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This study presents experimental results for the heat transfer coefficient during pool boiling of DI water
and Al2O3-water based nanofluid at saturation conditions. Based on these data, an analysis of the heat
transfer enhancement due to the nanofluids was performed. The experiments were performed for
Al2O3-water based nanofluid with different volume concentrations (0.0007 vol.% and 0.007 vol.%, corre-
sponding to low and high nanofluid concentration, respectively). A copper surface, with different rough-
ness values (Ra = 0.05 lm, corresponding to a smooth surface, and Ra = 0.23 lm, corresponding to a rough
surface), was used as test section. The nanoparticle average size was 10 nm and the applied heat flux ran-
ged from 100 to 800 kW/m2. For nanofluid pool boiling, it was observed an increase in the heat transfer
coefficient up to 75 %, and 15% for the smooth and rough surfaces, respectively, in comparison to that of
DI water. According to results, the surface roughness is strongly affected by nanofluid concentration due
to the nanoparticle deposition on the heating surface. The results indicate that the use of nanofluids is
effective on pool boiling heat transfer, for moderate heat flux and low volumetric concentration.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

The necessity of improving the performance of thermal devices
that operate at high heat fluxes, and the growing demand from
industries toward producing compact and miniaturized equip-
ment, in particular in the area of microelectronics and microcool-
ing devices, has led to the development of different techniques to
improve heat transfer.

Nucleate boiling is the most desirable and efficient regime
because high heat flux can be achieved with relatively low wall
superheating [1]. Moreover, as compared with the convective heat
transfer mechanism, the nucleate boiling presents a higher heat
transfer coefficient (HTC) and better performance. Ciloglu and
Bolukbasi [2] reported that boiling is one of the most effective heat
transfer modes encountered in many industrial applications
including power plants, refrigeration systems, heat-exchanger sys-
tems, and electronic device cooling systems. This has prompted
researchers to try out various methods for enhancing the boiling
heat transfer, especially in the nucleate boiling regime.

The boiling heat transfer depends on several factors such as the
wall superheating, heating surface materials and morphology,
presence of dissolved gases, thermophysical properties of the
working fluid, nucleation sites density, and the frequency of the
vapor bubbles. Nayara et al. [3] indicated that a fluid with higher
thermal conductivity may improve the heat transfer performance
of thermal systems, as conventional fluids used in these systems,
including oil, water and ethylene glycol mixture, have low thermal
conductivity. Additionally, new technologies are giving rise to
higher operating temperatures on even smaller devices, and there-
fore the necessity of better coolants for extending the service life of
electronic and structural components.

One of the alternatives to enhance the thermal conductivity is
to adopt nanofluids as the working fluid instead of a conventional
fluid. Nanofluids containing homogeneously dispersed solid
nanoparticles in a liquid show an enhancement in the thermal con-
ductivity [4–6] and thereby, they have the potential for improving
the convective heat transfer [7,8]. According to [9–10], nanofluids
are a promising way to enhance the heat transfer due to changes
in the base fluid properties such as the thermal conductivity. An
international benchmark study [11] revealed that the enhance-
ment in thermal conductivity predicted by the effective medium
theory is mainly due to the increase of the heat transfer surface
area associated with a large specific surface area of nanoparticles.

The use of nanofluids on nucleate pool boiling has been exten-
sively investigated, as well as the nanoscale structures deposited
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Nomenclature

Alphabetic
CHF critical heat flux
EDS energy dispersive spectroscopy
SEM scanning electron microscopy
SIP surface-interaction parameter
HTC heat transfer coefficient
SS smooth surface
RS rough surface
cpl specific heat capacity [kJ/kg K]
Csf Rohsenow’s correlation coefficient [–]
dp particle size [nm]
g acceleration due to gravity [m/s2]
h heat transfer coefficient [kW/m2 K]
hlv latent heat of vaporization [kJ/kg]
kc copper thermal conductivity [W/m K]
L distance between thermocouples [m]
Na active nucleation sites density [sites/m2]
patm atmospheric pressure [kPa]
Pr prandtl number [–]

q” heat flux [kW/m2]
Ra average surface roughness [µm]
Rc cavity radius [m]
Ti thermocouples temperature [K]
Tsat saturation temperature of the fluid [K]
Tw surface temperature [K]

Greek letters
h static contact angle [�]
q density [kg/m3]
r surface tension [N/m]
µ viscosity [kg/m s]
DT wall superheating [K]

