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Abstract: Superhydrophobic surfaces, bioinspired in the Lotus leaf have shown 

interesting properties of water repellence and self-cleaning ability, but difficulties 

arrive when they are subjected to demanding conditions. Superhydrophobic surfaces 

can also play a vital role in controlling heat transfer in two-phase systems, but a 

deeper description of the governing phenomena is needed. Furthermore, durability of 

the superficial treatment must be assessed according to the application of interest. In 

this context, this paper addresses the potential to use superhydrophobic bioinspired 

surfaces and hydrophilic (micro-patterned) surfaces in two applications involving heat 

transfer with phase change, namely pool boiling and spray impingement. Besides 

describing the role of the bioinspired features in the observed phenomena, using an 

innovative technique that combines high-speed visualization and time-resolved 

infrared (IR) thermography, one also evaluates the fabrication methods and surface 

durability. Water is used for pool boiling and for spray impingement systems 

(simplified by single droplet impact), while HFE700 is used in a pool boiling cooler 

for electronic components. The results show that surfaces durability was quickly 

compromised, for water pool boiling applications, as they are subjected to high 

temperatures (T>100ºC) during long time intervals (3-4h). For pool boiling of HFE 

7000, which has a much lower saturation temperature (~34ºC), the structures of the 

surfaces promote an increase of the heat transfer coefficient of 22.2%, when 

compared to a smooth surface. In this case, the superhydrophobicity played a 

secondary role, being the heat transfer enhancement governed by the topography. 

Droplet impingement was studied for surface temperatures ranging between 60-100ºC. 

A few milliseconds after impact, the droplet rebounds from the surface, thus not 

compromising its treatment. The results do not support the use of superhydrophobic 

surfaces to enhance the heat transfer for this application, but reveal great potential for 

situations in which the rebounding droplets should not become too hot (e.g. in some 

metallurgical applications). 

 

Keywords: Biomimetic, Pool boiling, Time resolved infrared thermography 

                                                             
*
 Corresponding author: Yan Liu Email: lyyw@jlu.edu.cn 



1 Introduction  

Superhydrophobicity is a particular wetting regime leading to the repellence of a 

liquid (water) by a surface. The wetting regimes are usually characterized by the 

so-called contact angle, which is measured at the equilibrium of the 

liquid-solid-vapour interfacial tensions acting on a droplet deposited on a surface. The 

angles are static, quasi-static or dynamic, depending on the velocity of the liquid-solid 

contact line (e.g. whether the droplet is still or spreads and recedes on the surface). 

There is still some discussion regarding the categorization of the wetting regimes, but 

it is usually accepted that superhydrophobic surfaces have contact angles larger than 

150º and a hysteresis (i.e. the difference between the quasi-static advancing and 

receding angle) lower than 10º. Conversely, hydrophilic surfaces (i.e. which attract the 

water) have contact angles lower than 90º. Superhydrophilicity is often considered for 

contact angles lower than 10º [1].  

Superhydrophobic surfaces are important in many industrial applications, e.g. [2-3]. 

Despite the variety of surfaces available, they are not always designed to cope with 

the actual needs. Biological surfaces, in contrast, depict high functionality, as they are 

optimized to perfectly fit to the desired functions. For instance, the Lotus leaf is still 

an impressive example of a superhydrophobic surface with high self-cleaning ability, 

which is strongly related to its micro-and-nano roughness [4]. Interesting 

superhydrophobic properties have also been identified for instance in rose petals [5] 

and more recently in English weed leaves [6]. Effective identification and transfer of 

the properties related to these features is not easy and additional complexity arrives 

when the surfaces are subjected to demanding conditions, which may compromise 

their durability. For instance, surface wettability is known to play a vital role in pool 

boiling heat transfer applications, but the durability of the chemical treatment is often 

a problem [7]. Previous studies reported in the literature [8-9] are consistent in the 

description of the wettability effect on pool boiling: for superhydrophobic surfaces, 

bubble nucleation starts at lower superheat values, given that the energy barrier 

necessary for nucleus generation is smaller. However, despite nucleation is favoured, 

the generated bubbles tend to stay attached on the surface, growing and promoting 

coalescence, leading to the formation of large vapour films that insulate the surface. 

