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Nanofluid pool boiling can modify the morphology of the heating surface and the physical properties of
the base fluids, interfering directly on the vapor bubbles dynamics and on the heat transfer mechanisms.
This paper concerns an experimental investigation of the effects of surface roughness and nanoparticle
deposition on the contact angle, surface wettability and pool boiling heat transfer coefficient (HTC).
Experiments were carried out using copper surfaces with different roughnesses, and deionized water
as the working fluid at a pressure of 98 kPa and under saturated conditions. The nanostructured surfaces
were produced by maghemite nanoparticle deposition, which is achieved by boiling selected mass con-
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szi/l\;\;ogr hseat transfer centrations of a Fe,03-deionized water nanofluid (0.029 g/l and 0.29 g/l, corresponding to low and high
Nanofluid nanofluid concentration, respectively). The highest heat transfer coefficients were obtained for the

smooth surface with deposition of nanoparticles at low mass concentrations. In addition, as the nanofluid
concentration increases the surface roughness also increases, and the higher the nanofluid concentration,
the lower the contact angle of water on the coated surface.

Nanostructured surface
Heat transfer coefficient

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In the last years, the development of new products with extre-
mely high thermal loads and the need to produce more efficient
and compact heat exchangers, especially in microelectronics, has
been motivating the research on new technics for increasing the
boiling heat transfer.

Since the work of Fritz [1], who was the first to study the effect
of surface characteristics on the boiling process, several surface
modification methods have been proposed in order to increase
the heat transfer coefficient (HTC) and the critical heat flux (CHF)
under pool boiling conditions. In this context, Yang and Maa [2]
were pioneers to evaluate the effect on the heat transfer coefficient
of nanoparticles deposition on the heated surface through a boiling
process. According to their study, the thermal boundary layer is
modified by the presence of nanoparticles which, in turn, is
expected to change the boiling behavior. Since then, innumerous
researchers conducted tests on nucleate pool boiling using nanos-
tructured surfaces (see the reviews of [3-5] for a broad prospect on
the literature concerning this topic). The studies concerning nanos-
tructured surfaces through a boiling process share, as a common
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result, the enhancement of the CHF [6-9] by depositing nanoparti-
cles on the surface. However, conflicting results and behaviors
have been pointed out by studies concerning experimental evalua-
tions of the heat transfer coefficient during pool boiling on nanos-
tructured surfaces [8-12]. Heitich et al. [8] analyzed the effect of
nanostructured surfaces on pool boiling of water under saturated
conditions. In their experiment, the nanostructured surface con-
sisted of a Constantan tape nanocoated with molybdenum
(achieved by sputtering process) and maghemite (obtained by
nanofluid evaporation). Intensification in the surface wettability
of the nanocoated surfaces was observed, what was pointed out
as the reason for the CHF augmentation. Also, HTC enhancement
for the roughest surface was detected, while for the smoother sur-
faces the HTC was enhanced by the nanoparticle deposition only
for high heat fluxes.

Souza et al. [9] studied the effect of deposition of y-Fe,03
nanoparticles (10 and 80 nm diameter) on a horizontal surface
(with a surface roughness, R, = 0.16 um), using HFE7100 (a highly
wetting fluid) as working fluid. Their experiments were performed
for unconfined and confined boiling conditions. Souza et al. [9]
found an increment of HTC for the nanostructured surface with
smaller nanoparticles compared to the surface without deposition.
The results for larger nanoparticles showed a decrease in the HTC
as compared to the case without deposition. The authors then con-
cluded that characteristics of the microstructure of the heating
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Nomenclature

Alphabetic

CHF critical heat flux

SEM scanning electron microscopy

SIP surface interaction parameter

HTC heat transfer coefficient

Cp specific heat capacity (kJ/kg K)

Css Rohsenow’s correlation coefficient (-)
Cs surface-fluid parameter (-)

d, particle size (nm)

k thermal conductivity (W/mK)

g acceleration due to gravity (m/s?)
h heat transfer coefficient (kW/m? K)
hp, latent heat of vaporization (kJ/kg)
Datm atmospheric pressure (kPa)

Pr Prandtl number (-)

q’ heat flux (kW/m?)