Subscripts
HTE heat transfer coefficient enhancement
l liquid
nf nanofluid
v vapor
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on the heating surface. However, some conflicting experimental
results have been reported on the effect of nanoparticles on the
boiling heat transfer with respect to improving the thermal con-
ductivity of the base fluid. For application of nanofluids, especially
under pool boiling conditions, most of the studies in the open lit-
erature have observed enhancement of the critical heat flux
(CHF) [12,13]. Significant boiling heat transfer enhancement has
also been reported by [14–17], however contrasting with others
that reported large heat transfer deterioration [18–21]. Those
results showed inconsistencies even for the same nanoparticles
and concentrations under similar experimental conditions. More-
over, a few studies have suggested that differences in the boiling
HTC are related to the deposition of nanoparticles on the heating
surface [20,22,23].

In Table 1, selected experimental studies from the literature
concerning nanofluid pool boiling in the last years are presented.
These studies are focused on the evaluation of the HTC and CHF.
According to the data in this table, most of studies were performed
for Al2O3 nanoparticles using copper as heating surface. Experi-
ments were performed for nanoparticles sizing from 15 to 200
nm, and for heating surfaces with different roughness values rang-
ing from 0.005 to 0.42 lm.

Ahmed and Hamed [10] showed that the interaction between
surface roughness and the nanolayer formed by nanoparticles
deposition depends on the nanofluid concentration. Also, deposi-
tion of nanoparticles were observed at a slower rate for low nano-
fluid concentration (0.01 vol.%), resulting in enhancement of the
boiling HTC. Based on their experiments performed for the condi-
tions described in Table 1, 35% enhancement of HTC for Al2O3-
water based nanofluid on a heated copper block was reported.

Kwark et al. [24] observed a deterioration of about 22% in the
HTC. Those authors indicated the Alumina-water nanofluid caused
a critical layer condition, corresponding to the maximum limit of
the surface wettability reflected by a constant CHF. According to
them, additional nanoparticle layers could increase the coating
thickness, thus providing a barrier to heat transfer which may
cause a reduction in the number of microcavities and an increase
in the thermal resistance of the heating surface. Shahmoradi
et al. [25] also reported a decrease in the HTC by adding alumina
nanoparticles to pure water (for concentrations values 0.001,
0.002, 0.02, 0.05 and 0.1 vol.%), in order to analyze the nanofluid
pool boiling behavior and the effect of surface characteristics on
the HTC and the CHF. According to them, for very low nanofluid
concentration, such as 0.001 vol.%, the changes in the HTC were
not significant.

In order to avoid the nanoparticle deposition and to improve
the stability of the liquid solution, Tang et al. [26] performed boil-
ing experiments with Al2O3 - R141b, at concentrations of 0.001 vol.
%, 0.01 vol.% and 0.1 vol.% with and without surfactant SDBS.
According to them, the presence of the surfactant increased the
HTC for higher particle concentrations (0.01 vol.% and 0.1 vol.%)
because the surfactant strongly reduces the deposition of nanopar-
ticles. An enhancement of the HTC in 22% was also reported by
Kole and Dey [6] at low ZnO-ethylene glycol concentration as com-
pared to pure ethylene glycol. However, a degradation of the HTC
was observed at higher ZnO-ethylene glycol concentration. Accord-
ing to those authors, the degradation of the HTC at higher nano-
fluid concentration occurred due to the active nucleation sites
blockage by sedimentation of nanoparticle.

The HTC enhancement/deterioration conflicting behavior was
also reported by [6,10,27–29]. In general, the authors observed that
the nanoparticles deposition onto the heating surface during nano-
fluid pool boiling was the main cause of changes in the HTC and
CHF. Lee et al. [30] studied the effect of magnetite-water based
nanofluid on the CHF, for three different low nanofluid concentra-
tions. Another two types of nanoparticles (alumina and titanium)
were prepared for the pool boiling CHF experiments using the
same concentrations of magnetite. According to Lee et al. [30],
the CHF increased for all cases, and the CHF for magnetite-water
based nanofluid showed the highest value among the evaluated
nanofluids. The authors emphasized the importance of the surface
wettability and the surface tension as the parameters responsible
for the enhancement of the CHF.