This boiling behaviour lead to low heat fluxes removable by these kind of surfaces 

when compared to hydrophilic ones. On the other hand, hydrophilic or 

superhydrophilic surfaces require larger superheat to start bubble nucleation, but 

facilitate the bubble release. Following these observations, few authors [10] suggest 

the development of the so-called biphilic surfaces, i.e. superhydrophilic surfaces with 

superhydrophobic regions and report a significant enhancement of the heat flux that 

can be removed from these surfaces. However, the design of an optimum pattern is 

still far to be achieved and requires a deeper study on the fluid dynamics and heat 

transfer processes that govern the observed phenomena. Also, despite these 

encouraging results there is still a strong concern related to the most adequate process 

to produce the surfaces, which must be assessed according to the particular case of 

interest as it may strongly affect the application for which the surface is devised in 

many unexpected ways. In fact, modification of surface wettability, namely to create 



superhydrophobic characteristics requires combining techniques to alter the surface 

topography (e.g. chemical etching [11], plasma enhanced chemical vapour deposition 

[12], anodic oxidization [13] and sol−gel [14]) with chemical modification using 

low-surface energy materials. However, when dealing with pool boiling heat transfer, 

these procedures affect the boiling dynamics and consequently the heat transfer in a 

different way. Hence, while modifying the wettability at the expense of changing the 

surface chemistry, mainly acts on the onset of boiling and on the bubble release 

mechanisms, surface topography can simultaneously alter the wettability and the 

nucleation sites density, as well as strongly affect the interaction mechanisms.  

It is in fact known that micro-patterning the surface can improve the cooling 

performance of a system based on pool boiling e.g. [15]. Despite complex geometries 

were proposed in the literature, several authors e.g. [16-19] confirmed that arrays of 

etched cavities on the surface were an effective simple geometry capable of increasing 

the heat transfer coefficient up to 150%. Enhancement of the heat transfer results from 

the combined effect of the surface augmentation (increase of the contact area) and the 

promotion of the heterogeneous nucleation process by means of the etched cavities. 

However, these two parameters do not affect linearly the heat transfer coefficient. In 

fact, interaction mechanisms can be promoted decreasing the spacing between cavities 

and this can affect the boiling process. In particular, when horizontal coalescence 

occurs intensively, a corresponding degradation of the heat transfer coefficient was 

noticed. 

The aforementioned studies were performed in systems developed to investigate the 

pool boiling process. However when pool boiling is employed as a cooling technique, 

for example for electronic components, one must take into account the device to be 

devised for the cooling purpose, as a whole. Microprocessors thermal management is 

argued to be the largest limitation to the development of new processors in the near 

future, which demands for innovative cooling strategies [20-21]. Two of the most 

popular cooling strategies which are currently being explored involve liquid phase 

change and are based on pool boiling or on spray impingement. Two phase closed 

loop thermosyphon is an example of a device that reckon on boiling as a cooling 

mechanism. A two-phase closed loop thermosyphon consists in an evaporator and a 

condenser, connected through a passage or a loop. Heat is transferred from the source 

through an interface to the evaporator, where the fluid removes heat due to the boiling 

heat transfer mechanisms. The released heat is dissipated to the ambient from the 

condenser and the condensed liquid returns to the evaporator completing a closed loop. 

The density difference between the liquid and vapour creates a pressure head, which 

drives the flow through the loop, and as such no driving force is needed. For safety 

reasons, these systems usually work with dielectric fluids, which have lower 

thermophysical properties than more common and inexpensive fluids, such as water. 

To cope with this limitation in terms of the properties of these fluids, the use of 

structured surfaces in this kind of systems was investigated by e.g. [16-19] who 

confirmed the benefits achievable by using structured surfaces in enhancing the pool 

boiling heat transfer. However no direct link was proposed between the fundamental 

studies of the effect of the surface structure and the application of interest. In this 



context, difficulties are related to the fact that most hydrophobic surfaces do not repel 

other liquids and most of the existing coatings cannot hold very high temperatures, 

such as those achieved in many pool boiling systems for cooling purposes. 