Ry average surface roughness (pm)
Tsar saturation temperature of the fluid (°C)
Tw surface temperature (°C)

Greek letters
0 contact angle (°)

0 density (kg/m?)

o surface tension (N/m)

u viscosity (kg/m s)

Y heating surface material parameter (-)
AT wall superheating (K)

Subscripts

L liquid

S solid

% vapor

surface, such as quantity and size of surface irregularities, influ-
ence the heat transfer process.

Deterioration of HTC was reported by authors that varied the
concentration of nanofluids for fixed nanoparticle size and surface
roughness [10-12]. Ahmed and Hamed [12] pointed out that nano-
fluid concentration is also an important parameter to be consid-
ered. These authors pointed out that the nanoparticles deposition
occurs at a slower rate for low concentrations (0.01 vol.%), which
may lead to an increase in the HTC. According to Ahmed and
Hamed [12], the rate and uniformity of particles deposition depend
on nanofluids concentration. Moreover, these authors suggested
that, for low concentrations, the HTC increases mainly due to the
increment of convective effects related to the thermal conductivity
augmentation, being the contribution of this mechanism more
effective than the rate of deposition of nanoparticles on the
surface.

In general, it can be concluded from literature analyses that the
modification in the behavior of CHF and HTC may be explained by
the changes in the surface wettability and in the number and size
of microcavities caused by the nanoparticles deposition on the sur-
face. The CHF enhancement is related to the fact that the nanopar-
ticles deposition improves the wettability and the capillary
wicking of the heating surface [13-16], thus allowing the fluid
located near the surface to rewet the hot spots and to cool down
the heating surface. Regarding the modifications in the HTC, the
deposition of nanoparticles generates a porous layer on the heating
surface that lead to a change in the surface roughness and in the
number of microcavities. Some recent works have shown that
the HTC behavior also depends on the contact angle, because the
frequency of formation of bubbles and their diameter of departure
decrease with the thickness of the nanolayer, as summarized by
Ignacio et al. [17].

Narayan et al. [18] introduced a surface interaction parameter
(SIP), which has been defined as the ratio between the surface
roughness and the nanoparticle diameter, d,. When SIP>1, an
enhancement in the HTC was observed, and according to Narayan
et al. [18] this behavior occurs due to the nanoparticles deposition
in the cavities, splitting a single active cavity into multiple ones. The
Narayan parameter was used by other authors [19,20], and seems
to be a suitable parameter to predict the interaction between heat-
ing surface roughness and deposition of nanoparticles.

Recently, Sarafraz et al. [21] investigated the effect of nanopar-
ticle deposition on a copper flat disc and found out that the HTC
increases with decreasing the nanoparticles size. According to the

authors, such deposition causes an increase in the wettability,
changing the nucleation site density, which can either deteriorate
or enhance the boiling heat transfer depending on the size of the
irregularities and microstructures on the heating surface. Although
the smallest nanoparticles fill the microcavities, which in turn lead
to a reduction in the number of active nucleation sites, they form a
thin nanoparticle layer on the heating surface, with more irregular-
ities and less thermal resistance as compared with larger
nanoparticles.

In this context, the aim of the present work are the following: (i)
to analyze the conjugate effect of surface roughness and nanopar-
ticle concentration on the nanocoating process by using the nano-
fluid boiling technique; (ii) to investigate the effects of the
nanocoating on the HTC behavior for pool boiling of DI-water.

2. Materials and methods
2.1. Apparatus assembly

In the present study, a boiling chamber was used to contain the
working fluid during the boiling process. The boiling chamber

(Fig. 1) consists of a cube of glass walls 5 mm thick, and overall
dimensions of 170 x 170 x 180 mm. The cube involves a hollow
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Fig. 1. Boiling chamber design.
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Fig. 2. View of the test section assembly.

borosilicate glass tube of internal diameter of 90 mm, height of
180 mm, and wall thickness of 10 mm.