Vafaei [31], based on the experimental conditions described in
Table 1, observed a decrease in the HTC with increasing nanofluid
concentration for smooth heating surface as compared to pure
water, whereas for rough heating surface 140% enhancement in
the HTC was observed for similar nanofluid concentration at both
low and high heat flux conditions. That author inferred that the
highest HTC found for low heat flux values may be due to the
nanoparticles deposition on the heating surface which can lead
to an increase of the surface roughness. As the heat flux increases,
the nanolayer thickness on the heating surface also increases, lead-
ing to degradation of the HTC because of the surface roughness



Table 1
Literature review of some nanofluid heat transfer experimental studies performed in the last years.

Authors Nanofluid characteristic Surface material and
roughness

CHF effect HTC effect Surface roughness
after boiling

Ahmed and Hamed [10] Alumina (40 nm) in water Copper plate,
Ra = 50 nm

Not reported Enhancement/
deteriorationa

Increased

Kwark et al. [24] Alumina (139 nm) in water Copper plate Enhancement Unchanged/
deteriorationa

Not reported

Shahmoradi et al. [25] Alumina (40 nm) in water Copper plate,
Ra = 5.1 nm

Enhancement Deterioration Increased

Vafaei [31] Alumina (20–150 nm) in
water

Copper plate,
Ra = 25 nm and
Ra = 420 nm

Not reported Enhancement/
deterioration/
unchangeda

Increased for
Ra = 25 nm,
decreased for
Ra = 420 nm

Sarafraz et al. [32] Alumina (20 nm and 50 nm)
in water

Copper plate Enhancement Enhancement Not reported

Tang et al. [26] Alumina (20–200 nm) in
R141b with and without
surfactant (SDBS)

Copper plate Not reported Enhancement (with
SDBS), deterioration
(without SDBS)

Not reported

Sarafraz and Hormozi [27] Alumina (45–50 nm) in
ethylene glycol

Stainless steel cylinder,
Ra = 54 nm

Not reported Deterioration Decreased

Sarafraz and Hormozi [28] Copper oxide (50 nm) in
water with and without
surfactant (SDS)

Stainless steel cylinder,
Ra = 340 nm

Not reported Enhancement (with
SDS), deterioration
(without SDS)

Decreased

Kathiravan et al. [29] Copper (20 nm) in water
with and without surfactant
(SDS)

Stainless steel plate,
Ra = 167 nm

Enhancement
(without SDS),
deterioration
(with SDS)

Deterioration Decreased

Lee et al. [30] Magnetite (25 nm) in water Ni-Cr wire Enhancement Not reported Not reported
Kole and Dey [6] Zinc oxide (30–40 nm) in

ethylene glycol
Copper plate,
Ra = 90 nm

Enhancement Enhancement Increased

a Depending on nanofluid concentration.
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enhancement due to the nanoparticle deposition counterbalancing
the thermal resistance of the nanoparticle deposited layer.

According to Sarafraz et al. [32] the nanoparticle deposition on
the heating surface can increase the surface wettability which
reduces the nucleation sites density and, consequently, degrading
theHTC. Besides, Ciloglu andBolukbasi [2] pointedout that themain
reason for the enhancement of the CHF and for the degradation of
HTC by using nanofluids during pool boiling is due to the changes
in the heating surface morphology, i.e., a decrease of active nucle-
ation sites and also, of the contact angle. However, for low nanofluid
concentrations, the nanoparticle deposition can also contribute to
creatingnewnucleation sites, leading to theHTC improvement. Con-
sequently, more systematic researches are needed to fully under-
stand the mechanisms associated with the HTC enhancement (or
degradation) in the pool boiling of nanofluids.

In this study, an experimental investigation was performed for
pool boiling of deionized (DI) water and Al2O3-water based nano-
fluid at saturated conditions, in order to analyze the influence of
low nanofluid concentrations on the HTC behavior. Based on the
contradictory results provided by the literature for the HTC, this
paper aims to clarify the influence of nanoparticle deposition and
nanofluid concentration on the pool boiling heat transfer, and also,
to point out the mechanisms responsible for the heat transfer
enhancement.
2. Experimental apparatus and procedure

2.1. Heating surface and nanofluid preparation

The boiling tests were performed on copper heating surfaces of
20 mm diameter. Initially, the surfaces were polished in order to
obtain different surface roughnesses, one corresponding to a
smooth surface (Ra = 0.05 lm, namely SS), and another one to a
rough surface (Ra = 0.23 lm, namely RS). The smooth surface was
manufactured mechanically by polishing the copper surface using
an aluminum-oxide abrasive compound, while the rough surface
was manually polished using a #600 emery paper. Prior to the pool
boiling testing, all heating surfaces were cleaned with acetone and
dried using an air jet.

