bubbles merge to form
larger bubbles (Figure 15(b) to (f)). After CHF and the
transient boiling region, a layer of stable steam coats
the surface and the �lm boiling occurs (Figure 15(h)).

4. Results

4.1. Nucleate boiling results
In the present experiments, the CHF value of pure
deionized water is 1196.43 kW/m2, which occurs at
a wall superheat temperature di�erence of 20.89�C.
In addition, maximum nucleate boiling heat transfer
coe�cient of pure deionized water is 57.27 kW/m2.�C.

Figure 16 plots the deionized water-based nano
u-
ids Al2O3 and SiO2 with three volumetric concentra-
tions of 0.1%, 0.3%, and 0.5% and pure deionized water
nucleate boiling curve. As shown in Figure 16, CHF
of Al2O3 nano
uid occurs at higher wall superheat
temperature di�erence than pure deionized water such
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Figure 15. Bubble formation and vapor �lm on the polished copper surface.

Figure 16. Nucleate boiling curve for Al2O3 and SiO2

deionized water-based nano
uids at di�erent volumetric
concentrations.

that �Tsat for volumetric concentrations of 0.1%, 0.3%,
and 0.5% is 57.4�C, 62.1�C, and 63.8�C, respectively.
The presence of Al2O3 nanoparticles in the deionized
water-based nano
uid increases the CHF so that its
values for volumetric concentrations of 0.1%, 0.3%,
and 0.5% are 1410 kW/m2, 1600.5 kW/m2, and
1729.6 kW/m2, respectively. Figure 16 indicates that
the presence of SiO2 nanoparticles in the deionized
water-based nano
uid has delayed the integration of
bubbles into each other and signi�cantly increased the
wall superheat temperature di�erence at which the
CHF occurs. Therefore, the CHFs for volumetric
concentrations of 0.1%, 0.3%, and 0.5% are associated
with wall superheat temperature di�erence of 44�C,
47.1�C, and 52.7�C, respectively. The CHF values for

Figure 17. Nucleate boiling heat transfer coe�cient
versus heat 
ux for Al2O3 and SiO2 deionized water-based
nano
uids with di�erent volumetric concentrations.

SiO2 nano
uid with volumetric concentrations of 0.1%,
0.3%, and 0.5% are 1550.42 kW/m2, 1660.35 kW/m2,
and 1701.27 kW/m2, respectively.

In Figure 17, the nucleate boiling heat transfer
coe�cient of Al2O3 and SiO2 deionized water-based
nano
uids with three volumetric concentrations of
0.1%, 0.3%, and 0.5% is plotted versus the heat 
ux.
As shown in Figure 17, at a constant heat 
ux, the
nucleate boiling heat transfer coe�cient of Al2O3 and
SiO2 nano
uids is reduced compared to pure deionized
water. At higher heat 
uxes, there is a further
reduction due to the deposition of nanoparticles on
the boiling surface. As the volumetric concentration of
Al2O3 nano
uid increases from 0.1% to 0.5%, the heat
transfer coe�cient of the nucleate boiling increases.
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Maximum nucleate boiling heat transfer coe�cient of
Al2O3 deionized water-based nano
uid for volumet-
ric concentrations of 0.1%, 0.3%, and 0.5% is 27.30
kW/m2.�C, 32.10 kW/m2.�C, and 38.26 kW/m2.�C,
respectively. Unlike Al2O3 nano
uid, the nucleate boil-
ing heat transfer coe�cient of SiO2 deionized water-
based nano
uid decreases with increasing volumetric
concentration from 0.1% to 0.5%. Maximum nucle-
ate boiling heat transfer coe�cient of SiO2 deion-
ized water-based nano
uid for volumetric concentra-
tions of 0.1%, 0.3%, and 0.5% is 52.15 kW/m2.�C,
49.83 kW/m2.�C, and 44.53 kW/m2.�C, respectively.

In this section, the results of the nucleate boiling
of the nano
uids with three di�erent volumetric con-
centrations on the polished copper surface are summa-
rized and compared with the results of pure deionized
water. The results showed that for both nano
uids
with all volumetric concentrations, the CHF occurs at
a higher wall superheat temperature di�erence than
that of pure deionized water. In addition, in all cases,
the presence of nanoparticles in the base 
uid improves
the CHF. The boiling of Al2O3 deionized water-based
nano
uid with a volumetric concentration of 0.5% had
the highest CHF, with an increase of 44.56% compared
to pure deionized water. The SiO2 deionized water-
based nano
uid with a volumetric concentration of
0.5% had the best performance among the two other
concentrations so that the CHF value increased by
42.19% compared to pure deionized water.

In nano
uid boiling, two phenomena including:

(a) Increased heat transfer due to increased thermal
conductivity, convection, and 
uid turbulence;

(b) Reduced heat transfer due to closure of surface
holes by nanoparticles and small number of nucle-
ation sites.

