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Abstract. This work aims to analyze the heat transfer performance during pool boiling of DI water on copper surfaces 

coated with maghemite nanoparticles. The nanocoated surfaces were produced by maghemite nanoparticle deposition, 

for different mass concentrations (0.029 and 0.29 g/l, corresponding to low and high nanofluid concentration, 

respectively), via boiling process of Fe2O3-deionized water nanofluid. Two sets of experiments were performed in this 

study to reveal the potential effect of nanoparticles deposition on the heat transfer. (i) Firstly, pool boiling of Fe2O3-DI 

water nanofluid were carried out on copper surface by applying heat flux in steps ranged from 100 to 800 kW/m²; and 

secondly, by applying a fixed heat flux of 500 kW/m². (ii) After the deposition process, pool boiling experiments were 

carried out on each of the copper surfaces coated with maghemite nanoparticles using deionized water as working 

fluid at atmospheric pressure and under saturated conditions. All samples were submitted to metallographic, 

roughness and wettability analysis. Changes in the boiling surface morphology, wettability and thermal resistance of 

the heating surface owing to nanoparticles deposition are dependent on the heating mode. Besides, 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. The heat transfer performance depends on the nanofluid 

concentration, the original surface roughness and the heating mode. 
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1. INTRODUCTION 

 

The enhancement of nucleate boiling using different treated surfaces has been an interesting challenge for 

researchers looking for industrial applications, particularly in microelectronics, which combines miniaturization with a 

volume restriction for the cooling liquid. 

Several researchers have been conducting tests on nucleate pool boiling using nanostructured surfaces. Those 

researchers generally accept the idea of an enhancement in the CHF (Dinh et al., 2004; Wen and Ding, 2005; Heitich et 

al., 2014; Souza et al., 2014). However, the same cannot be said for the HTC, because different results have been 

observed during pool boiling on nanostructured surfaces (Heitich et al., 2014; Souza et al., 2014; Bang and Chang, 

2005; Kim et al., 2007; Ahmed and Hamed, 2012). Heitich et al. (2014) analyzed the effect of nanostructured surfaces 

on the nucleate boiling of water, at saturation temperature and atmospheric pressure. In the experiment, the 

nanostructured surface consisted of a Constantan tape nanocoated with molybdenum (achieved by sputtering process) 

and maghemite (obtained by nanofluid evaporation technique). Intensification in the surface wettability of the 

nanocoated surfaces was observed, thus causing the CHF to increase. Also, an enhancement in the HTC of the rough 

surface was detected, whilst for the other surfaces an increase in the HTC was achieved only for high heat fluxes.  

Souza et al. (2014) studied the effect of the deposition of γ-Fe2O3 nanoparticles (10 and 80 nm diameter) on a 

horizontal surface (Ra = 0.16 μm), using HFE7100 as working fluid. In this experiment, two main conditions were 

considered - unconfined and confined boiling. A HTC increment was found for the nanostructured surface with smaller 

nanoparticles as compared to the surface without deposition. The results for the larger nanoparticles showed a decrease 

in the HTC as compared to the case without deposition. The authors then concluded that the microstructure of the 

heating surface, corresponding to quantity and size of surface defects, influences the heat transfer process.  

Others authors (Bang and Chang, 2005; Kim et al., 2007; Ahmed and Hamed, 2012) varied the concentration of the 

nanofluids for a fixed value of nanoparticle diameter and surface roughness, and they reported a deterioration in the 
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HTC. Ahmed and Hamed (2012) pointed out that the nanofluid concentration is also an important parameter to be 

considered in nanofluid pool boiling studies, since the deposition of nanoparticles occurs at a slower rate for low 

concentration of nanofluids (0.01 vol.%), then resulting in a HTC enhancement. This behavior is due to the thermal 

conductivity of nanofluids being more dominant than the nanoparticle deposition on the surface.  

The modification in the behavior of both the CHF and HTC can be explained by the changes in the surface 

wettability and the number of microcavities caused by the nanostructured surface. In the case of the CHF enhancement, 

the nanoparticles deposition improved the wettability of the heating surface (Kim and Kim, 2007, Golubovic et al., 

2009, Kiyomura et al., 2015, Park et al., 2014), 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 nanoparticles deposition generated a 

porous layer on the heating surface that led 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, since the bubble frequency 

and its departure diameter decreases with the nanostructure layer, as summarized by Ignácio et al. (2015). 