This study has been carried out with Al2O3-water based nano-
fluid prepared by the two-step method that involves weighting
the dry nanoparticles and subsequently dispersing them into DI
water. Aluminium oxide nanoparticles, with an average particle
size of 10 nmwere used in this experiment. Two nanofluid concen-
trations of 0.0007 vol.% and 0.007 vol.% (corresponding to low and
high nanofluid concentration, respectively) were tested. Ultrasoni-
cation was performed for 3 h (25 kHz) to obtaining a uniformly dis-
persed solution. No surfactant was used in this experiment, and no
sedimentation was observed for 48 h after preparing the
nanofluids.

The thermal conductivity of the nanofluids was evaluated using
the transient hot wire method (Hukseflux TP-08 probe) at 300 K.
The transient hot wire method measures the temperature response
of the wire with time for an electrical power. From these measure-
ments, it was concluded that the variation of the thermal conduc-
tivity was only marginal (values found close to the thermal
conductivity of water, as shown in Fig. 1) and within the error band
of the equipment, ±3%.

Due to the low volumetric concentrations of the nanofluid used
in the present study, this behavior was already expected and it is in
agreement with the measurements of Kwark et al. [24], and the
predictive methods of Maxwell [33] and Hamilton and Crosser
[34] with a maximum error of 12%.
2.2. Pool boiling experimental setup

Fig. 2 pictures the pool boiling apparatus, where a glass cube
(boiling chamber) with a thickness of 5 mm and dimensions
170 � 170 � 180 mm involves a borosilicate glass tube of internal
diameter 90 mm, height of 180 mm and wall thickness of 10 mm.

The external chamber and the boiling chamber was fixed
between two plates of stainless steel AISI 316 with dimensions of
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200 � 200 � 10 mm. Nitrile rubber and silicone was used for seal-
ing the boiling chamber. In the gap between the boiling chamber
and the external wall, there was a forced flow of water that kept
the working fluid inside the boiling chamber near the saturation
point (Tsat = 99 �C). A second thermostatic bath was used to control
the temperature of the condenser located at the top of the boiling
chamber (Fig. 3).

Two K-type thermocouples located in the boiling chamber
allowed monitoring the temperature of both the working fluid
and vapor. The pressure inside the boiling chamber was measured
by a pressure transducer, and maintained at 98 kPa (local atmo-
spheric pressure, patm) during the boiling tests.

The test section consisted of a copper block (20 mm diameter
and 60 mm height) containing three K-type thermocouples to esti-
mating the wall temperature and the heat flux. The thermocouples
plugged into 1 mm diameter holes (filled with copper powder to
avoid air gaps) at the radial center of the copper cylinder. The cop-
per block was heated by a cartridge resistance capable of providing
a maximum heat flux of 1100 kW/m2. The thermal insulation of the
test section consisted of 40 mm thick layers of polytetrafluo-
roethylene and vermiculite.

2.3. Experimental procedures

The experiments were performed using DI water or Al2O3-water
based nanofluid under saturated conditions at 98 kPa. The same
Fig. 2. Pool boiling apparatus a
procedure was adopted during all trials in order to ensure
repeatability.

Before each run, the working fluid was heated very close to the
saturation temperature in order to degas it. Vacuumwas created in
the boiling chamber prior to feeding the chamber with the working
fluid. The test conditions were regulated by monitoring the pres-
sure and the temperature inside the boiling chamber.

Saturated conditions were assured by keeping the difference
between the fluid temperature inside the boiling chamber, and
the saturation temperature (estimated from the measured
pressure) within a range of ±0.4 �C. Furthermore, all tests were
conducted with the same volume of the working fluid (200 ml)
and, consequently, the same height of fluid column (�30 mm).

Once the test conditions stabilized, the heat flux was imposed in
the range from100 to 800 kW/m2 by increasing the electrical
power. The stable condition was characterized by variations on
the temperature within the uncertainty of their measurements
(±0.4 �C). The heat flux and the surface temperature were calcu-
lated using the 1-D conduction law of Fourier with the readings
from the thermocouples embedded in the copper block. The tem-
perature of the surface in contact with the working fluid was then
determined by extrapolating the linear temperature profile to the
upper surface, Tw. The copper block and the location of the thermo-
couples are shown in Fig. 4.

The temperature readings were acquired from the thermocou-
ples by a data acquisition system (Agilent 34970A). Based on the
temperature measurements, provided by the thermocouples
embedded in the copper block, different curve fittings were
obtained for each heat flux (Fig. 5).