Other very popular cooling solutions proposed in literature are based on spray 

impingement [22-23]. Given the complexity of the spray as a flow, numerous authors 

study an elementary representation of spray cooling system composed by single 

droplets impacting onto a heated surface. This is actually not so far from the real 

systems for microelectronics cooling, which actually deal with single droplets or with 

very sparse sprays [24]. Also in this case, wettability plays a vital role. For instance 

[25-26] evidenced that surface topography, wettability and liquid properties interact in 

a complex way to alter the wetting behaviour of droplets impacting at different 

surface temperatures. After impact, the droplet spreads radially over the surface in a 

process dominated by inertial forces until it reaches a maximum diameter in which 

these forces are balanced by surface tension and viscosity. To minimize its surface 

energy, the droplet recedes, being this motion repeated until equilibrium is reached. If 

the inertial forces immediately overcome the cohesive action of the surface tension, 

disintegration occurs, by a variety of mechanisms, which also depend on the liquid 

and surface properties, namely on wettability and topography [26]. For impacts on 

superhydrophobic surfaces however, air is often entrapped between the surface and 

the droplets and between the rough groves of the surfaces [25], thus favouring the 

spreading and reducing the action of viscous forces near the surface. The so-called 

pinning of the contact line is also often reduced, thus further limiting the energy 

dissipation at the contact line. Consequently the surface energy of the droplet at its 

maximum extent is high enough to favour the fast droplet recoil followed by a partial 

or complete rebound [27]. The actual governing mechanisms are however still not 

well described and despite the large number of studies focusing on droplet impact on 

surfaces, still rudimentary understanding is achieved when complex surfaces with 

modified topography and/or chemistry are used [28]. This knowledge is even sparser 

when the complexity of the surfaces includes hierarchical structures, such as those 

present in biomimetic surfaces, which requires demanding static and dynamic 

characterization methodologies, as recently reported by [6]. On the other hand, the 

intricate fluid dynamic and heat transfer processes are very difficult to model and 

even experimental studies providing quantitative analysis of the heat transfer are 

scarce, given the particularly demanding experimental conditions and the limitations 

in the current diagnostic techniques. Few interesting papers provide this kind of 

quantitative information [29-30] and in most of these studies, the heat transferred 

during the impact of a droplet onto a heating surface is usually evaluated based on 

measurements performed with thermocouples placed beneath the heating surface. 

Improved spatial resolution is achieved using IR (Infrared) thermography to obtain 

the temperature distribution on the heated surface during droplet impact [31] and/or 

on the droplet itself [32-33] although the later mainly focus on sessile droplets, so the 

technique still need further development and validation for more complex dynamic 

conditions. Particular issues are related to an accurate calibration and to the low 

temporal resolution provided by many of these IR studies.  



From the introduction reported here one can identify several topics to solve in the 

efficient implementation of a complex (and particularly a superhydrophobic surface) 

to enhance heat transfer in cooling systems based on liquid phase change. On one 

hand, the processes studied here (pool boiling and droplet/wall interactions) are still 

not entirely described and the role of complex surfaces is still far to be understood. In 

this context, the fabrication methods must be studied to vary the surface properties in 

a controlled and systematic way. Durability of the surfaces is also an issue considering 

the very harsh environment they are subjected to.  

For cooling systems based on spray/droplet impingement, studies addressing heat 

transfer are scarce and are limited to the existing diagnostic techniques.  

In line with this, the present work addresses a systematic study to devise the 

appropriate surfaces to enhance heat transfer processes with liquid phase change, in 

the context of an application to electronics cooling. Two cooling strategies are 

considered, namely pool boiling and spray/droplet impingement.  

In pool boiling experiments, surface chemistry and topography are addressed in 

different working conditions and different techniques are tested to prepare the test 

surfaces. The various surface parameters which are systematically studied are related 

to the physical processes that govern the observed phenomena. Different fluids are 

considered, namely water and a dielectric fluid (HFE7000 from 3M) to allow 

exploring a wider range of wetting properties and evaluate the effect of surface 

topography in extreme wetting scenarios. Assessment of the durability of the surface 

treatment, which is often omitted in the literature, plays a vital role in a real 

application, so it will be addressed here.  