The cube and the tube are fixed between two plates of stainless
steel AISI 316 with dimensions of 200 x 200 x 10 mm. Nitrile rub-
ber and silicone are used for sealing the boiling chamber and the
glass cube. In the region comprised by the cube and external tube
walls, a water forced flow is imposed which temperature is con-
trolled by an ultra-thermostatic bath that maintains the test fluid
near the saturation condition (T4 = 99 °C). A second thermostatic
bath is used to control the temperature of the water circulating
through the condenser (copper coil) located at the top of the boil-
ing chamber. Two K-type thermocouples located within the glass
tube in the liquid and vapor regions are used to monitor the test
temperature. A pressure transducer measures the pressure inside
the boiling chamber, which is maintained close to the atmospheric
pressure (Pam = 98 kPa) during the pool boiling tests.

The test section (Fig. 2) consists of a copper block (20 mm diam-
eter and 60 mm height) containing three K-type thermocouples
with hot junctions diameters of 0.50 mm fixed inside 1 mm diam-
eter holes at the radial center of the copper cylinder. These thermo-
couples are used to estimate the wall temperature and the heat
flux. The holes were filled with copper powder to avoid air gaps
inside them. The copper block is heated by a cartridge resistance
(300 W/220V), capable of providing a maximum heat flux of
1100 kW/m? through the test surface. The thermal insulation of
the test section consists of 40 mm thick layers of polytetrafluo-
roethylene and vermiculite.

2.2. Test surfaces preparation

In the present study, the pool boiling performance of six differ-
ent copper surfaces was analyzed. These surfaces consisted of one
smooth surface (SS), one rough surface (RS), two smooth surfaces
with nanoparticle deposition (using nanofluids composed of low
and high nanoparticles concentration, SS-LC and SS-HC, respec-
tively) and two rough surfaces with nanoparticle deposition (using
nanofluids composed of low and high nanoparticles concentration,
RS-LC and RS-HC, respectively). All the surfaces were initially pol-
ished using an aluminum-oxide abrasive compound (correspond-
ing to smooth surface) or #600 emery paper (corresponding to
rough surface), corresponding to R, = 0.05 pm and 0.23 pm, respec-
tively. Prior to the deposition processes, all surfaces were cleaned
with acetone and carefully dried using an air jet.

In order to verify the influence of the nanolayer thickness on the
wettability, the nanocoated surfaces were produced by the deposi-

tion of nanoparticles via vigorous boiling process of Fe,03-
deionized water nanofluid, with two different mass concentrations
of 0.029 +0.0005 g/l (corresponding to low nanofluid concentra-
tion) and of 0.29 + 0.005 g/I (corresponding to high nanofluid con-
centration). In order to ensure a uniform nanolayer deposited on
the surface and to avoid the boiling time effect on the deposition
process, the boiling process was maintained during a period of
3 h for each nanocoated surface.

After the boiling process, the nanofluid was removed from the
boiling chamber and the heating surface was used in the boiling
tests without removing the layer of deposited nanoparticles.

The water based y-Fe,03; nanofluid having an average particle
size of 10 nm was used for nanostructuring the copper surfaces.
This nanofluid is synthesized following the method of Massart
[22], in which Fe3 and Fej salts are precipitated in an alkaline med-
ium and then dispersed in water, and supplied by the NFA Labora-
tory in the Physics Institute of the University of Brasilia.

2.3. Experimental procedures

The experiments were conducted using deionized water as the
working fluid under saturated conditions at a pressure close to
98 kPa. The same procedure was adopted during all the experi-
mental tests in order to ensure repeatability.

Before each run, the working fluid was heated very close to the
saturation temperature in order to degas it. No evidence of signif-
icant amounts of gas dissolved in the working fluid was detected
on the boiling curves. Before each series of measurements, vacuum
was created in the boiling chamber and, then, this vessel was
immediately fed with the working fluid. The test conditions were
regulated by monitoring the pressure and the temperature inside
the boiling chamber.

