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This research has experimentally investigated the effect of the size of silicon oxide nanoparticles in a base fluid of
deionized water on the coefficient of pool boiling heat transfer on a copper surface at atmospheric pressure.
Silicon oxide nanoparticles with concentrations of 0.01, 0.1, 0.5 and 1.0 vol% have been used. The sizes of silicon
oxide nanoparticles have been determined by TEM tests. The test results indicate that these nanoparticles have a
roughly spherical structure and their average sizes are 11, 50 and 70 nm. Moreover, the degree of nanofluid sta-
bility (lack of coagulation of nanoparticles) has been determined by the Zeta-Potential test. The boiling results of
the purewater sample show that the curve of boiling heat transfer flux versus the excess temperature difference
of surface is very close to the Rohsenow's curve. The results obtained for nanofluid boiling on copper surface in-
dicates that, at all the considered concentrations and nanoparticle sizes (except nanoparticle size of 70 nm size
and concentration of 0.1 vol%), the boiling heat transfer coefficient for the nanofluid sample is much smaller
than that of the pure water sample. The findings show that by increasing the diameter of silica nanoparticles
from 11 to 70 nm, the boiling heat transfer coefficient is increased. These results show that for all the considered
nanoparticle sizes and concentrations, the highest boiling heat transfer coefficient is achieved by the silicon
oxide/deionized water nanofluid with the concentration of 0.1 vol% and particle size of 70 nm.

© 2019 Published by Elsevier B.V.
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1. Introduction

Boiling heat transfer is one of the most widely used heat transfer
processes in various industries and engineering applications. In the cur-
rent century, many researchers have become interested in improving
the boiling heat transfer process. The different methods used for in-
creasing the amount of boiling heat transfer are divided into two
groups: passive techniques in which rough or extended surfaces are
used or certainmaterials are added to nanofluids, and active techniques
in which an electrostatic field is employed or vibrations are induced in
boiling surfaces or fluids. Nanofluid is a colloidal suspension in which
solid nanoparticles (smaller than 100 nm) are dispersed within the
base fluid. Nanoparticles can be metallic, metallic oxides, nanotubes,
and so forth [1–10]. Most of the previous studies [11–13] showed that
adding nanoparticles increases the critical heat flux and convection
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heat transfer. Addingnanoparticles to a nanofluid is considered as a pas-
sive way of increasing the amount of boiling heat [14–17].

Modern electronics, computers and optical technologies have intro-
duced a series of equipment that experience very high thermal fluxes
and need a higher degree of cooling. Because of their higher thermal
conductivity and their ability to improve the convection process
through the dispersion of nanoparticles, nanofluids have been recently
considered as a new means of meeting such requirements. Compared
to common fluids, the particles used in nanofluids are greatly improved
from the standpoint of precipitation, coagulation and the pressure drop
they cause [18–27].

Witharana et al. studied the boiling heat transfer coefficients of
nanofluids containing gold nanoparticles/water, silica nanoparticles/
water and silica nanoparticles/ethylene glycol in a cylindrical tube of
10 cm diameter and height. The bottom of the tube was exposed to a
constant thermal flux and its topwas open to free atmosphere. Their re-
sults showed that the heat transfer coefficient (HTC) of silver/water
nanofluid is greater than that of pure water, and that it increases with
the increase of silver nanoparticles concentration. For example, at an in-
termediate thermal flux, the increase of HTC was above 11%, and in
some cases, it increased by about 21%. However, for silica/water and
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Table 1
Preparation of nanofluids with different concentrations.

Concentration of
nanoparticles in the
base fluid (vol%)

Volume of nanofluid taken
from the solution with a
concentration of 1 vol%

The final volume of
nanofluid after diluting to
use in boiling tests

1 – 150
0.5 75 150
0.1 15 150
0.01 1.5 150
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silica/ethylene glycol nanofluids, reduced HTC values were obtained
compared to base fluids; which was unexpected [28].

Suriyawong et al. conducted an experimental study on the boiling
heat transfer characteristics of a vessel containing H2O/TiO2 nanofluids.
In these experiments, they used nanofluids with volume fractions of
0.00005, 0.0001, 0.005 and 0.01%. They used round horizontal plates
made of copper and aluminum sections and containing surface asperi-
ties of 0.2 and 4 μm sizes as thermal plates. Their findings indicated
that the boiling heat transfer coefficient of the nanofluid with a concen-
tration of 0.0001 vol% increases relative to the base fluid. The average in-
crease of heat transfer is 15% when using a heating plate with 0.2 μm
surface asperities and 4% when a heating plate with surface asperities
of 4 μm is used [29].