Similar methodology is then implemented to devise the surfaces used in spray/droplet 

impingement applications. For this case study, a new diagnostic technique is proposed, 

the time resolved IR thermography, which is combined with high-speed visualization 

and image post-processing to provide additional information on the actual heat 

transfer processes occurring at the interface between the droplet and the complex 

surfaces tested here. Water is used as working fluid due to its high infrared emissivity.   

 

2 Materials and methods 

2.1 Preparation and characterization of the test surfaces 

 

Square surfaces (60x60 mm
2
) made of aluminium alloy were used. The composition 

of this 2024 Al alloy is 4.2 wt.% Cu, 1.5wt.% Mg，0.7 wt.% Mn, 0.2 wt.% Fe, and Al. 

The surfaces bioinspired in the Lotus leaf, were prepared following a fabrication 

method composed by two steps: construction of rough structures followed by 

chemical modification with low-surface-energy materials. The fabrication of the 

rough structures was made as follows: first, the samples were abraded using SiC 

papers (from 800 to 2000 grades), polished to mirror, ultrasonically cleaned for 10 

min in absolute ethanol (A.R. Beijing Chemical Works) and then dried under the room 

conditions. Afterwards, the microarray structures were produced by laser etching 

(FB20-1, New Industries, China). The system parameter was assessed of the depth 

and diameter of laser-ablated pits on the laser beam power and on the number of 



marks of the beam in the same pit. Chemical treating involves a solution of toluene 

(99.5%), DTS (CH3(CH2)11Si(OCH3)3) and absolute ethanol. 

Besides these superhydrophobic surfaces, micro-patterning test surfaces were 

prepared only by laser etching to focus on the sole effect of the patterns. The 

micro-patterns consist in arrays of circular cavities with 100µm in diameter and 15µm 

depth. The distance between cavities, S is subjected to a parametric study being varied 

between 800µm, 600µm, 400µm and 300µm. A smooth surface is taken as reference.  

The obtained samples were characterized by scanning electron microscopy (SEM) 

(JBM-7500F, Japan Electronic). The surface chemical composition was examined by 

X-ray photoelectron spectroscopy (XPS, SPECS XR50). The static water contact 

angles of the sample surfaces were evaluated using a contact angle meter (JC2000A 

Powereach, China) based on a sessile drop measuring method using distilled water 

droplets with a volume of 5 μL. The final values are taken from an average measured 

at five different points. The surfaces chemically coated have contact angles of 151º±3º, 

with a hysteresis lower than 4º, so they can be considered superhydrophobic, 

following the criteria of [1]. The uncoated hydrophilic aluminium surfaces, used here 

as a reference, depict typical contact angles of 35º. 

Figure 1 illustrates the contact angle measurement for a superhydrophobic surface, 

while Figure 2 depicts the SEM images evidencing the surfaces micro-structuring. 

 

Figure 1 Contact angle measurement for the devised superhydrophobic surfaces. 

 

 

 

 



 

 

Figure 2 Overview and SEM analysis of the micro-patterns, where the distance 

between adjacent cavities S is identified.   

 

2.2 Application of the surfaces to the cooling systems  

2.2.1 Pool boiling experiments using water: experimental set-up and procedures 

 

The experimental arrangement used to test the complex surfaces devised in the 

present work under pool boiling experiments using water is mainly composed by a 

boiling chamber, a degassing station and a waste tank. The boiling chamber is an 

aluminium tank (200x200x200 mm
3
) where the saturation pressure and temperature of 

the fluid are PID controlled, being isolated from the outside with thermal resistant 

natural rubber. The type K thermocouple which acquires the data to characterize the 

saturation state of the liquid is located 25mm above the test surface. The temperature 

and the pressure inside the boiling chamber are accurately controlled with a precision 

of 1
o
C and 1.6 mbar, respectively. The pressure is controlled with two electronic 

valves, which are actuated based on the measures given by a pressure transducer 

(OMEGA DYNE Inc.) inside the chamber, using a home-made software based loop 

control. This control system allows the pressure variations to be lower than 5mbar. 