The curve fittings were obtained with R-square higher than
0.99. The assumption of negligible heat losses in the radial direc-
tion done by Kiyomura et al. [35] seemed suitable for this work,
otherwise a linear profile would not fit the experimental data.
Besides, the comparison between the imposed heat flux based on
the electrical current and voltage measurements, and the heat flux
estimated from the linear profile indicated heat losses always
lower than 12%, as shown in Fig. 5b.

2.4. Data reduction

In this study, the HTC was calculated using the Newton’s law of
cooling given by

h ¼ q00

DT
¼ q00

Tw � TsatðpatmÞ
ð1Þ
nd test section assembly.



Fig. 3. Schematic diagram of the pool boiling apparatus.
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where Tw is the wall temperature and Tsat(patm) corresponds to the
saturation temperature of the water at atmospheric pressure
(98 kPa).

In order to ensure the steady state regime was achieved, each
test had a duration of 1500 s for each applied heat flux, but only
the temperature data for the last 500 s (corresponding to 100
experimental data points) of the test interval were considered.
Applying the same method used by Taylor and Kuyatt [36], the
uncertainty of the temperature measurement was ±0.4 �C and,
based on the linear curve fitting and the uncertainties of tempera-
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upper surface, the uncertainty of wall temperature was found
lower than ±0.5 �C. For all surfaces tested, the experimental uncer-
tainty for the heat flux and for the HTC varied from 1.7% to 15.0%,
and from 3.1% to 17.5%, respectively.

2.5. Surface characterization

The heating surface was analyzed using the different tech-
niques, prior and after each boiling test:

� Structural and chemical information by scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS),
performed by the EVO LS15 Zeiss� with a magnification of
1000�;

� Average surface roughness (Ra), with the same scanning area for
all surfaces, by a Mitutoyo Surftest SJ 301 model with measur-
ing range of �200 lm to +150 lm (uncertainty of ±0.005 µm);

� Static contact angles measure by analysis of pictures of a sessile
droplet (at 25 �C) with a mean absolute error (MAE) lower than
1�.

The apparatus used to measure the static contact angle consists
of an aluminum plate where the test surface is fixed, a camera, a
green LED light source and a light diffuser. The pictures were ana-
lyzed using image post processing software to shape the deionized
water droplet, as detailed in Kiyomura et al. [35] and Netto et al.
[37].
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3. Results and discussions

3.1. Validation of the experimental apparatus

In order to validate the pool boiling apparatus, tests were car-
ried out for DI water on the smooth (SS) and rough (RS) heating
surfaces. The experimental values, the curve fitting, and the pre-
dicted values are plotted in Fig. 6. The curve fitting was based on
the relation between the heat transfer coefficient and the heat flux,
expressed as

h ¼ Cq00n ð2Þ
where C is a coefficient dependent on the surface-fluid interaction,
and n is an exponent of the heat flux. The predicted values of the
heat transfer coefficient are given by the Rohsenow’s correlation
[38],

h ¼ 1
Csf

Pr�s
l
q00cpl
q00

llhlv

q00

� �r r
gðql � qvÞ

� ��r=2

ð3Þ

where s = 1 and r = 1/3 for water and, ll, hlv, cpl, and Prl represent the
viscosity of the liquid (kg/m s), the latent heat of vaporization (J/kg),
the specific heat of the liquid (J/kg K), and the Prandtl number of the
liquid, respectively. Csf is a coefficient that depends on the material
of the heating surface, and on the surface roughness. The thermo-
physical properties of the working fluid were obtained at
psat = 98 kPa.

Following Vachon et al. [39] suggestion, Csf values of 0.0128 and
0.0092 were adopted for the SS and RS settings, respectively. As
shown in Fig. 6, the predicted values agree well with the experi-
mental data with a mean absolute error (MAE) of about 8% for
smooth surface, and 11% for rough surface. It can be noticed that
the value of n obtained with Eq. (2) is about 0.6, agreeing with Ste-
phan [40] who reported that, in the nucleate boiling regime, the
value of n generally lies between 0.6 and 0.8.

3.2. Results for the pool boiling of nanofluids

Fig. 7 presents the experimental data for the HTC as function of
heat flux in the nucleate boiling regime [41]. The tests were per-
formed for DI water, and for Al2O3-water based nanofluids (at
low and high concentration, LC and HC, respectively). Copper sur-
faces with different roughness values (SS and RS, corresponding to
smooth and rough surfaces, respectively) were used as heating sur-
faces. Due to the fact that the tests were performed for the fully
developed boiling regime, it was not possible to visualize the bub-
ble frequency and the departure diameter of the vapor bubbles.
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Thus, the authors based their analysis on the heat fluxes and the
wall temperature behaviors.