Soltani et al. [30] performed experimental works to measure
the boiling heat transfer and obtain the boiling heat transfer coefficient
of water/alumina-gamma phase and water/tin oxide Newtonian
nanofluids. In this research, they studied suspensions with different
concentrations of alumina-gamma phase and tin oxide nanoparticles
in water under core vessel boiling heat transfer conditions. Their results
showed that these nanofluids have considerably higher boiling heat
transfer coefficients than that of the base fluid. The boiling heat transfer
coefficients depend on the type and concentration of oxide nanoparti-
cles used in the suspensions. They showed that by increasing the
concentrations of aluminum oxide and tin oxide nanoparticles, the
amount of boiling heat transfer is increased by an average of 25% and
7%, respectively. Their findings indicated that aluminumoxide nanopar-
ticles have a greater effect on boiling heat transfer, and that the positive
effect of tin oxide nanoparticles on boiling heat transfer and, conse-
quently, on boiling heat transfer coefficient is much lower than that of
aluminum oxide nanoparticles.

In a similar experimental study, Bang et al. [31]explored the boiling
heat transfer characteristics of nanofluids containing different volume
fractions of aluminum oxide nanoparticles. The boiling HTC of these
nanofluidswas comparedwith that of purewater. In thiswork, the boil-
ing phenomenon on a horizontal smooth surface (with surface asperity
sizes of less than 10 nm)was investigated. The obtained results showed
that, from the standpoint of natural convection and nucleate boiling, the
heat transfer capacity of these nanofluids is relatively lower than that of
pure water. They claimed that the surface tension of these nanofluids is
the main cause of the formation of large bubbles and consequently the
reduction of boiling HTC.

Abdollahi et al. [14] experimentally analyzed the effect of magnetic
field on the pool boiling heat transfer of ferrofluids at atmospheric pres-
sure. They explored the effect ofmagnetic field on the rate of heat trans-
fer. The obtained results indicated that boiling HTC is not necessarily
increased by adding the ferrous nanoparticles. In fact, the surface rough-
ness and the magnetic field gradient on the boiling surface were found
to be the most important factors affecting the HTC significantly.

Using awater/aluminumoxide nanofluid that had been produced by
the electrostatic stabilization technique and by means of a shear ho-
mogenizer Wen et al. [32] performed several experiments to ascertain
the boiling heat transfer capacity of the said nanofluid. They found out
that the presence of alumina in the mentioned nanofluid can signifi-
cantly increase the amount of boiling heat transfer (by about 40% for
nanoparticle mass concentration of 1.25%). Considering the findings of
former studies, they proposed several possible factors as the causes of
this extra thermal resistance of the boiling surface: the precipitation of
nanoparticles, the effect of surfactants, and the interaction between
boiling surface and nanofluids.

Kim et al. [33] studied the boiling heat transfer characteristics of di-
lute nanofluids containing Al2O3, ZrO2 and SiO2 nanoparticles in water.
They discovered that a significant increase of CHF can be achieved at
the highest concentration of nanoparticles.

In an experimental work, Vassallo et al. [34]confirmed an increase of
critical thermal flux in silica/water nanofluids. They used solutions con-
taining nano and micro size silica particles with the same volume
fraction over a horizontal NiCr wire of 0.4 mm diameter at atmospheric
pressure. In their experiments, no increase of heat transfer was
observed in core boiling regime, but the critical thermal flux for fluids
containing nano andmicro size particles increased substantially relative
to purewater. The amount of critical thermal flux in thefluid containing
nanoparticles was about 3 times that of pure water and almost twice
that of the microparticle/water solution.

By reviewing the results of performed experimental studies it is re-
alized that with the change in the type and concentration of nanoparti-
cles, the boiling heat transfer coefficient of nanofluids has increased in
someworks, diminished in someotherworks, and remained unchanged
in still other cases. Obviously, the different results reported by various
researchers regarding the effect of nanoparticle type on the boiling
heat transfer coefficient and the critical heat transfer flux can arise
from different factors such as atmospheric pressure and the shape and
roughness features of a boiling surface. The former experimental
works have not investigated the effect of the size of silica nanoparticles
on the heat transfer coefficient of nanofluids containing these particles.
Therefore in this research, we have investigated the effect of the size of
silica nanoparticles on the boiling heat transfer coefficient of silica-
deionized water nanofluids synthesized by the two-step method and
containing different volume fractions of silica particles. Eventually, it
has been concluded whether the boiling heat transfer coefficient and
the amount of thermal flux increase, diminish or remain unchanged
by using silica particles of different sizes.