The temperatures are sampled using type K and type T thermocouples. The signal is 

acquired and amplified by a National Instruments DAQ board connected with a 

BNC2120. 2.21mV/(W/m
2
). The surface temperature is measured with a T-type 

thermocouple that is coupled with the heat flux meter. The accuracy of this 

thermocouple is ±0.5K. 

The heating system comprises a copper cylinder, with a diameter of 20mm, inside 

which a cartridge heater (up to 315W) is placed. The cylinder is isolated with Teflon, 

from the outside. The surfaces are accommodated on the heating system using a 

custom made arrangement with bolts and springs, to assure reproducible thermal 

contact. The bolts contacting the surface are made from PEEK (polyether ether ketone) 

to minimize the heat that is dissipated from the surface to the bolts. The maximum 

heat transfer uncertainty measurements are evaluated to be 3.3%. 

The boiling curves are obtained under imposed heat flux conditions on the surface, 

under controlled pressure conditions, at 1 bar ± 10mbar for each surface and the 

curves constructed by varying the imposed heat flux in small steps of 1-5W until 

S 



reaching the maximum safe working temperature of the heat flux sensor (180ºC). 

Each final curve is averaged from 4 experiments. The curves are corrected 

considering the thermal resistance between the top of the surface and the heat flux 

sensor. 

 

2.2.2 Pool boiling experiments using HFE 7000: description of the cooling system 

and of the experimental procedures 

 

The pool boiling experiments using the dielectric fluid HFE 7100 were performed in a 

modular two phase close loop thermosyphon, which is being devised to work as a 

cooling system for microprocessors. Within this scope, a custom made heating system 

was devised to depict a thermal behaviour which is representative of that from a real 

CPU. This heating system comprises an external controlled transistor, placed and 

clamped beneath a heat spreader, which distributes by thermal conduction the heat to 

the test surface in contact with the boiling fluid. Figure 3 depicts the described 

assembly. 

 

Figure 3 Detail of the heating system used to simulate a CPU thermal behaviour. 

 

The thermal behaviour of the heating system was evaluated in constant imposed 

thermal load and in transient heat conditions and compared to those of a real CPU - 

Pentium 4 (SL7J8), based on a time resolved infra red (IR) thermal analysis using a 

high-speed infrared (IR) camera ONCA-MWIR-InSb from Xenics (ONCA 4696 

series). The detailed description of the procedures followed and the analysis of the 

obtained results can be found in [21]. 

The heating system is then integrated in the two phase closed loop thermosyphon 

experimental facility schematically represented in Figure 4. 

The evaporator consists on an Acrylic cylindrical reservoir of 42mm inner diameter and 

40mm height. A 2mm thick aluminium surface acts as interface between the liquid and 

the CPU heat spreader and comprise structured cavities to enhance heat transfer. Given 

that the applied chemical treatment does not repel the HFE7000, this set-up was mainly 

used to study the sole effect of surface micro-patterning, in the absence of extreme 

wetting scenarios. The vapour rises and the liquid falls through two transparent PVC 

tubes to allow flow visualization. The condenser consists on a flat tube and plain 

serpentine fins configuration with a frontal area of 120×120mm
2
 coupled to a standard 

12VDC 120mm fan. 

Seven K-type probe thermocouples by Omega measure the working fluid temperature 

at the inlet and outlet of the evaporator and condenser, the liquid saturation temperature 



in the evaporator, the air temperature at the inlet of the condenser fan and the junction 

temperature of the devised heating system. Temperature readings are acquired with a 

Data Translation DT9828 12-bit ADC card. A -1.2bar GEFRAN gauge pressure 

transducer is connected to the evaporator, acquired by a 12-bit NI USB-6008 card from 

National Instruments. Thermal power dissipated by the transistor due to Joule effect is 

acquired by voltage and current readings with a shunt precision resistor, using the 

abovementioned NI card. 

 

Figure 4 Schematic representation of the two phase loop thermosyphon system used to 

perform the boiling experiments with the dielectric fluid HFE7000. 