Once the test conditions were stabilized and the boiling process
initiated, heat flux values varying from 100 to 800 kW/m? were
imposed. During the tests, the heat flux was stepwise increased.
Stable conditions were characterized by variations on the temper-
ature within the uncertainty of their measurements (+0.4 °C). The
heat flux and surface temperature are calculated according to Four-
ier’s Law assuming 1-D conduction based on the wall temperature
measurements from the thermocouples embedded in the copper
block. The temperature of the boiling surface was then determined
by extrapolating the linear temperature profile to the copper block
upper surface, T,,. The setup of the block and the location of the
thermocouples are shown in Fig. 3.

Different linear temperature curve fittings were obtained for
each heat flux based on the temperature measurements provided
by the thermocouples embedded in the copper block. Care was
exercised in order to obtain curve fittings with R-square always
higher than 0.99. Fig. 4 displays the temperature profiles and the
curve fittings. According to this figure, the assumption of negligible
heat losses in the radial direction seems suitable; otherwise a lin-
ear profile would not fit the experimental data. Moreover, a com-
parison between the imposed heat flux based on the current and
voltage measurements, and the heat flux estimated from the linear
profile reveals heat losses always lower than 12%.

The temperature readings were acquired from the thermocou-
ples through a data acquisition system from Agilent, 34970A
model. The heat transfer coefficient was calculated using the
Newton'’s law of cooling given by

q//
h= 1

AT M
where ATsr = Ty — Tsat(Pam)- Tw is the wall temperature, and
Tsat(Pym) corresponds to the saturation temperature of water at
local atmospheric pressure (pgem = 98 kPa).
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Fig. 3. Schematic drawing of copper heater block.
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Fig. 4. (a) Example of linear temperature profiles used to estimate the heat flux and
wall temperatures for heat flux of 100, 500 and 700 kW/m?, for rough surface (RS)
and deionized water as working fluid. (b) Comparison between the imposed heat
flux based on the current and voltage measurements and the heat flux estimated
from the linear profile.

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 500s (corresponding to 100
experimental data points) of the test interval were considered.
The uncertainties of temperature measurements were evaluated
according to the procedure proposed by Passos and Reinaldo [23]
and a value of +0.4 °C was found. The uncertainties for the calcu-
lated parameter were estimated according to the method proposed
by Taylor and Kuyatt [24]. Based on the linear curve fittings and

the uncertainties of temperature measurements and distances
among thermocouples and copper block superior surface, the
uncertainty of wall temperature was found lower than 0.5 °C.
The experimental uncertainty of heat flux and heat transfer coeffi-
cient varied from 15.3% to 1.6%, and from 15.9% to 2.6% respec-
tively. Saturated conditions were assured by keeping the
difference between liquid temperature inside the vessel and satu-
ration temperature, estimated from the measured pressure, within
a range of +0.4 °C.

2.4. Surface characterization techniques

Prior and after each test, the characteristics of the test surfaces
were evaluated using the following procedures:

v~ Structural and chemical information obtained through scanning
electron microscope (SEM) with a magnification of 1000x;

v~ Average surface roughness, obtained for the same scanning area
for all surfaces using a rugosimeter Mitutoyo Surftest S] 301
model with measuring range of -200um to +150 pm
(x0.005 pm);

1~ Static contact angles measured at 25 °C in quiescent air by anal-
ysis of pictures of a sessile droplet of water using the experi-
mental apparatus shown in Fig. 5.

It is worth mentioning that all the surfaces after boiling tests
look the same as before, without any significant modification in
their characteristics.

The apparatus to measure the static contact angle comprises a
camera, a green LED light source, a light diffuser and an aluminum
plate where the test surface is fixed. The procedure adopted to
evaluate the contact angle consists on depositing on the test sur-
face a sessile droplet of water with a volume of 20 pl through a syr-
inge pointed vertically down onto the sample. Then, images of the
droplet on the surface are captured with a camera. After that, the
pictures are analyzed using image post processing software to
shape the deionized water droplet. The adopted procedure is well
detailed by Netto et al. [25].

The method for evaluating the contact angle was validated
based on the same procedure used by Netto et al. [25] and Kiy-
omura et al. [15] by performing comparisons with standard sam-
ples with known angles. These samples consist of semi-spherical
pieces namely A, B and C, made of glass, with shapes similar to a
droplet positioned on the surface as may observed in Fig. 6.