2. Materials and methods

2.1. Materials

In this research, nanoparticles of different diameters (11, 50 and
70nm) were used, which were dispersed by the suspension method
using an ultrasound device. Moreover, in preparing the nanofluids,
twice-distilled water was used as the base fluid. At the end of each ex-
periment, the laboratory equipment were washed with deionized
water.To prepare nanofluids with different volume fractions in this re-
search, silicon oxide particles of a specified diameter were dispersed
in a base fluid of water and the initial solution was diluted by different
volumes of deionized water. For this purpose, first a specific amount
of silicon oxide nanoparticles of a particular diameter (about 6.525 g
of silicon oxide nanoparticles for making silica/water nanofluid with a
concentration of 1.0 vol%) is weighed and poured into a volumetric
flask. Water is then added to this flask until the volume reaches
250 ml, and the solution is blended for 30 min by a stirrer rotating at
500 rpm. Nanofluids of various concentrations are then prepared by di-
luting the solution obtained at this stage. To prepare solutions with
lower concentrations, certain volumes of the solution were taken ac-
cording to the values in Table 1 and then were added to the deionized
water base fluid.

2.2. Pool boiling device

The pool boiling test apparatus consists of five major sections: Main
boiling chamber, cylindrical copper block, PTFE Teflon for insulating the
cylindrical copper block, cooling system including a water pump and a



Fig. 1. Boiling test device; (a) real image, (b) a schematic.
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condenser, and the power control system. Fig. 1 shows a schematic of
the boiling test equipment.

Themain pool boiling chamber includes a cylindrical Pyrex dishwith
a height of 350mm, exterior diameter of 40mmand thickness of 3mm.
The bottom end of the glass cylinder is shaped like a flange and sits on a
Teflon support base. A flexible silicon washer with a high resistance
against high-temperature fluids and materials is used to seal between
the Teflon and the glass cylinder flange. On this flange, there is a
three-legged support ring made of stainless steel, and the end of each
leg is secured to the Teflon base by a screw of 100 mm length and
10 mm diameter. The Teflon cylinder has a height of 90 mm and diam-
eter of 150 mm (Fig. 1(b)).
The cylindrical copper block, made of high-purity copper, has a di-
ameter of 40 mm and length of 90 mm and it is used as a heat transfer
medium. Thermal energy is transferred to the surface of the cylindrical
copper block bymeans of conduction heat transfer and from the copper
surface to nanofluid, via convection heat transfer. The body of the test
device is made of polytetrafluoroethylene (PTFE) Teflon material. The
heat transfer coefficient of PTFE, measured by a Kd2 Pro instrument
with a precision of±0.01, is 0.29W/m.k, which shows its very low ther-
mal conductivity; while the heat transfer coefficient of copper, mea-
sured by a Cussons instrument (Model: P5687, made by England), is
401W/m.k. Since the heat transfer coefficient of copper is much greater
than that of PTFE, heat transfer in the radial direction can be ignored. For



Fig. 3. The arrangement of resistive PT-100 thermometers.

Fig. 2. The roughness profile on the boiling surface after polishing it twice with sandpaper No. 600, Ra= 319 nm.
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placing the cylindrical copper block at the center of the Teflon cylinder,
a hole with a diameter of 40 mm has been drilled in the Teflon block.
The interior surface of the Teflon block and the exterior surface of the
cylindrical copper block have been threaded so that the two blocks
can be joined by screwing them together. Before doing this, PTFE Teflon
tape, made by Sitco Company (ISO 9001 standard), is wound over the
threads on the copper block wall in order to prevent fluid leakage.

Four heating elements (electrical heaters) made of steel with a di-
ameter of 6 mm, length of 40 mm and heating power of 800 W each
have been installed inside, and at the bottom of, the cylindrical copper
block. The boiling heat transfer surface that comes into contact with
nanofluids is at the top of the copper block. Two holes made in the
body of the cylindrical copper block house the RTD resistive thermom-
eters of PT-100 type for measuring the temperature. These holes have
a depth of 20 mm and they extend to the center of the copper block.
The diameter of the sensors is 3 mm and they are situated at distances
of 15 and 38 mm from the top surface of the cylindrical copper block,
at an angle of 90° relative to each other. All the RTD sensors have been
calibrated in the considered temperature range, and their precision is
±0.1 °C.