According to Fig. 7, the highest increase in the HTC (up to 75%)
as compared to the HTC of DI water on smooth surface is obtained
with the smooth surface with low nanofluid concentration (SS-LC)
for heat fluxes under 400 kW/m2.

This behavior is caused by the deposition of nanoparticles on
the heating surface which in turn leads to an increased surface
roughness (Fig. 8a). Moreover, from a certain heat flux threshold,
the HTC degrades as the thermal resistance of the nanolayer
increases (Fig. 8b), being these observations consistent with those
reported by Vafaei [31].

For the rough surface, a slight enhancement (of about 15%) in
HTC was observed for the low nanofluid concentration as com-
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pared to the rough surface boiled with DI water. This enhancement
occurred for heat fluxes up to 400 kW/m2, the threshold from
where the HTC sharply drops as a consequence of the increased
nanoparticle deposition rate, which reduces the cavity radius and
increases the thermal resistance of the heating surface, as schemat-
ically shown in Fig. 8b.

Fig. 9 shows the pool boiling curves for DI water and Al2O3-
water based nanofluid with different concentrations (0.0007 vol.%
and 0.007 vol.%) on smooth and rough surfaces. As the nanofluid
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Fig. 9. Pool boiling curves for DI water and Al2O3-water based nanofluid (at
0.0007 vol.% and 0.007 vol.%) on the smooth and rough surfaces.
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concentration increased, the deterioration in the HTC became evi-
dent by an increase in the wall superheating, DT, regardless of the
original surface roughness. The same behavior can be observed in
Fig. 7, where the HTC decreased as the concentration of the
nanofluids increased.

According to Park et al. [23], most of the heat exchangers oper-
ate under heat flux values lower than 200 kW/m2. It is worth men-
tioning that, for both smooth and rough surfaces and for heat
fluxes lower than 400 kW/m2, enhancements in the HTC due to
the addition of Al2O3-water based nanofluid at low concentrations
were achieved in this study.
3.3. Effects of the nanoparticle deposition

The nanofluid boiling mechanism proposed by Kim et al. [42]
considers that a nanocoating forms during the boiling of the nano-
fluid as the microlayer underneath the growing vapor bubble evap-
orates, leaving behind nanoparticles adhered to the heating surface
as it is shown in Fig. 10. This nanolayer changes the morphology of
the heating surface, and its thickness varies with the nanofluid
concentration. Also in Fig. 10, the surface condition is shown for
smooth and rough copper surfaces, before and after the pool boil-
ing experiments with different volumetric concentrations of a
Al2O3-water based nanofluid. One may observe that, as the nano-
fluid concentration increases, the thickness of the nanolayer on
the heating surface also increases alongside with the surface
roughness, being this effect more pronounced for the smooth sur-
face (SS).
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In order to predict the active nucleation sites density, Na, and to
evaluate the morphology changes due to the nanoparticles deposi-
tion observed in this work, an analysis was carried out using the
Wang and Dhir’s model [43]. In this model, the density (in sites/
m2) is given by

Na ¼ 7:81� 10�29ð1� cos hÞR�6
c ð4Þ

where Rc is the cavity radius, i.e., the minimum radius for a cavity to
become active, and h is the experimental static contact angle as
detailed in Kiyomura et al. [38]. For the smooth and rough surfaces
after nanofluid boiling at high concentration, SS-HC and RS-HC,
respectively, h = 10� was adopted. The Rc was estimated using the
Griffith and Wallis [44] model,

Rc ¼ 2rTsat

ðTw � TsatÞqvhlv
ð5Þ

where Tw corresponds to the wall temperature, and Tsat corresponds
to the saturation temperature of the water at 98 kPa.

Fig. 11 plots the cavity radii versus heat flux range for surface
roughness/working fluid (either DI water or Al2O3-water based
nanofluid) settings. One may observe in Fig. 11a that the cavity
radius for the SS-LC setting was greater than those of the other set-
tings, this observation indicating that less energy (wall superheat-
ing) was required to activate cavities. Therefore, for the same heat
flux, a lower wall superheating was achieved with lower concen-
tration nanofluids.
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Fig. 11. Effect of heat flux and surface/working fluid on the cavity radius. (a)
smooth surface and (b) rough surface.
The analysis of the cavity radii for the rough surfaces is pictured
in Fig. 11b. The results for the RS-HC settings showed the same
trend of the smooth surface settings up to 400 kW/m2. However,
for heat fluxes higher than this value, the cavities got filled with
nanoparticles more quickly because of the increased deposition
rate, causing a higher wall superheating to maintaining cavities
with smaller mouth diameter active. This implies a lower HTC as
compared to the RS-DI water setting.