After taking pictures of each semi-spherical proof body posi-
tioned on the test surface, three distinct operators analyzed each
image by measuring the contact angle with help of image post pro-
cessing software. Table 1 presents a comparison of the contact
angle measurements and the respective values estimated based
on geometrical relations. Mean absolute error (MAE) lower than
1° assure the accuracy of the method used in the present study
for measuring the contact angle based on sessile droplets.

Light Diffuser Test Section

Fig. 5. Experimental apparatus to measure the contact angle of droplets.
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Table 2 presents SEM images of the surfaces evaluated in the
present study obtained after the pool boiling experiments with
DI-water. It can be observed from these images that as the concen-
tration of the nanofluid used to obtain the nanostructure increases,
the layer deposited on the surface becomes thicker and larger
microsized structures as protuberances are formed on the surface.
On the other hand, for the surface obtained with the nanofluid pre-
senting the lowest nanoparticle concentration, the surface struc-
ture is formed by ramified paths and its thickness seems to be
lower.

2.5. Boiling apparatus validation

In order to validate the boiling apparatus and the experimental
procedure, tests were carried out for pool boiling of deionized
water on the rough (RS) and smooth (SS) surfaces. The experimen-
tal data, the corresponding curve fittings, and predicted values
according to the Rohsenow [26] correlation are plotted in Figs. 7a
(RS) and 6b (SS). The curve fittings were based on the relation of
heat transfer coefficient and heat flux for pool boiling, generally
expressed as follows,

h—= Cq//n (2)

where C is a coefficient that depends on surface-fluid characteris-
tics and n is the exponent of heat flux. The correlation of Rohsenow
[26] is given as follows:

CplATsat [ qN 0 '
T = Cy || ———| Prj, (s=1;r=0.33 3
hlu ! hlv:ul g(pl py) ! ( ) ( )

where w,, hy,, ¢y, and Pr; are the liquid viscosity (kg/m s), the latent
heat of vaporization (kJ/kg), the liquid specific heat (k]J/kg K), and
the liquid Prandtl number, respectively. The coefficient Cy is the
fluid-surface parameter that depends on the working fluid, the sur-
face material and roughness and how the fluid and surface interacts.

Based on the study of Vachon et al. [27], the present authors
adopted Cy = 0.0107 for RS and C = 0.0147 for SS. As shown in
Fig. 7 the present data agrees reasonably well with predictions
based on the correlation of Rohsenow [26] and mean absolute
errors (MAE) of about 7% and 4% are found for the rough and
smooth surfaces, respectively. Values of n close to 0.7 were found
for the fitted curves. Such a result agrees with the reports of Ste-
phan [28], according to which, for developed nucleate boiling
regime, the value of n generally lies between 0.6 and 0.8.

3. Results and discussion

Corty and Foust [29] performed controlled experiments on the
surface roughness and found that surface roughness not only influ-
ences the wall superheating required for the onset of nucleate boil-
ing (ONB), but also the slope of the boiling curve. The results
displayed in Fig. 8a and b agree with the results reported by Courty
and Foust [29]. According to these authors, for the same heat flux,
the rougher surface presents a lower superheating compared to the
smoother one. It can be speculated that this behavior is due to the
presence of larger unflooded cavities on the rougher surface. In the

Fig. 6. Semi-spherical proof bodies namely A, B and C positioned on the test surface
to validate contact angle measurements.

Table 1
Results of the contact angle measured on three semi-spherical proof bodies
simulating droplets.

Proof body A (°) Proof body B (°) Proof body C (°)
Operator 1 76.9 81.5 93.9
Operator 2 74.6 80.6 94.8
Operator 3 76.4 80.5 94.5
Average value 76.0 80.9 94.4
MAE =}, N, umlé;’fexg 1.0 0.9 0.5
Table 2

SEM images for all surfaces tested.