The results of the present study show that in nucleate
boiling, the increased e�ect of heat transfer is domi-
nated by its reduced e�ect and for both nanoparticles
at all volumetric concentrations, the heat transfer
coe�cient of nucleate boiling is reduced compared to
pure deionized water. The value for this reduction
was greater for Al2O3 nano
uid than that for SiO2
nano
uid because the size of Al2O3 nanoparticles was
larger and their deposition on the boiling surface was
more signi�cant.

4.2. Film boiling results
In the present experiments, the MHF value of pure
deionized water is 36.48 kW/m2, which occurs at
a wall superheat temperature di�erence of 159.7�C.
In addition, the maximum �lm boiling heat transfer
coe�cient of pure deionized water is 0.228 kW/m2.�C.

Figure 18 plots the deionized water-based nano
u-
ids Al2O3 and SiO2 with three volumetric concentra-
tions of 0.1%, 0.3%, and 0.5% and pure deionized

Figure 18. Film boiling curve for Al2O3 and SiO2

deionized water-based nano
uids at di�erent volumetric
concentrations.

water �lm boiling curve. As shown in Figure 18,
the presence of Al2O3 nanoparticles in the base 
uid
causes the starting point of stable �lm boiling to be
at higher wall superheat temperature di�erence such
that �Tmin for volumetric concentrations of 0.1%,
0.3%, and 0.5% is 176.3�C, 172.5�C, and 170.7�C,
respectively. By increasing the volumetric concen-
tration of Al2O3 nano
uid from 0.1% to 0.5%, sta-
ble �lm boiling started with a lower wall superheat
temperature di�erence. The MHF values for Al2O3
nano
uid with volumetric concentrations of 0.1%,
0.3%, and 0.5% are 44.92 kW/m2, 47.09 kW/m2, and
49.25 kW/m2, respectively, which increase compared to
pure deionized water. Similar to Al2O3 nanoparticles,
the presence of SiO2 nanoparticles in the base 
uid
causes the starting point of stable �lm boiling to be
at higher wall superheat temperature di�erence such
that �Tmin for volumetric concentrations of 0.1%,
0.3%, and 0.5% is 172.4�C, 177.4�C, and 179.9�C,
respectively. Unlike Al2O3 nano
uid, in SiO2 nano
uid
with increasing the volumetric concentration from 0.1%
to 0.5%, stable �lm boiling begins at higher wall su-
perheat temperature di�erences. The MHF values for
SiO2 nano
uid with volumetric concentrations of 0.1%,
0.3%, and 0.5% are 42.81 kW/m2, 47.05 kW/m2, and
49.03 kW/m2, respectively, which increased compared
to pure deionized water.

Figure 19 plots the �lm boiling heat transfer
coe�cient of Al2O3 and SiO2 deionized water-based
nano
uids with three volumetric concentrations of
0.1%, 0.3%, and 0.5% versus wall superheat temper-
ature di�erence. According to Figure 19, for Al2O3
nano
uid in all the three volumetric concentrations,
the �lm boiling heat transfer coe�cient at a constant
wall superheat temperature di�erence increased com-
pared to pure deionized water. The value of this
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Figure 19. Film boiling heat transfer coe�cient versus
wall superheat temperature di�erence for Al2O3 and SiO2

deionized water-based nano
uids with di�erent volumetric
concentrations.

increment is more evident at the lower wall superheat
temperature di�erences. Maximum �lm boiling heat
transfer coe�cient of Al2O3 deionized water-based
nano
uid for volumetric concentrations of 0.1%, 0.3%,
and 0.5% is 0.255 kW/m2.�C, 0.273 kW/m2.�C, and
0.288 kW/m2.�C, respectively.

Figure 19 indicates that the presence of SiO2
nanoparticles improves the heat transfer coe�cient of
the �lm boiling compared to pure deionized water.
However, similar to Al2O3 nanoparticles with increase
in the wall superheat temperature di�erence, the pos-
itive e�ects of the presence of SiO2 nanoparticles on
the heat transfer coe�cient of �lm boiling are reduced.
Maximum �lm boiling heat transfer coe�cient of SiO2
deionized water-based nano
uid for volumetric concen-
trations of 0.1%, 0.3%, and 0.5% is 0.248 kW/m2.�C,
0.265 kW/m2.�C, and 0.275 kW/m2.�C, respectively.

In this section, the results of the �lm boiling of
the nano
uids with three di�erent volumetric concen-
trations on the polished copper surface are summarized
and compared with those of pure deionized water. The
outcome illustrated that for both nano
uids and all
volumetric concentrations, stable �lm boiling begins
at a higher wall superheat temperature di�erence than
pure deionized water, due to the change in surface
hydrophilicity induced by the nanoparticle deposition
during boiling. Among the experiments in the
present study, the highest MHF was related to Al2O3
deionized water-based nano
uid with a volumetric
concentration of 0.5% and with an increase of 35.01%
compared to pure deionized water. In SiO2 deionized
water-based nano
uid, the volumetric concentration
of 0.5% had the best performance among the two
other concentrations and the MHF increased by
34.40% compared to pure deionized water. For both
nano
uids, the �lm boiling heat transfer coe�cient
increases compared to pure deionized water.