 

Pool boiling curves for HFE 7000 were obtained for PID controlled pressure 

conditions of 900 mbar. This particular operational pressure condition was chosen due 

to the fact that for the set-point of 900 mbar the system reaches stable conditions 

within the widest power range that can be tested in this arrangement: from 50W to 

150W. After data reduction, the results show that that in the abovementioned power 

range, inner pressure was maintained always within a maximum deviation of 3.12 

mbar from set-point and corresponding liquid temperature at 31.3ºC in average, 

among all collected data points, with standard deviation from the average 

measurements for each point of 0.2ºC. The adopted methodology consists on starting 

every experiment at maximum power, thus maximizing nucleation sites activation and 

decrease step by step the heat load until 50W. 

Each curve is averaged from 4 data sets, for each surface, two built for increasing 

power steps and two for decreasing power steps. 

Typical uncertainty of the instrumentation used was ±1°C for the temperature 

measurements, ±15 mbar for the pressure measurements and ±1.2% for the evaluation 

of the imposed heating power.  

 

 

 



2.2.3 Droplet impacts onto heated surfaces 

2.2.3.1 Experimental arrangement 

Single droplets with a fixed diameter D0=3.0±0.2mm are formed at the tip of a needle 

and fall on the test surfaces by action of gravity. The impact velocity is also fixed at 

U0=1.3m/s. The droplets impact perpendicularly to the surface. The relative 

uncertainty in evaluating the impact velocity is lower than 3%. The liquid is fed to the 

needle by a syringe pump, being kept at ambient temperature (20±3ºC).  

The test surfaces are accommodated on an aluminium base in which 2 cartridge 

heaters of 80W are placed. The temperature of the test surfaces is PID controlled with 

an uncertainty of ±1°C. 

Care is taken to assure that the surface is dry and recovers its initial temperature 

between droplet impacts. The experiments were performed using smooth aluminium 

and superhydrophobic surfaces, submitted to several heating conditions: 

Tsurface=40-60-80-100-110 ºC. 

 

2.2.3.2 High-speed visualization combined with time resolved IR thermography 

Droplet morphology at impact is recorded with a high-speed camera, Phantom v4.2 

with a frame rate of 1400fps@ 512x512 px
2
. For the optical configuration used here 

the spatial resolution was 25m/pixel. 

Simultaneous but not synchronised IR imaging of the temperature field in the droplet 

and at the liquid interface with the surface was obtained using a high-speed infrared 

(IR) camera ONCA-MWIR-InSb from Xenics (ONCA 4696 series), with a frame rate 

of 1400 fps and a typical resolution of 320x256 px
2
.
 
The investigated region of 

interest was 105x104 px
2
, corresponding to a pixel size of 30x30µm.  

An accuracy of ±2°C is obtained for the optical configuration used here. However, 

this camera has a very high thermal sensibility <17 mK which allows a clear 

definition of temperature gradients, that are the main focus of the analysis presented 

in section 3.3.  

An overview of the described set-up as well as of the positioning of the two cameras 

is depicted in Figure 5.  

 

Figure 5 Overview of the experimental set-up used during the study of the impact of 

droplet on heated surfaces. 

 



2.4 Working fluids 

 

Distilled water and HFE 7000 were the chosen working fluids. Water was used to 

infer on the super hydrophobicity of the used surfaces and due to its high infrared 

emissivity (ε=0.95). HFE 7000 was chosen due to its dielectric properties and low 

saturation temperature (Tsat=34ºC at 1013.25 mbar), which are particularly adequate 

for direct immersion cooling of electronic components. The main thermo-physical 

properties of the fluids are reported in Table 1. In addition, the large difference 

between the surface tension values of this liquid and of water allow exploring a wider 

range of wetting properties and evaluate the effect of surface topography in extreme 

wetting scenarios. 