In order to keep the same height and level for the fluid or nanofluid
which is boiling inside the boiling chamber, a cooling system has been
used. As it is shown in Fig. 1(b), this system consists of a glass condenser
of 200mmlengthwhich sits over the Pyrex pool boiling chamber. Vapor
flows upward over the condenser tubes that contain cold water flowing
downward, and this causes the condensation of the vapors created dur-
ing boiling. The cold water used in the condenser is pumped from the
cooling dish and it enters the condenser after passing through the rota-
meter. Since the vapor side of the condenser is open to the atmosphere,
the pressure of the boiling chamber is equal to the atmospheric pressure
in the laboratory. In order to prevent heat loss, the exterior wall of the
Teflon has been fully insulated with fiberglass, and the bottom section
of Teflon (where the copper block enters the Teflon) has been
completely insulated with heat-resistant adhesive.

For starting the boiling process and obtaining the various points of
the boiling curve, an electrical power control system has been used.
This system includes an autotransformer (controller) for supplying the
desired voltages and amperages and for providing different input pow-
ers; it can change the municipally supplied voltage from zero to 200 V.
A voltmeter and an ammeter have been used in the system to read the
voltages and currents, respectively. A contactor has been employed to
automatically turn the electrical power on and off. In this research, the
system of transmission and conversion of electrical energy to thermal
energy has been designed so that if the temperature of the cylindrical
copper block rises above 170 °C, the contactor receives a command
from themonitors to cut off thepower to the system; andwhen the cop-
per block temperature drops below 170 °C, the contactor turns the
power back on. The power control unit is protected by a system which
is very sensitive to the smallest oscillations of electricity; and if any os-
cillation occurs during the boiling process, this protective system
immediately cuts off the electricity to the boiling system so that the sys-
tem and especially the heating elements are not damaged (Fig. 1(a)).

2.3. Preparing the boiling surface

In order to get a boiling surface with a constant roughness for the
experiments, the surface of the copper blockwas polishedwith sandpa-
per No. 600. The surface asperities were measured by a surface rough-
ness measuring instrument (Model: SJ 210, made by Japan) and were
found to be 0.319 μm in size. To prevent any contamination from enter-
ing nanofluids during the experiments, after polishing the surface of the
copper block with sandpaper No. 600, it was washed and cleaned with
acetone and deionized water before conducting each test. Fig. 2 shows
the roughness profile obtained for the boiling surface after polishing it.

2.4. Measuring the boiling surface temperature

Boiling surface temperature is needed to obtain the points of boiling
curves. A direct contact between a temperature sensor and a boiling sur-
face raises the possibility of creating bubble nucleation sites and causes
significant error in the results.

In this research, boiling surface temperature was computed indi-
rectly, via extrapolation, by using thermal flux. The lowest sensor, situ-
ated close to the heating elements, was used to control the temperature
and to prevent any damage to the system. In each test, 150 cc of
nanofluid with the considered concentration and particle size was



Fig. 4. Zeta Potential test results for silicon oxide nanoparticles of 11 nm diameter dispersed in water.
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poured into the boiling chamber. Then by establishing a specified elec-
tric current, nanofluid was heated to a stable condition within 10 min,
until a steady temperature (not even varying by ±0.1 °C)
was displayed by the monitors. In view of Fig. 3, the rate of heat
transferwithin the copper block is according to the following relation:dTdt
¼ 0:01 K

min.

q00 ¼ k
T2−T1

d2−d1
ð1Þ

In the above equation, T1 and T2 are the temperatures that are mea-
sured by the two sensors installed in the copper block at distances d1
and d2, respectively. Using thermal flux, the boiling surface temperature
is obtained, by extrapolation, from Eq. 2.