Figure 20. The static contact angle of the water droplet
on the surface: (a) Before boiling, (b) after SiO2 deionized
water-based nano
uid boiling, and (c) after Al2O3

deionized water-based nano
uid boiling.

Droplet test was performed to investigate the
variation of surface hydrophilicity after the boiling
of nano
uids. Figure 20 shows the contact angle of
the water droplet and the surface before the boiling
and after the boiling of the nano
uids. Droplet test
revealed that the nanoparticle deposition on the boiling
surface made the boiling surface more hydrophilic.
According to Figure 20, the contact angle of the water
droplet and the surface before boiling is 83�. After
nano
uid boiling and the nanoparticle deposition on
the surface, the contact angle of the water droplet and
the surface decreased sharply so that the values for the
deposited surfaces by the Al2O3 and SiO2 nanoparticles
were 25� and 28�, respectively. As the surface becomes
more hydrophilic, the droplet spreads rapidly to the
surface; thereby �lling and inactivating the nucleation
sites by 
uid and reducing the heat transfer coe�cient
of nucleate boiling. The more hydrophilic the surface,
the greater the size and the time of bubble growth,
resulting in a lower bubble separation frequency, thus
delaying the occurrence of CHF and MHF. In �lm
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boiling, the surface temperature is so high that a stable
vapor layer forms on the boiling surface which causes no
contact between liquid and solid. Thus, heat transfer
is accomplished mainly by conduction and convection
through the vapor �lm. Lack of direct solid-liquid
contact prevents nucleation sites from being �lled and
inactivated by liquid droplets. In other words, in
�lm boiling, surface hydrophilicity has no signi�cant
e�ect on �lling the nucleation sites and destroying the
bubbling process. For this reason, the factor involved
in improving the thermal properties of nano
uids
overcomes the destructive factor of inactivation of
nucleation sites; thus, the heat transfer coe�cient of
�lm boiling increases.

5. Conclusion

In this paper, the nucleate and �lm boiling heat
transfer characteristics of Al2O3 and SiO2 deionized
water-based nano
uids were studied experimentally.
To this end, the nano
uids were prepared with three
volumetric concentrations of 0.1%, 0.3%, and 0.5%
and experiments were performed using pool boiling
apparatus. It is noteworthy that the new results of
nano
uid �lm boiling on the horizontal 
at plate have
been presented.

The nucleate boiling results showed that the
addition of Al2O3 and SiO2 nanoparticles to the base

uid reduced the heat transfer coe�cient of the nu-
cleate boiling. From this perspective, the addition of
nanoparticles has led to a poor performance of nucleate
boiling compared to pure deionized water. On the
other hand, the Critical Heat Flux (CHF) of nano
uids
at all three volumetric concentrations of 0.1%, 0.3%,
and 0.5% was signi�cantly higher than that of pure
deionized water. For both Al2O3 and SiO2 deionized
water-based nano
uids, the CHF increased with in-
creasing volumetric concentration. Therefore, from the
perspective of the CHF, the addition of nanoparticles to
the base 
uid improved the performance of the boiling
process.

The �lm boiling results showed that for both
Al2O3 and SiO2 deionized water-based nano
uids with
three volumetric concentrations of 0.1%, 0.3%, and
0.5%, stable �lm boiling began at higher wall superheat
temperature di�erence than pure deionized water. In
addition, for both Al2O3 and SiO2 deionized water-
based nano
uids, as the volumetric concentration in-
creased, the Minimum Heat Flux (MHF) increased.
Due to the increase of the MHF and the occurrence
of �lm boiling at higher wall superheat temperature
di�erence for the nano
uids (compared to the base

uid), it can be concluded that adding nanoparticles to
the base 
uid improved the �lm boiling performance.
It is interesting that nano
uids enhance the �lm boiling
heat transfer coe�cient. For both nano
uids, with

increase in the volumetric concentration from 0.1%
to 0.5%, the heat transfer coe�cient of �lm boiling
increased.

Nomenclature

C Constant coe�cient
cp Speci�c heat capacity (J/kg.�C)

g Gravitational acceleration (m/s2)
h Boiling heat transfer coe�cient

(W/m2.�C)
i Latent heat of evaporation (J/kg)
k Thermal conductivity (W/m.�C)
m Mass (kg)

q00 Heat 
ux (W/m2)
T Temperature (�C)
U Uncertainty
V Volume (m3)
Z Thermocouples location in cartridge

(m)
�T Wall superheat (�C)
� Dynamic viscosity (kg/m.s)

� Density (kg/m3)
� Surface tension (N/m)
' Volumetric concentration of nano
uid

Subscripts

f Saturated liquid
fb Film boiling
l Liquid
max Maximum
min Minimum
nf Nano
uid
np Nano particle
s Boiling surface
sat Saturation
sf Solid-
uid
v Vapor
w Solid surface

Abbreviations

CHF Critical Heat Flux (W/m2)

MHF Minimum Heat Flux (W/m2)
PTFE Polytetra
uoroethylene
TEM Transmission Electron Microscopy
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