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Abstract. The fluid/surface interaction has an important influence on pool boiling phenomena and can be large
affected by changing the surface roughness or the working fluid properties. This paper mainly focuses on the effect of
surface roughness and nanofluid concentration on the wettability and also, on the heat transfer coefficient (HTC). In
order to analyze the interaction between the surface roughness and nanoparticles deposited on the heating surface, the
tests were performed on copper heating surfaces with different roughness values. The nanostructured surfaces were
produced by maghemite and alumina nanoparticle deposition, for different mass concentration, via nanofluid boiling
process. All surfaces were submitted to metallographic, roughness and wettability analysis. The roughness of
nanocoated surface is a function of the boiled nanofluid concentration. As the nanofluid concentration increases the
surface roughness increases and the contact angle decreases, characterizing a hydrophilic behavior. Concerning the
heat transfer coefficient, it was observed that the smooth surface has the lowest values compared to the other samples.
The porous nanolayer formed on the rough surfaces increases the thermal resistance of the surface, degrading the heat
transfer; for smooth surfaces, the nanoparticle deposition increases the microcavities, increasing the boiling heat
transfer. However, this enhancement only occurred for low nanofluid concentrations, for which the thermal
conductivity of the nanofluid overcomes the thermal resistance of the nanolayer formed on the surface.
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1. INTRODUCTION

The application of nucleate pool boiling is common in many systems that need to dissipate high heat fluxes, such as
nuclear reactors, macro and microelectronics, refrigeration and air-conditioner, among others. There are many variables
that influence the boiling heat transfer, such as, the thermophysical properties of the working fluid and the heating
surface morphology (Carey, 1992). In the last decades, researchers have been trying to develop more efficient heat
transfer fluids to improve process efficiency and reduce operational costs. This is where nanofluids could play a key
role, because they could potentially increase the boiling heat transfer.

The use of nanofluids on nucleate pool boiling have been extensively investigated because of their high thermal
conductivity as well as the nanoscale structures deposited on the heating surface. However, the influence of nanofluid
on the boiling heat transfer coefficient (HTC) has not been fully comprehended. Weng and Ding (2005), Soltani et al.
(2009), Ahmed and Hamed (2012) e Wen (2012) reported a HTC enhancement of 30% to 40% as compared to pure
water case. Moreover, Harish et al. (2011) found an increase of 90% in the HTC for Al,Os-water nanofluid as compared
with pure water tests. In contrast, HTC deterioration were reported by Das et al. (2003), Bang and Chang (2005), Kim
et al. (2007), Kwark et al. (2010), Shahmoradi et al. (2013) and Sarafraz and Hormozi (2014).

The differences on the HTC behavior occur mainly due the nanoparticle deposition on the heating surface. Narayan
et al. (2007) introduce a surface-interaction parameter (SIP), which is the ratio between the average surface roughness,
R., and the average diameter of the nanoparticle, d,. According to the authors, when SIP > 1, the HTC increases due to
the nanoparticles deposition in the cavities splitting a single active cavity into multiple ones. The Narayan parameter
was used by other authors (Harish e al., 2011; Raveshi et al. 2013), and it proved to be a suitable parameter to
predicting the interaction between heating surface roughness and deposition of nanoparticles.

Others researches indicate that low nanofluids concentrations, lower than 0.01 vol.%, promote the boiling heat
transfer. According to them, nanoparticle deposition occurs at a slower rate and the effect of the thermal conductivity of
the nanofluid is more dominant than the effect of the nanoparticle deposition on the surface (Ahmed and Hamed, 2012;
Shahmoradi ef al., 2013). For high nanofluids concentrations, the nanoparticle deposition occurs at a higher rate leading
to a decrease in the number of active nucleation sites and an increase in the thermal resistance on the heating surface
(Vafaei, 2015). Additionally, the nanoparticle deposition on the heating surface can increase the surface wettability
reducing the nucleation sites density and degrading the HTC (Sarafraz et al., 2016).

The aim of this work is to analyze the effect of the surface roughness and nanofluid concentration on the surface
wettability, as well as the effects on the HTC behavior.
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2. MATERIALS AND METHODS
2.1 Test surfaces preparation

The tests were performed on copper heating surfaces with different roughness values, corresponding to a smooth
surface (R, = 0.05 pum, namely SS) and a rough surface (R, = 0.23 pm, namely RS). Prior to the pool boiling tests, all
surfaces were cleaned with acetone.

Ten different copper surfaces, eight of them being nanocoated, were analyzed. These surfaces consisted of one
smooth surface (SS); one rough surface (RS); four smooth surfaces with nanoparticle deposition, at low and high
concentration of Fe,Osz-water or Al,Os-water nanofluid (namely Fe-SS-LC, Fe-SS-HC, Al-SS-LC, and Al-SS-HC) and
four rough surfaces with nanoparticle deposition, at low and high concentration of Fe,Os-water or Al,Os-water
nanofluid (namely Fe-RS-LC, Fe-RS-HC, Al-RS-LC and AI-RS-HC). The nanocoated surfaces were obtained by the
boiling process, applying a heat flux range of 100 to 800 kW/m?, of Fe,Os-water or Al,Os-water nanofluid. In order to
verify the influence of nanolayer thickness on the surface roughness and wettability, two different nanofluids
concentrations, 0.029 g/l (corresponding to low nanofluid concentration) and of 0.29 g/l (corresponding to high
nanofluid concentration), were used.