Ts ¼ T1−
q00d1
K

ð2Þ

Furthermore, the difference between boiling surface temperature
and saturation temperature is calculated as follows:

ΔTS ¼ TS–TSat ð3Þ

Then, using the thermal flux and the wall superheat temperature,
the boiling heat transfer coefficient is obtained from the following equa-
tion:

h ¼ q00

ΔTs
ð4Þ
Fig. 5. Zeta Potential test results for silicon oxide nan
3. Results and discussion

3.1. Test results for the surface charges of nanoparticles (Zeta Potential
analysis)

In investigating the stability of nanoparticles in fluids, their surface
charges are studied; and the high density of electrostatic charges
on nanoparticles indicate their stability in a fluid medium. According
to the Zeta Potential test results, nanoparticles have negative surface
charges, and the highest negative charge for nanoparticles in this case
is close to -40 mV. 30 min after their preparation, water/silicon oxide
nanofluid samples containing silica nanoparticles of different diameters
underwent the Zeta potential stability test. For this purpose, nanofluid
samples were taken from the mid region of the dish and used in the
Zeta Potential test. Due to the stability of nanoparticles in thementioned
base fluids, the coagulation of nanoparticles and its effects on physical
properties such as the heat conductivity coefficient, viscosity, and the
specific heat of nanofluids can be disregarded. The Zeta Potential test re-
sults in Figs. 4,5 and 6 indicate that in water/silicon oxide nanofluids
containing nanoparticles of 11, 50 and 70 nm diameters, the maximum
surface charges of nanoparticles are about −35.1, −23.3 and
− 49.2 mV, respectively, and that these values are close to the stability
measure (-40mV). Hence it can be concluded that the silica oxide nano-
particles used in this investigation are stable and have sufficient surface
charges that do not allow the nanoparticles to stick together in the base
fluid (nanofluid stability means that the nanoparticles in a nanofluid do
not coagulate and precipitate in the base fluid environment).
3.2. TEM test results

The TEM test was performed to determine the geometry and shape
of the nanoparticles used in this research. In this work, silicone oxide
oparticles of 50 nm diameter dispersed in water.



Fig. 7. TEM test results for silicon oxide nanoparticles with an average diameter of 11 nm.

Fig. 6. Zeta Potential test results for silicon oxide nanoparticles of 70 nm diameter dispersed in water.
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nanoparticles were added to ethanol and after diluting these oxide
nanoparticles to a mass fraction of 0.0001%, about 0.1 cc of the diluted
solution was placed on a totally smooth graphite plate (with asperities
of less than 2 nm in size). After the complete evaporation of ethanol,
the TEM test was performed on the graphite surface (see Figs. 7, 8
and 9). In this test, by emitting electromagnetic waves onto the graphite
surface, the synthesized nanoparticles were detected as having a
roughly spherical geometric shape. With the help of the existing scale
in the TEM images, the sizes of nanoparticles were observed to be
about 11, 50 and 70 nm.

3.3. Pool boiling of pure water sample

Fig. 10 shows the experimental boiling curve for deionized water
and compares it with the Rohsenow's curve and empirical equation re-
sults. In this research, Rohsenow's equation (given below) has been
used to plot the mentioned graph.

ΔTs ¼ hfg
Cp; L

Csf
q00

μhfg
σ

g ρl−ρvð Þ
� �0:5

" #1=3

Prn ð5Þ

In the above equation, hfg is the latent heat of fluid,ΔTs is the surface
temperature difference, σ is surface tension, ρl and ρv are the densities
of liquid and vapor, respectively, Pr is the Prandtl number, and Csf and
n are constants which are respectively considered as 0.013 and 1.0 for
a smooth copper surface. Most researchers have measured the temper-
ature directly, and there are few studies in which the surface tempera-
ture has been obtained through extrapolation [35]. Based on the
method proposed byMoffat [36], the uncertainty analysis has been car-
ried out according to Eqs. 6, 7 and 8.

Uq00

q00
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
UT2−T1

T2−T1

� �2

þ Ud2−d1

d2−d1

� �2
s

ð6Þ

UΔTs

ΔTs
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
UT1−Tsat

T1−Tsat

� �2

þ Ud1

d1

� �2

þ Uq00

q00

� �2
s �

ð7Þ

Uh

h
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Uq00

q00

� �2

þ UΔTs

ΔTs

� �2
s �

ð8Þ

In this research, the uncertainty for temperaturemeasurements and
distance measurements is ±0.1 °C and ± 0.1 mm, respectively. The
maximum uncertainty in the computation of boiling heat transfer and
boiling heat transfer coefficient is about 6.5% and 8.4%, respectively.
As it is observed in Fig. 12, the experimental test results satisfactorily
match the results of Rohsenow's empirical equation. The largest differ-
ence between experimental data and the results obtained from
Rohsenow's curve is about 15%; which shows that the obtained empir-
ical data are reliable. This error could be the result of heat losswithin the
boiling unit. Because of the importance of repeatability, the pool boiling
tests for deionized water were repeated three times on different days,
under similar conditions. The findings show that the boiling process
and tests are highly repeatable. This means that location, environment,
ambient temperature and atmospheric conditions have no significant
effect on the data of boiling heat transfer flux versus excess temperature
difference, and that the obtained data are completely reliable.