Fig. 12 shows the active nucleation sites density as a function of
the heat flux for the surface/working fluid settings used in this
work. It can be noticed that both SS-DI water and RS-DI water set-
tings had more nucleation sites than the respective settings for
surfaces boiled with nanofluids, and the SS-DI water setting had
the highest number of active nucleation sites. This trend is differ-
ent from that observed in Fig. 7, where the SS-DI water setting
had the lowest HTC, i.e., the highest wall superheating. Such
behavior can be explained by the fact that the number of active
nucleation sites, estimated with Eq. (4), is more strongly influenced
by the cavity radius than by the wettability, represented by the
contact angle h in that equation.

By comparing the HTC curves in Fig. 7, the cavity radius pre-
dicted by Eq. (5) (Fig. 11), and the number of active nucleation sites
predicted by Eq. (4) (Fig. 12), one may draw conclusions about the
predominant effects on the HTC. The cavity radius seems to play a
more important role on the heat transfer behavior, as for the same
heat flux, larger cavity radii require less energy (i.e., wall super-
heating) to be activated, this conclusion upholding the higher
HTC values reported in this study. Therefore, contrasting with the
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Fig. 12. Effect of heat flux and surface/working fluid on the active nucleation site
density predicted by Eq. (4). (a) Smooth surface and (b) rough surface.
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findings of Ciloglu and Bolukbasi [2], the number of active nucle-
ation sites is not the predominant effect on the HTC curves for
nanofluids.

In order to show more clearly the effect of the nanofluid con-
centration on the enhancement/deterioration of the HTC, the
experimental results were evaluated using the heat transfer
enhancement ratio (hHTE), given by

hHTE ¼ hnf

hwater
ð6Þ

where hnf is the heat transfer coefficient of the Al2O3-water based
nanofluid, and hwater is the HTC of the DI water. With this purpose,
the results of Ahmed and Hamed [10] were compared with the ones
in this study for the same surface roughness Ra = 0.05 lm, as shown
in Fig 13.In Fig. 13, the hHTE decreases with increasing heat flux and
nanofluid concentration. It should be noted that the nanofluid with
the highest concentration (0.007 vol.%) in this study presents the
same behavior of lowest nanofluid concentration (0.01 vol.%)
reported by Ahmed and Hamed [10]. This trend indicates a mild
effect of the nanoparticle size on the heating surface for low nano-
fluid concentration, as the nanoparticle size tested by the latter
authors was four times larger than the one in this study. It should
be noticed that for a moderate heat flux, the hHTE increases with
the heat flux until a threshold value, and from there sharply
decreases with increasing heat flux. As pointed out in Section 3.2,
for high heat flux the nanoparticles deposition rate may increase,
affecting the HTC. However, for the Al2O3-water based nanofluid
with 0.5 vol.% used by Ahmed and Hamed [10], it was found that
hHTE < 1, which means a decrease of the boiling performance. This
may be related to differences in the surface characteristics and
nanofluid concentration considered in their study.

According to Narayan et al. [22], when the surface interaction
parameter (SIP), which is defined as the ratio between the surface
roughness Ra and the particle size dp, was greater than 1, an
enhancement of the HTC was observed, and this enhancement
occurred due to the deposition of nanoparticles in the cavities,
causing a single active cavity to split into multiple ones. For the
smooth and rough surfaces considered in the present study, the
SIP values are 5 and 23 respectively. Therefore, in this study
SIP > 1 for the smooth surface, and SIP� 1 for the rough one. In
the study of Ahmed and Hamed [10], SIP = 1.25, and it becomes evi-
dent that the concentration of the nanofluid plays a key role in the
boiling effectiveness. The deposition of nanoparticles at a slower
rate (i.e., for a heat flux lower than 400 kW/m2) for the low nano-
fluid concentration (0.0007 and 0.007 vol.%) settings of this study
is the main reason for the higher HTC as compared to the low
nanofluid concentration (0.01 vol.%) used by Ahmed and Hamed
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Fig. 13. Pool boiling heat transfer coefficient enhancement ratio as a function of
heat flux, for the smooth surface (Ra = 0.05 lm).
[10]. The HTC degradation for 0.5 vol.% nanofluid concentration
reported by the latter authors is due to the reduction in the cavities
radii caused by the deposition of nanoparticles on the heating sur-
face. For high nanofluid concentration, the nanoparticles fill the
cavities at a higher rate and, consequently, a higher wall super-
heating is necessary to maintaining active cavities with smaller
mouth diameter. Besides that, the thickness of the nanolayer on
the heating surface provides a barrier to heat transfer which causes
an increased thermal resistance.