Kiyomura et al. (2016) carried out pool boiling experiments using copper surfaces with different roughnesses and 

deionized water as the working fluid under saturated conditions. The nanostructured surfaces were produced by boiling 

process of Fe2O3-water based nanofluid, with different nanofluid concentrations. According to the authors, the highest 

HTC were obtained for the nanocoated smooth surface (at low nanofluid concentrations).  

The aim of this work is to analyze the effect of the heating mode on the nanocoating process by using the nanofluid 

pool boiling technique, as well as the effects on the HTC behavior for the nucleate boiling regime of water. 

 

2. MATERIALS AND METHODS 

 

2.1 Pool boiling apparatus 

 

In the present study, the boiling chamber (Fig.1) consists of a glass cube involving a hollow borosilicate glass tube 

with an internal diameter of 90 mm, 180 mm in height, and wall thickness of 10 mm. 

 

 
Figure 1. Pool boiling apparatus. 

 

In the gap between the glass cube and the glass tube there is a forced flow of water whose temperature is controlled 

by a thermostatic bath, in order to maintain the temperature of the working fluid close to the saturation temperature. A 

second thermostatic bath is used to control the temperature of the condenser located at the top of the boiling chamber. A 

pressure transducer measures the pressure inside the boiling chamber, which must be maintained at local atmospheric 

pressure during the boiling tests.  

The test section consists of a copper block (20 mm diameter and 60 mm height) containing three thermocouples type 

K fixed inside holes at the radial center of the copper cylinder, to determine the wall temperatures and the heat flux. The 

copper block is heated by a cartridge resistance (with a maximum power of 300 W at 220 V applied). The thermal 

insulation of the test section consists of polytetrafluoroethylene and vermiculite. Figure 2 shows the test section 

assembly.  
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(a)                                                                      (b) 

Figure 2. Test section assembly (a) exploded view. (b) cut view. 

 

The temperature readings were acquired from the thermocouples by the data acquisition system Agilent 34970A. 

Each test had duration of 1500 s for each heat flux applied, but only the temperature data for the last 500 s 

(corresponding to 100 experimental data points) of the test interval were acquired, in order to ensure the steady state 

regime was achieved. 

The heat transfer coefficient was calculated using the Newton's law of cooling given by: 
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where 𝑇𝑤 is the measured temperature, and 𝑇𝑠𝑎𝑡 (p𝑎𝑡𝑚) corresponds to the saturation temperature of the water at 

atmospheric pressure. 

 

2.2 Test surface preparation 

 

The copper surfaces were polished using two different methods, one corresponding to a smooth surface (Ra = 0.05 

μm, namely SS), which was mechanically polished, and a rough surface (Ra = 0.23 μm, namely RS), which was 

manually polished.  

The polished cooper heater surfaces namely SS and RS were coated with maghemite nanoparticle during pool 

boiling of Fe2O3-water nanofluid using different heating modes: by applying a varying heat flux (VHF) ranged from 

100 to 800 kW/m² and, by applying a fixed heat flux (FHF) at 500 kW/m². In order to verify the influence of 

nanoparticles layer thickness on the surface roughness and wettability, two different nanofluids concentrations were 

used: 0.029 g/l (corresponding to low nanofluid concentration, LC) and 0.29 g/l (corresponding to high nanofluid 

concentration, HC). The Fe2O3-water based nanofluid, with an average particle size of 10 nm, was supplied by the 

NFA/Instituto de Física - Universidade de Brasília.  

Ten different copper surfaces, eight of them being nanostructured, were analyzed. These surfaces consisted of one 

smooth surface (SS), one rough surface (RS), two smooth surfaces with nanoparticle deposition by varying heat flux (at 

low and high nanofluid concentrations, VHF-SS-LC and VHF-SS-HC, respectively), two smooth surfaces with 

nanoparticle deposition by fixed heat flux (at low and high nanofluid concentrations, FHF-SS-LC and FHF-SS-HC, 

respectively), two rough surfaces with nanoparticle deposition by varying heat flux (at low and high nanofluid 

concentrations, VHF-RS-LC and VHF-RS-HC, respectively) and two rough surfaces with nanoparticle deposition by 

fixed heat flux (at low and high nanofluid concentrations, FHF-RS-LC and FHF-RS-HC, respectively).  