Surfaces SEM images

Smooth surface (SS)
Surface polished with aluminum-oxide
abrasive compound, without deposition

Rough surface (RS)
Surface polished with #600 emery paper,
without deposition

SS-Low concentration (SS-LC)

Nanocoated smooth surface via boiling
process of Fe,03-deionized water
nanofluid, with mass concentration of
0.029 g/1

SS-High concentration (SS-HC)

Nanocoated smooth surface via boiling
process of Fe,03-deionized water
nanofluid, with mass concentration of
0.29 g/l

RS-Low concentration (RS-LC)

Nanocoated rough surface via boiling
process of Fe,03-deionized water
nanofluid, with mass concentration of
0.029 g/1

RS-High concentration (RS-HC)

Nanocoated rough surface via boiling
process of Fe,03-deionized water
nanofluid, with mass concentration of
0.29 g/l

literature, it is well known that lower wall superheating is needed
to activate larger cavities compared to smaller ones. Therefore, the
number of active nucleation sites increases with increasing the
surface roughness, leading to the decrease of the surface tempera-
ture, and consequently, the HTC enhancement.

The experimental results showed that the degree of enhance-
ment or deterioration of pool boiling heat transfer by nanostruc-
tured surfaces is strongly affected by the relative size of
nanoparticles and original heating surface morphology (rough-
ness). Fig. 9 shows a comparison of the behavior of the HTC with
increasing heat flux for the rough surfaces without and with
nanoparticles deposition (RS-LC and RS-HC).
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Fig. 7. Pool boiling apparatus validation using the power curve fitting and the
comparison with Rohsenow correlation: (a) rough surface and (b) smooth surface.

Both surfaces (RS-HC and RS-LC) present deterioration of HTC
when compared with the surface without deposition. This may
be explained by the decrease of nucleation site density, which
may affect the bubble frequency and its departure diameter, since
the active sites, corresponding to the larger surface cavities, are
filled with nanoparticles. As a consequence, cavities with smaller
mouth diameter can be formed. However, to maintain active such
cavities, higher wall superheating is necessary, which is detrimen-
tal to the heat transfer coefficient. Fig. 10 illustrates schematically
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Fig. 9. Boiling curve and HTC curve for rough surfaces with (RS-LC and RS-HC) and
without (RS) nanoparticle deposition.

this process. Moreover, as the nanofluid concentration increases,
the thickness of the covering layer deposited on the surface also
increases, leading to an enhancement of the thermal resistance
with consequent degradation of HTC [12]. This fact is corroborated
by the SEM images of the rough surfaces show in Table 2, according
to which the nanoparticle layer of the RS-HC surface seems thicker
than the nanoparticle layer of the RS-LC surface.

Fig. 11 presents the heat transfer coefficient data for the smooth
surfaces without and with nanoparticle deposition based on the
nanofluids with lower and higher nanoparticles concentrations
(SS-LC and SS-HC).

-
b -

Fig. 8. Effect of surface roughness for q” = 200 kW/m? and for surfaces without nanoparticle deposition. (a) Rough surface and (b) smooth surface.
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In general, it can be noted in Fig. 11 that the heat transfer coef-
ficient results of the SS-LC surface are about 20% higher than the
HTC of the SS-HC and SS surfaces. This behavior seems mainly
related to the fact that the roughness of the smooth surface
increases with nanoparticle deposition, as shown in the surface
images presented in Table 2, by splitting a single nucleation site
into multiple ones, leading to an improvement in the boiling heat
transfer, as depicted in Fig. 12. The present result agrees with the
results of Narayan [18]. This author reported HTC enhancements
with nanoparticles deposition when SIP > 1. In the present study,
the SIP value of the originally smooth surface is about 5.

As the nanofluid concentration increases, the thermal resis-
tance, due to the nanoparticle deposition on the heating surface,
overlaps the effect of the surface roughness enhancement, imply-
ing the deterioration of the HTC, as showed in Fig. 11 for the SS-
HC surface. As already highlighted for the rough surfaces, accord-
ing to the surface images depicted in Table 2, for the smooth sur-
faces, the deposition process with the nanofluid with the highest
concentration also provides a thicker deposition layer than the
nanofluid with the lowest nanoparticle concentration.