3.4. Repeatability of boiling tests for the examined nanofluid

As it was mentioned, since the boiling process is completely
dynamic, the results obtained for this process should be validated;
therefore the repeatability of boiling tests and results for a nanofluid
sample should be investigated. Fig. 11 illustrates the results of repeating
the boiling test for the water/silica nanofluid sample with a concentra-
tion of 0.5 vol% and containing silica particles with a diameter of
70 nm. These results show verywell that in three repetitions of the boil-
ing test for the said nanofluid sample, the empirical results are totally
close to each other and, thus, reliable. These results indicate that for
the mentioned nanofluid sample, the graph of boiling heat transfer
flux versus excess temperature difference is lower than that of the de-
ionized water; therefore it can be concluded that the presence of
water/silica nanofluid in this case leads to the reduction of boiling
heat transfer capacity.



Fig. 10. Heat flux versus Wall superheat for deionized water and its comparison with the
graph obtained by Rohsenow's equation.

Fig. 8. TEM test results for silicon oxide nanoparticles with an average diameter of 50 nm.
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3.5. Effect of nanoparticle diameter on the boiling heat transfer coefficient of
nanofluid with the concentration of 0.01 vol%

Fig. 12 shows the graphs of boiling heat transfer coefficient versus
the applied thermal flux for nanofluid samples with the concentration
of 0.01 vol% and with nanoparticles of various sizes (11, 50 and
70 nm). As this figure shows, at low thermal fluxes, the graphs have a
steep slope and as the applied thermal flux increases, this slope starts
to decrease. As it is observed, the graph of boiling heat transfer coeffi-
cient for this nanofluid tends to shift to the left, compared to that of de-
ionized water. Therefore, at the same thermal flux, water/silicon oxide
nanofluidwith the concentration of 0.01%has a smaller heat transfer co-
efficient and, thus, smaller heat transfer capacity than deionized water.
The alteration in the structure of the boiling surface resulting from the
precipitation of nanoparticles increases the adhesion of liquid on the
surface. Consequently, the frequency of bubble separation during boil-
ing is reduced and, as a result, the pool boiling heat transfer coefficient
of the nanofluid is diminished relative to pure water. The results indi-
cate that by increasing the diameter of silica nanoparticles from 11 to
70 nm and keeping the thermal flux constant, the nanofluid's boiling
heat transfer coefficient increases. Boiling heat transfer is increased by
enlarging the diameter of nanoparticles. This can be justified by
Fig. 17, which shows that by reducing the size of nanoparticles, smaller
andmore spaces on the boiling surface are filledwith nanoparticles and
this reduces the number of active bubble generating sites; conversely,
Fig. 9. TEM test results for silicon oxide nanoparticles with an average diameter of 70 nm.
by increasing the diameter of nanoparticles,more empty spaces become
available on the copper block's boiling surface, which leads to the in-
crease of boiling heat transfer coefficient.

3.6. Effect of nanoparticle diameter on the boiling heat transfer coefficient of
nanofluid with the concentration of 0.1 vol%

Fig. 13 illustrates the graphs of boiling heat transfer coefficient ver-
sus the applied thermal flux for nanofluid samples with the concentra-
tion of 0.1 vol% and containing nanoparticles with diameters of 11, 50
and 70 nm. This figure shows that at low thermal fluxes, the graphs
have a steep slope and as the applied thermal flux increases, this slope
starts to diminish. It was observed that the boiling heat transfer coeffi-
cient increases with the increase of nanoparticle diameter. By reducing
the size of nanoparticles, smaller andmore spaces on boiling surface are
filled with nanoparticles and this reduces the number of active bubble
Fig. 11. Results of repeating the boiling test for the water/silica nanofluid sample
containing silica particles with a diameter of 70 nm.



Fig. 14. Boiling heat transfer coefficient versus heat flux for nanofluids with the
concentration of 0.5 vol% and containing nanoparticles of various sizes.