In the present study the nanostructured surface was obtained through a process of vigorous boiling of nanofluid for 

two different mass concentrations and for two different heating modes. After that, the nanofluid was removed from the 

boiling chamber and the modified heating surface was used in the boiling tests without removing the layer of deposited 

nanoparticles. Thus, experimental tests were performed to investigate the potential effect of nanoparticles deposition on 

the pool boiling heat transfer. The experiments were conducted using deionized water as the working fluid under 

saturated conditions at atmospheric pressure.  

The same procedure was applied to all samples in order to ensure repeatability. The temperature uncertainty was ± 

0.4 ºC. For all surfaces tested, the experimental uncertainty for the heat flux and for the heat transfer coefficient varied 

from 15.3 % to 1.6 %, and from 15.9 % to 2.6 % respectively. 

 

2.3 Surface characterization technique 
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Prior and after each test, different techniques were used to obtain the surfaces characteristics such as, scanning 

electron microscope (SEM), surface roughness (Ra) by a rugosimeter and static contact angles measurements by 

analysis of pictures of a sessile droplet of water using image post processing software. The scanning electron 

microscope (SEM) and surface roughness (Ra) characteristics were performed by using EVOLS15 Zeiss® with a 

magnification of 1000x and rugosimeter (Mitutoyo Surftest SJ 301 model) with measuring range of −200 μm to +150 

μm (uncertainty of ± 0.005 µm), respectively.  

 

Surfaces Before nanofluid pool boiling 
After nanofluid pool boiling at 

of 500 kW/m² (FHF) 

After nanofluid pool boiling 

ranged from 100 to 800 

kW/m² (VHF) 

Smooth 

surface 

(SS-LC) 

   

   
Ra = 0.05 µm Ra = 0.23 µm Ra = 0.48 µm 

Smooth 

surface 

(SS-HC) 

   

   
Ra = 0.05 µm Ra = 0.46 µm Ra = 1.51 µm 

Rough 

surface 

(RS-LC) 

   

   
Ra = 0.23 µm Ra = 0.24 µm Ra = 0.38 µm 

Rough 

surface 

(RS-HC) 

   

   
Ra = 0.23 µm Ra = 0.43 µm Ra = 0.80 µm 

Figure 3. SEM images of smooth and rough surfaces, before and after nanofluid pool boiling, with two different mass 

concentrations and for two different heating modes. 
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Figure 3 shows the surface condition for smooth and rough copper surface before and after the pool boiling of 

Fe2O3-water based nanofluid experiments for two different mass concentrations and for two different heating modes. 

The apparatus used to measure the static contact angle as shown in Fig. 4 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 the same procedure as 

described by Kiyomura et al. (2016). 

 

 
Figure 4. Experimental apparatus to measure the contact angle. 

 

2.4 Boiling apparatus validation 

 

In order to validate the pool boiling apparatus, tests were carried out for DI water on the smooth (SS) and rough 

(RS) heating surfaces. The experimental values, the curve fitting and the predicted values are plotted in Fig. 5. The 

curve fitting was based on the relation between the heat transfer coefficient and the heat flux, expressed as follows: 

 
n'q'Ch              (2) 

 

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 (1952) correlation as follows: 
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where s = 1 and r = 1/3 for water and, μl, 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. The 

thermophysical properties were obtained at local atmospheric pressure (psat = 98 kPa). Csf is a coefficient that depends 

on the material of the heating surface, the surface roughness and the working fluid.  

As suggested by Vachon et al. (1968), the authors assumed Csf values of 0.0147 and 0.0107 for SS and RS, 

respectively. As shown in Fig. 5, the predicted values agree well with the experimental data with a mean absolute error 

(MAE) of about 4% for smooth surface and 7% for rough surface. It can be noticed that the values of n obtained using 

Eq. (2) is about 0.77, agreeing with Stephan (1992) who reported that, in the nucleate boiling regime, the value of n 

generally lies between 0.6 and 0.8. 