The surface roughness and the static contact angle measure-
ments of the surfaces after the tests are given in Table 3. According
to this table, the roughness of the coated surface and the static con-
tact angle is a function of the nanofluid concentration and the orig-
inal surface condition. As the nanofluid concentration increases the
surface roughness also increases. Moreover, the contact angle
decreases and, consequently, the wettability increases with
increasing nanofluid concentration for both smooth and rough
surfaces.

According to the results of the present study, the size of
nanoparticles and heating surface morphology are more effective
parameters that affect the heat transfer coefficient than the static
contact angle. Sarafraz et al. [21] indicated that higher heat trans-
fer coefficients can be obtained by changing the surface texture
through a process of depositing nanoparticles and the key param-
eter for the CHF enhancement is related to the static contact angle
modification.

Likewise, Hendricks et al. [30] also suggested that there is a bal-
ance between surface/fluid (capillarity effects) and surface/bubble
dynamics, rather than surface morphology or hydrodynamics
alone.

Adopting the same procedure as Saiz-Jabardo et al. [31], a
regression analyses was performed in order to obtain values of
Cy for the nanocoated surfaces evaluated in the present study,
keeping the values of r and s equal to 0.33 and 1.0, respectively.
These results are shown in Table 3, which also shows the sur-
face-fluid parameter, G, estimated according to the method pro-
posed by Li et al. [32] as follows:

5.45

=2 |970% g — MAX(0,15°
(Ry —3.5)* +2.61 / ( )

(4)

Cs = (1—cos 0)°° [l +

where y = ,/'jj{’;—jz;‘ is the influence parameter of heating surface
material. As pointed out by the authors [32], the effect of y is neg-
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Fig. 10. Schematic drawing of nanoparticles deposition on the rough surface.
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Fig. 11. Boiling curve and HTC curve for smooth surfaces with (SS-LC and SS-HC)
and without (SS) nanoparticle deposition.
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Fig. 12. Schematic drawing of nanoparticles deposition on the smooth surface.

ligible compared to the effects of 0 and R,. In fact, if the effect of y on
HTC was taken into account according to the method of Li et al. [32]
for water boiling on a copper surface, the heat transfer coefficient
would increase by only 3%. A lower increment of HTC is expected
if the surface contacting the fluid is assumed as being of maghemite
because the product of ksp.cps for this material is lower than for
copper. Moreover, it is unreasonable to assume maghemite in Eq.
(4), because its layer is too thin to affect the transient mechanisms
related to the heat diffusion within the wall during pool boiling.

Table 3 also presents the average surface-fluid parameters C;
and its respective standard deviation for each surface sample con-
sidering only data for developed nucleate boiling as defined by
Saiz-Jabardo et al. [31]. These values of C; were obtained from
the heat transfer results based on the correlation presented by Li
et al. [32] and given as follows:

CpI ATsat

033 4" g 033
=0.013C."~ _ Pr 5
‘ {hmu, g(p - p,) : ©)

According to the method of Rohsenow [26], the HTC is inversely
proportional to the surface-fluid parameter while according to

v
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Table 3
Surface roughness, static contact angle and surface-fluid parameters, C and C;.
Surfaces Surface roughness, R, (m) Contact angle, 0 (°) Css C; from Eq. (4) Cto?
Smooth surface (SS) 0.05 95° 0.0147 1.4342 0.67 £0.09
Rough surface (RS) 0.23 75° 0.0107 1.2136 2.14+£0.11
SS-Low concentration (SS-LC) 0.49 20° 0.0126 0.3603 1.15+£0.04
SS-High concentration (SS-HC) 1.51 <10° 0.0148 0.3377 0.73+0.11
RS-Low concentration (RS-LC) 0.38 20° 0.0123 0.3540 1.11 £ 0.06
RS-High concentration (RS-HC) 0.80 14° 0.0141 0.2862 0.75 £ 0.05

2 Estimated based on experimental results.

the method of Li et al. [32] the HTC increases with increasing Cs. To
apply the method of Rohsenow [26] the surface-fluid parameter
should be previously obtained based on pool boiling experimental
results. Moreover, in this method the effects of surface roughness
and contact angle are not explicit, while in the method of Li et al.
[32], the surface-fluid parameter is estimated as an explicit func-
tion of the contact angle and surface roughness.