Fig. 12. Boiling heat transfer coefficient versus heat flux for nanofluids with the
concentration of 0.01 vol% and with nanoparticles of various sizes.
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generating sites. Conversely, by increasing the diameter of nanoparti-
cles, more empty spaces become available on the copper block's boiling
surface. Furthermore, the accumulation of nanoparticles itself produces
surface roughness and irregularities, which will become new sites for
the generation of water vapor bubbles. Therefore, with the increase in
the diameter of nanoparticles, fewer active bubble generating sites are
expected to be occupied by nanoparticles and thus to increase the boil-
ing heat transfer capacity. These results indicate that for the nanofluid
with the concentration of 0.1% and with nanoparticles of 70 nm diame-
ter, the heat transfer flux increases by about 5.6% relative to pure water.

3.7. Effect of nanoparticle diameter on the boiling heat transfer coefficient of
nanofluid with the concentration of 0.5 vol%

Fig. 14 displays the graphs of boiling heat transfer coefficient versus
thermal flux for nanofluids with the concentration of 0.5 vol% and
Fig. 13. Boiling heat transfer coefficient versus heat flux for nanofluids with the
concentration of 0.1 vol% and containing nanoparticles of various sizes.
containing nanoparticleswith diameters of 11, 50 and 70 nm. As it is ob-
served, at low thermal fluxes, the graphs have a steep slope and as the
applied thermal flux increases, this slope starts to decrease; which
shows the effect of bubble forming mechanisms. These diagrams indi-
cate that the boiling heat transfer coefficient increases by increasing
the diameter of silica nanoparticles from 11 to 70 nm and keeping the
thermal flux constant. The results show that by adding silica nanoparti-
cles with diameters of 11 and 50 nm to the base fluid, the boiling heat
transfer coefficient of nanofluids is reduced compared to that of deion-
ized water. For example, by applying a heat transfer flux of 600 kW/m2,
the heat transfer coefficients of nanfluids containing nanoparticles of 11
and 50 nm diameter respectively become about 26% and 12% less than
the boiling heat transfer coefficient of base fluid. The main reason for
this reduction of heat transfer coefficient is the reduction in the number
of active bubble forming sites on the boiling surface of copper block. By
adding the nanoparticles to the base fluid, a large number of these
Fig. 15. Boiling heat transfer coefficient versus heat flux for nanofluids with the
concentration of 1.0 vol% and with nanoparticles of various sizes.



Fig. 16. Heat transfer coefficient versus nanoparticle concentration for nanoparticles of
different sizes (11, 50 and 70 nm).
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nanoparticles is trapped on the boiling surface and, as a result, the num-
ber of bubble nucleation sites is reduced.

3.8. Effect of nanoparticle diameter on the boiling heat transfer coefficient of
nanofluid with the concentration of 1.0 vol%

Fig. 15 shows the diagrams of boiling heat transfer coefficient versus
thermal flux for nanofluids with the concentration of 1.0 vol% and con-
taining nanoparticles with diameters of 11, 50 and 70 nm. As it is ob-
served in this figure, at low thermal fluxes, the graphs have a steep
slope, and as more thermal flux is applied, the slope of these variations
starts to decrease. These diagrams demonstrate that at the same ther-
mal flux, the boiling heat transfer coefficient increases by increasing
the diameter of silica nanoparticles from 11 to 70 nm. The results
show that by adding silica nanoparticles with a volume fraction of 1%
to the base fluid, the boiling heat transfer coefficient of nanofluids is
Fig. 17. Effect of silicon oxide nanoparticle diameter on
reduced compared to that of deionized water. The main reason for this
decline of heat transfer coefficient can be the reduction in the number
of active bubble generating sites on the boiling surface of copper
block. By adding the nanoparticles to the base fluid, a large number of
these nanoparticles is trapped on the boiling surface, and the number
of bubble nucleation sites is reduced. The entrapment of nanoparticles
within these cavities raises the resistance of the boiling surface, reduces
the surface roughness and lowers the pool boiling heat transfer coeffi-
cient of the examined nanofluids.

3.9. Effect of nanoparticle concentration on pool boiling heat transfer
coefficient

Fig. 16 illustrates the diagrams of heat transfer coefficient versus
nanofluid concentration for nanoparticles of different sizes (11, 50 and
70nm). The concentration at point zero of these graphs is for deionized
water, and equal to zero. As it is observed, for all particle sizes anddiffer-
ent concentrations, the graphs of pool boiling heat transfer coefficient
are lower than that of deionized water, except for particles with
70 nm diameter and concentration of 0.1 vol%; where the heat transfer
coefficient reaches its maximum value. Therefore for all nanoparticle
sizes and concentrations, the highest value of boiling heat transfer coef-
ficient belongs to the silicon oxide/deionized water nanofluid of 0.1%
concentrationwith 70 nmsize nanoparticles. Therefore, a concentration
of 0.1 vol% is the optimal nanofluid concentration at which the heat
transfer coefficient achieves its maximum value.