The Fe,Os-water based nanofluid, with an average particle size of 10 nm, was synthesized following Massart’s
method (1982), in which Fe," and Fe;" salts are precipitated in an alkaline medium and then dispersed in water. The
Al,Os-water based nanofluid, with an average particle size of 10 nm, was prepared by the two-step method that involves
generating nanoparticles and subsequently dispersing them into deionized water.

2.2 Pool boiling setup

The boiling chamber (Fig. 1) consists of a cube of 5 mm thick glass walls and overall dimensions 170 x 170 x 180
mm, which involves a borosilicate tube of internal diameter 90 mm, height 180 mm, and wall thickness 10 mm.
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Figure 1. Pool boiling apparatus.

The test section consists of a copper block (20 mm diameter) with three K-type thermocouples fixed in the
cylindrical part to determine the wall temperatures and the heat flux. The copper block is heated by one cartridge
resistance with a maximum power of 300 W. The thermal insulation of the test section consists of
polytetrafluoroethylene and vermiculite.

The temperature readings were acquired from the thermocouples by the data acquisition system Agilent 34970A.
The heat transfer coefficient was calculated using the Newton's law of cooling given by

he_ 4 (1)
Tw - sat(patm)

where Tw is the measured temperature, and Tsat(patm) corresponds to the saturation temperature of the water at
atmospheric pressure

In order to ensure the steady state regime was achieved, each test had a duration of 1350 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. The temperature uncertainty was + 0.4 °C. For all surfaces tested, the experimental uncertainty for the
heat flux and for the heat transfer coefficient varied from 15.0 % to 1.7 %, and from 17.5 % to 3.1 % respectively.

2.3 Surface characterization techniques
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Different techniques were used to obtain the surfaces characteristics, prior and after each test:
» Structural and chemical information by scanning electron microscopy (SEM), performed by the EVO LS15

Zeiss® scanning electron microscope;
» Average surface roughness (R,), with the same scanning area for all surfaces, by a Mitutoyo Surftest SJ 301

model;
> Static contact angles measure by analysis of pictures of a sessile droplet (20 pl of deionized water, Fe,Os-water

or Al,Os-water nanofluid) using an experimental apparatus showed in Fig. 2.
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Figure 2. Experimental apparatus to measure the contact angle.

The apparatus to measure the static contact angle consists of a test surface, a camera, a green LED light source, a
light diffuser and an aluminum plate where the test surface is fixed. The measurements were made for two different
randomly selected locations on the surfaces. The pictures were analyzed using image post processing software to shape

the deionized water droplet.

The calibration process, based on that developed by Netto et. al. (2013) and by Kiyomura et. al. (2015) was
validated by comparison with known angles. Semispherical bodies namely A, B and C made of glass were used, with
shapes similar to the 2D image of the droplet positioned on the surface as one may observe in Fig. 3.

-

Figure 3. Semi-spherical proof bodies used to validate the contact angle measurements.

Three distinct operators analyzed each image and measured its contact angle by using image post processing
software. Table 1 compares the contact angle based on the measurements and the respective estimated value from
geometrical relations. The mean absolute error (MAE) value confirms that this method of picture analysis of a sessile

droplet is accurate.

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 76.90 81.56 93.92
Operator 2 74.69 80.68 94.86
Operator 3 76.45 80.50 94.51
N
MAE = iz Feate ~Corp 1.04% 0.97% 0.47%
N i=1 Hcalc

In the Table 2, one may observe the different copper surfaces tested in the present study and the respective
metallographic analysis.
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Table 2. Metallographic analysis for all surfaces tested in the present study.

SEM

Surface

) .

RS
Fe-SS-LC .
Fe-SS-HC

{

Fe-RS-LC
Fe-RS-HC .
Al-SS-LC .

EDS
Element Weight%
C 2.94
(0] 1.77
Al 0.69
Cu 94.60

Element Weight%
C 4.43
0] 1.67
Al 0.52
Cu 93.37
Element Weight%
(0] 32.85
Fe 53.32
Cu 13.83
Element Weight%
C 4.40
(0] 31.99
Fe 55.23
Cu 8.38
Element Weight%
0] 32.33
Fe 4522
Cu 22.45
Element Weight%
C 4.00
0] 32.09
Fe 52.19
Cu 11.72
Element Weight%
(0] 26.14
Al 10.78
Cu 63.08
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Element Weight%

(0] 61.27

Al-SS-HC Al 37.29
Cu 1.44

Element Weight%

(0] 19.94

Al-RS-LC Al 9.01
Cu 71.05

Element Weight%

(0] 60.80

Al-RS-HC Al 37.62
Cu 1.58

3. RESULTS AND DISCUSSION

The experimental results showed that the enhancement or deterioration of nanofluids boiling heat transfer is
strongly affected by the relative size between nanoparticles and heating surface morphology, and the interactions
between them. In Figure 4, one may observe the boiling HTC curves for pure water as compared to the Fe,Os-water and
Al,Os-water nanofluids, for different surfaces roughness and nanofluids concentrations.
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Figure 4. Boiling HTC curves for pure water, Fe,Osz-water and Al,Os-water nanofluids. (a) smooth surface. (b) rough
surface.