 

 
Figure 5. Pool boiling apparatus validation for both smooth and rough surfaces. 

Light Source 

Light Diffuser 

Camera 

Test Section 
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3. RESULTS AND DISCUSSION 

 

Figures 6 and 7 show the pool boiling curves obtained for the smooth and rough surfaces (without deposition) and 

nanocoated surfaces. As can be seen in Fig. 6, the nanocoated surfaces showed a better heat transfer performance than 

the smooth one; moreover, the deposition process also affected the pool boiling performance results. 

 

 
Figure 6. Pool boiling curves for water on smooth surface with different characteristics and for different heating modes. 

 

In Figure 7, the nanocoated rough surfaces showed a worse heat transfer performance than the rough surface 

(without deposition); however, a lower wall superheating temperature was observed for the FHF nanoparticle 

deposition method compared with the VHF nanoparticle deposition method.  

 

 
Figure 7. Pool boiling curves for water on rough surface with different characteristics and for different heating modes. 

 

The HTC degradation observed for the nanocoated rough surfaces obtained through VHF nanoparticle deposition 

method may be due to the thicker nanolayer deposited on the heating surface. The pool boiling of Fe2O3-water 

nanofluid by applying a varying heat flux (VHF) increases the nanoparticle deposition rate for high heat flux values 

increasing the nanolayer thickness and, consequently, the thermal resistance of the heating surface. In addition, the 

nanofluid concentrations used for the coating process also play an important role on the surface changing morphology, 

since the low concentration nanofluid showed a higher heat transfer coefficient. These behaviors are consistent with 

those observed in the studies of Ahmed and Hamed (2012) and Vafaei (2015). 

Taking into account only the nanostructured surfaces, the decrease in the wall superheat temperature and 

enhancement in pool boiling performance was observed to be more pronounced with the FHF nanoparticle deposition 

method independently of the original surface roughness considered in the present study.  

The analyzes of the changes in the heating surface morphology considering their roughness and wettability before 

and after the coating process are presented in Fig. 8 and Fig. 9. 
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Figure 8. Heating surface roughness (Ra) before and after coating process for different nanofluid concentrations. 

 

 
 

Figure 9. Static contact angle for smooth, rough and nanocoated surfaces using water droplet. 

 

According to the results displayed in Figs. 8 and 9, the roughness of the nanocoated surface and the static contact 

angle are function of the nanofluid concentration and the original surface condition. As the nanofluid concentration 

increases the surface roughness (Ra) also increases, independently of the heating mode. This increase is more 

pronounced for the VHF nanoparticle deposition method and smooth surface. This behavior is mainly related to the 

increase in the nucleation site density, due to changes in the surface morphology during nanofluid pool boiling, leading 

to a better heat transfer performance compared to the smooth surface (without deposition), as shown in Fig. 6.  

Moreover, according to the static contact angle measurements, the contact angle decreases with increasing nanofluid 

volumetric concentration, for both smooth and rough surfaces and independently of the heating mode, such finding 

indicates an increase in the wettability. 

 

4. CONCLUSION 

 

In order to evaluate the effects of heating mode on nanoparticles deposition and on the HTC behavior, two methods 

were used to produce the nanostructured surfaces by nanofluid boiling process: one by varying the heat flux (VHF) and 

another by fixing the heat flux (FHF) applied. The pool boiling curves, using water as the working fluid, showed that 

the FHF method is able to deposit nanoparticles in such a way that the wall superheat is lower than the nanostructured 

surfaces produced by the VHF method. This implies that, compared with the nanocoated surfaces produced by the VHF 

method, higher heat flux can be achieved by using the nanocoated surfaces produced by the FHF method with relatively 

low surface superheating which could improve the efficiency and the safety margin of the thermal systems. 

The smooth nanocoated surfaces showed a better heat transfer performance than the smooth surface without 

deposition, independently of the heating mode. For the rough surfaces, all the nanostructured samples showed a 

decrease in the HTC compared to the rough surface without deposition, indicating that the thickness of the covering 
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layer deposited on the surface increases, leading to an enhancement of the thermal resistance with consequent 

degradation of the HTC. 
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