According to Table 3 and as already expected, C;; decreases and
the value of C; estimated based on the experimental results
increases with increasing the surface roughness for the surfaces
without nanoparticles deposition. Curiously, the value of C; esti-
mated according to Eq. (4) decreases with increasing the surface
roughness. This behavior for the surfaces without deposition con-
tradicts the behavior of the heat transfer experimental data.

By decreasing the contact angle, and consequently, increasing
the wettability, it is expected that the liquid fills the larger cavities
available on the surface deactivating them and suppressing nucle-
ate boiling. This behavior would imply the increment of Cy and
reduction of experimental C; due to the decrease of the number
of active sites on the surface. However, according to Table 3, it
seems that the effect of the contact angle on the surface-liquid
parameter for the surfaces without nanoparticle deposition is
blurred due to the effect of large differences in the surface rough-
ness. It should be also taken into account that the pair fluid-surface
is the same in both cases and the contact angle difference is mainly
due to the distinct surface finishing.

For the surfaces covered with nanoparticles, different Cy;and Cs
behaviors, compared with the surfaces without deposition, are dis-
played in Table 3. Contrary to what is expected for surfaces with-
out nanoparticle deposition, Cy increases and experimental Cg
decreases with increasing surface roughness, independently of
the original surface roughness before the deposition.

Moreover, for the surfaces covered with nanoparticles, Cg
increases and experimental C; decreases with decreasing contact
angle according to the results presented in Table 3. This behavior
was already expected and is in agreement with literature. Unfortu-
nately, considering that surface roughness and contact angle are
both varying with deposition, it is not possible to segregate the
effect of only one of these variables on the surface-fluid parame-
ters based on the experimental results. This scenario is corrobo-
rated by the fact that superficial nanostructures and nanoporous
matrixes generated through a boiling process may perform differ-
ently than a superficial finishing obtained through a simple polish-
ing process using abrasive and emery paper. Moreover, the values
of Cg and C; are also influenced by the additional thermal resis-
tance resulting from the nanoparticles deposition on the surface
which values were not evaluated in the present study.

In general, according to Table 3, Eq. (4) underestimates the
effects of contact angle and surface roughness on the C; parameter
for the surfaces covered with nanoparticles.

4. Conclusions

An analysis on the effect of surface roughness and nanofluid
concentration on the HTC, using water as working fluid, were car-

ried out. A metallographic, roughness and wettability characteriza-
tion, after the deposition process by nanofluid pool boiling
technique, were presented. The main results are summarized as
follows:

v+ Increasing the concentration of the nanofluid also increases the
surface roughness;

v+~ The nanofluid pool boiling process causes an increase in the sur-
face wettability independently of the original surface rough-
ness. This behavior was noticed by the decrease of the static
contact angle;

v The coated layer formed on the rough surfaces provides a bar-
rier to the heat transfer and reduces the bubble nucleation,
which may lead to a reduction in the number of microcavities
and an increase in the thermal resistance of the surface, there-
fore degrading the HTC;

v~ For smooth surfaces, the deposition of nanoparticles tends to
increase the nucleation sites density, increasing the boiling heat
transfer. However, an increment in the HTC only occurs for low
nanofluid concentrations, for which the effect of the thermal
conductivity of the nanofluids is more dominant than the effect
of the thermal resistance of the nanolayer formed on the heat-
ing surface.
Different Cy and Cs behaviors were found for the surfaces cov-
ered with nanoparticles as compared with the surfaces without
deposition. The values of Cy and C; are influenced by the addi-
tional thermal resistance resulting from the nanoparticles depo-
sition on the surface which values were not evaluated in the
present study. In general, the parameter of heating surface Cj,
as expressed in Eq. (4), underestimate the effects of contact
angle and surface roughness for the surfaces covered with
nanoparticles.
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