The nanoparticles deposition occurred for all surfaces tested, being more pronounced for high heat fluxes (higher
than 400 kW/m?). The nanoparticles deposition not only increases the surface roughness but also changes the surface
wettability. In Figure 5a, it is shown the surface roughness R, before and after nanofluid boiling process against
nanofluid concentration, for rough and smooth surface and for Fe,Osz-water and Al,Osz-water nanofluids. Similarly, in
Figure 5b, it is shown the pure water static contact angles for each surface against the nanofluids concentration.
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Figure 5. Heating surface behavior before and after nanofluid boiling process for different nanofluid concentrations.
(a) surface roughness. (b) pure water static contact angles.

Figure 6 shows the static contact angle measurement for clean rough and smooth surfaces using pure water droplet,
and also, Fe,Os-water and Al,Osz-water nanofluids droplet.
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Figure 6. Static contact angle for clean rough and smooth surfaces using Fe,Os-water and Al,Os-water nanofluids

droplet.

As can be seen in Fig. 6, both nanofluids increase the surface wettability due the change on the surface tension,
caused by adding nanoparticles on the base fluid (Bhuiyan et al., 2015). However, the wettability enhancement is more
pronounced on the nanocoated surfaces, produced by the nanofluids boiling process (Fig. 5b). Also, the nanolayer
formed on the heating surface increases the average roughness surface.

The surface roughness and the static contact angle depend on the working nanofluid and the nanofluid
concentration. As nanofluid concentration increases the surface roughness, wettability and nanolayer thickness also
increase.

Other researchers also reported changes in the heating surfaces after nanofluid boiling process, such as static
contact angle reduction and surface roughness enhancement (Giljean et al., 2011, Gu et al., 2014, Cieslinski et al.,
2014). According to Zhang and Jacobi (2015), there is a relationship between the bubble nucleation sites and the
nanoparticle deposition process, and also, the surface roughness and the static contact angle is a function of the original
surface characteristics. In contrast to Zhang and Jacobi (2015), in the present work the original surface characteristics
have less influence on the wettability behavior than the nanofluid concentration.

Regarding to heat transfer performance, the HTC for rough surface and for Fe,Osz-water and Al,Os-water nanofluids
has no change up to the 300 kW/m? as compared to pure water (Fig. 4b). For high heat fluxes values, it was observed
deterioration in the HTC as compared to the pure water boiling curve. This could be explained by the decrease in the
nucleation site density and, consequently, in the bubble frequency and its departure diameter, since the nucleation sites
are filled by the nanoparticles and the static contact angle decreases. Moreover, as the nanofluid concentration increases
the nanolayer formed on the heating surface also increases, leading to an enhancement in the thermal resistance and
degradation in the HTC.

For smooth surfaces and for low nanofluid concentration (Fig. 4a), it was observed an increase in the boiling heat
transfer for both Fe,Os-water and Al,Os-water nanofluid. This behavior is mainly due to the increase in the surface
roughness by splitting a single nucleation site into multiple ones, leading to the enhancement in the HTC. It agrees with
Narayan et al. (2007), who reported an enhancement in the HTC when SIP > 1. The nanofluid thermal conductivity can
also play a role to increase the HTC, since the nanoparticles dispersed in the base fluid increase its thermophysical
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properties. Also in Fig. 5a, as the nanofluid concentration increases the thermal resistance due to the nanoparticle
deposition on heating surface overlaps the surface roughness enhancement, thus deteriorating the HTC for both working
nanofluids.

4. CONCLUSIONS

An analysis on the effect of nanofluid concentration and the surface roughness on the wettability and on the HTC
was carried out. A metallographic, roughness and wettability characterization, before and after the nanofluid pool
boiling tests was presented. The main results are:

v The nanofluids decrease the static contact angle, and this behavior is more pronounced on the nanocoated

surfaces, produced by the nanofluids boiling process.

v' The surface roughness and the static contact angle depend on the working nanofluid and the nanofluid
concentration. As nanofluid concentration increases the surface roughness, wettability and nanolayer thickness
also increase. In the present work, the original surface characteristics had less influence on the wettability
behavior than the nanofluid concentration.

v" For smooth surfaces and for low nanofluids concentration it was observed an enhancement in the HTC as
compared to pure water, which is related to the increase in the nucleation sites density, due to changes in the
surface morphology during nanofluid pool boiling. For rough surfaces and for low nanofluids concentrations,
the HTC decreased mainly due to the decrease in the nucleation site density, since the nucleation sites are filled
by the nanoparticles.

v' Boiling heat transfer degradation was observed for high nanofluid concentration independently of the surface
roughness. The thicker porous nanolayer formed on the heating surfaces increases the thermal resistance of the
surface, degrading the HTC.
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