It is worth mentioning that the literature is still in conflict
whether nanoparticles can enhance or degrade the boiling heat
transfer, as presented by the authors in Table 1. The main cause
of modification in the HTC for nanofluid pool boiling is the deposi-
tion of nanoparticles on the heating surface. Therefore, the nano-
fluid pool boiling heat transfer is strongly affected by the relative
size between the nanoparticles suspended in the base fluid, and
the heating surface geometry and their interactions. It is clear that
in depth research focusing on these interactions, and the bubble
growth dynamic in nanofluids is required to fully understand the
nanofluid boiling phenomena.

Consequently, we recommend that further studies should take
into account the experimental evidences from this work. Firstly, it
is advisable to use nanofluids at concentrations lower than
0.001 vol.% to avoid nanoparticle deposition that would lead to
increased thermal resistance, and deterioration of the HTC due to
the formation of a nanolayer. In addition, smooth heating surfaces
coupled with low nanofluid concentration seems to be the best
combination to increase the HTC in comparison to that of DI water,
this phenomenon being explained by the increase of the surface
roughness caused by the deposition of nanoparticles on the heating
surface dominating the thermal resistance caused by the nanolayer.
Moreover, the enhancement of the HTC is related to the increase of
the surface roughness which in turn depends on the diameter of the
nanoparticles deposited on the heating surface, this situation
occurring when Ra/dp > 1. Finally, another parameter that should
be taking into account in the nanofluid pool boiling phenomenon
is the boiling time effect, since the deposition of nanoparticles
occurs during the bubble growth and departure from the heating
surface - as the nanofluid boiling time increases, the nanolayer
thickness also increases and causes the deterioration of the HTC.
4. Conclusions

The following conclusions can be drawn from the present
study:

� The pool boiling curves and the HTC observed for both smooth
and rough heating surfaces boiled with DI water follow the gen-
eral trend pointed out in the literature.

� By using nanofluids, it was observed a decrease in the wall
superheating up to 32% and 12% for the SS and RS surfaces,
respectively, for the same heat flux in comparison to that of
DI water. This implies that a high heat flux can be achieved with
relatively low wall superheating, and consequently improving
the efficiency and safety of the thermal systems.

� For low concentration nanofluids subjected to moderate heat
flux, appreciable enhancement of the HTC was observed for
the smooth and rough surfaces as compared to DI water. It is
argued that this phenomenon is related to the increase of the
radius of the cavities due to changes in the morphology of the
surface during the pool boiling of the nanofluid. For the rough
surface, the HTC decreases drastically with increasing heat flux
due to the intensification of the nanoparticle deposition rate,
and the growth of the thermal resistance of the heating surface
by the filling of the cavities with nanoparticles.
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� Degradation of the boiling heat transfer with increasing heat
flux was observed for high concentration nanofluids, regardless
of the surface roughness. This behavior was observed to be
more pronounced for rough surfaces.

� By comparing the HTC of nanofluids and DI water, it was
observed for low nanofluids concentration at moderate heat
flux an enhancement up to 75% for the smooth surface, and
up to 15% for the rough surface.

� In general, the differences in the nanofluid pool boiling perfor-
mance in terms of enhancement/deterioration of HTC observed
by the various authors in Table 1 strongly depends on the mor-
phology changes on the heating surface. The authors concluded
that changes on the surface due to nanoparticle deposition
increase the HTC only for low nanoparticle concentrations,
and especially when the SIP > 1. Moreover, a higher nanoparti-
cle deposition rate occurs for heat fluxes greater than 400 kW/
m2, this latter value being considered the upper limit of a mod-
erate heat flux for nanofluid pool boiling.

� Finally, the analysis of the heat transfer enhancement ratio
allowed concluding that the use of nanofluids is effective when
applied to designed heating surfaces, granted that the nanofluid
concentration is relatively low and the heat flux moderate (up
to 400 kW/m2).
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