3.10. Effect of silica nanoparticle diameter on the boiling characteristics of
water/silica nanofluid

As it was revealed by experimental results, adding nanoparticles to
the base fluid reduces the boiling heat transfer capacity of resulting
nanofluids; and this can be justified by the filling of boiling surface cav-
ities and the roughness of boiling surface. However, one of the most
important findings is the effect of nanoparticle diameter on nanofluid
boiling curve, as compared to pure water. It was observed that by
increasing the diameter of nanoparticles, the boiling heat transfer coef-
ficient as well as the boiling heat transfer flux increase. This can be jus-
tified by Fig. 19, which shows that by reducing the size of nanoparticles,
the boiling characteristics of water/silica nanofluid.
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smaller andmore spaces on the boiling surface are filled with nanopar-
ticles, which reduces the number of active bubble generating
sites. Conversely, by increasing the diameter of nanoparticles, more
empty spaces become available on the copper block's boiling surface.
Furthermore, the accumulation of nanoparticles itself causes irregulari-
ties and roughness to form on the boiling surface, which can become
new sites for generating more water vapor bubbles. Therefore, with
the increase in the diameter of nanoparticles, fewer active bubble gen-
erating sites are expected to be occupied by nanoparticles and, thus,
the boiling heat transfer capacity of nanofluids is expected to increase
[32,33,37].

4. Conclusion

In this research, the effect of the diameter of silicon oxide nanopar-
ticles in deionized water, as the base fluid, on the boiling characteristics
of the resulting nanofluid was investigated. According to the TEM and
Zeta-potential test results, silica nanoparticles with diameters of 11,
50 and 70 nmwere totally stable in the basefluid environment of deion-
ized water, and no clumping and coagulation effect of these nanoparti-
cleswas observed. The boiling results for the purewater sample showed
that the curve of boiling heat transfer flux versus the excess tempera-
ture difference of the boiling surface is very close to the Rohsenow's
curve and, thus, the boiling test results of pure water were validated.
To prevent the coagulation of oxide nanoparticles, they were dispersed
and suspended in the aqueousmedium bymeans of ultrasound energy.
The boiling test results for nanofluids containing nanoparticles of vari-
ous sizes are as follows:

• For all nanoparticle sizes and concentrations, the highest value of boil-
ing heat transfer coefficient belongs to the silicon oxide/deionized
water nanofluidwith 0.1% concentration and 70 nm size nanoparticles.

• For all nanoparticle sizes and concentrations, the boiling heat transfer
coefficients of nanofluids are lower than that of deionized water (ex-
cept for particles with 70 nm diameter and concentration of 0.1 vol%).

• The boiling heat transfer coefficient of nanofluids increases by increas-
ing the diameter of nanoparticles. By reducing the size of nanoparticles,
smaller andmore spaces on the boiling surface arefilledwith nanopar-
ticles, which reduces the number of active bubble generating sites.
Conversely, by increasing the diameter of nanoparticles, more empty
spaces become available on the copper block's boiling surface. Further-
more, the accumulation of nanoparticles itself causes new roughness to
formon the boiling surface,which can becomenew sites for generating
water vapor bubbles.

• With the increase in the diameter of nanoparticles, fewer active bubble
generating sites are occupied by nanoparticles and, therefore, the boil-
ing heat transfer capacity is increased.

• For all sizes of nanoparticles, the optimal heat transfer coefficient is
achieved at nanofluid concentration of 0.1 vol%.

Nomenclature

CP Specific heat (J/kgK)
Csf Coefficient in Rohsenow correlation
d Distance (mm)
g Gravity acceleration (m/s2)
h Heat transfer coefficient (W/m2K)
hfg Fluid's latent heat (J/kg)
k Thermal conductivity (W/mK)
n Power in Rohsenow correlation
Pr Prnadtl number
q” Heat flux (W/m2)
Ra Average roughness of the surface (μm)
T Temperature (K)
t Time (min)
U Uncertainty
Greek symbols

μ Dynamic viscosity (N/m2)
ρ Density (kg/m3)
σ Surface tension (N/m)
ζ Electrical charge
φ Roughness parameter

Subscripts

l Liquid
s Surface
sat Saturated
v Vapor
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