 

Table 1 thermophysical properties of the working fluids (at Psat=1013.25 mbar) 

Property HFE 7000 Distilled water 

 

Saturation Temperature Tsat (º C) 

Liquid density ρl  (kg/m
-3

) 

Vapour density ρv (kg/m
-3

) 

Liquid dynamic viscosity µl (Ns/m) 

Specific heat Cpl (J/kgºC) 

Thermal conductivity of the fluid kl (W/m K) 

Latent heat of vaporization Hfg (kJ/kg) 

Liquid surface tension σlv (N/m)x10
-3

 

34 

1386.2 

8.22 

4.31x10
-4

 

1327.93 

0.075 

132.16 

12.4 

100 

957.8 

0.5956 

0.279 

4217 

0.68 

2257 

58 

 

3.  Results and discussion 

 

3.1 Complex surfaces applied to pool boiling of water: the effect of 

superhydrophobicity  

 

Pool boiling experiments are performed with distilled and degassed water. The 

resulting boiling curves, which is mainly the imposed heat flux as a function of the 

surface superheat, i.e. the increase of surface temperature above the saturation 

temperature of the working fluid at a constant pressure of 1bar, are depicted in Figure 

6, respectively for a smooth hydrophilic and superhydrophobic surfaces. The 

superhydrophobic aluminium surface was obtained combining surface 

micro-patterning with a chemical treatment, as described in 2.1. Although the 

patterning is important to achieve the hydrophobicity, the extreme non-wetting is 

obtained at the expense of the chemical treatment. Following the description reported 

in the literature, as revised in the Introduction, it was expected that the 

superhydrophobic surface would promote the onset of boiling to occur at very low 

superheat (1-2ºC), but then, as the forces acting on the bubbles preclude their release 

from the surface, promoting their horizontal coalescence, large vapour films should 

form at relatively low superheats (5-10ºC) insulating the surface and precluding its 



rewetting. As a result the heat flux should increase almost linearly with the surface 

superheat at much lower slope than that obtained with the hydrophilic (smooth) 

surface. Such trend is however not observed in Figure 6. Indeed the onset of boiling 

occurs at very low wall superheat for the superhydrophobic surface, but then at 

15-18ºC of wall superheat, the boiling curve depicts a steep increase in the heat flux, 

thus resulting in a significantly improved heat transfer performance when compared 

to the smooth hydrophilic surface (i.e. higher heat fluxes can be removed while 

keeping the wall superheat low and therefore allowing the surface to be cooled, to 

remain at low temperatures). Visual observation of the boiling process allows 

identifying a sudden change in the bubble dynamic mechanisms and in the flow near 

the surface, which seemed to be rewetted again, as this wall superheat (15-10ºC) was 

achieved. Such phenomenon can only occur if the surface loses its superhydrophobic 

properties, which means that the durability of the chemical coating was compromised. 

Figure 6 Boiling curves obtained for smooth and super hydrophobic surfaces. 

 

 

To confirm this hypothesis, the equilibrium contact angle was evaluated after the 

boiling experiments. As shown in Figure 7, which compares the measured contact 

angle before and after the boiling experiments, it is clear that the surface has lost its 

superhydrophobic characteristics, as the contact angle decreased from 152º (Figure 7a) 

to 35º (Figure 7b).  

 

 

 



 

a)           b)     

Figure 7 Equilibrium contact angle measured: a) before and b) after the boiling 

experiments. 

 

Given that, as aforementioned, the superhydrophobic characteristics were obtained at 

the expense of the chemical coating, it is evident that its durability was compromised 

most probably due to the violent and invasive nature of the nucleation and bubble 

dynamics processes, but also due to the high temperatures achieved during the test 

(between 100 and 150ºC). This fabrication method is therefore inadequate for pool 

boiling applications involving such high temperatures. Alternative techniques are 

currently being explored.  

The improved heat transfer performance of the superhydrophobic surface after the 

coating failure can be explained based on the fact that as the coating failure occurs the 

surface depicts a random biphilic pattern of hydrophilic/hydrophobic regions, which 

is expected to combine the advantages of both extreme wetting regimes, thus allowing 

an effective heat transfer enhancement. Also, visual observation of the boiling process 

also suggests that this coating failure induces a significant effect on bubble dynamics, 

allowing the formation and detachment of small bubbles, combined with large 

bubbles, which facilitates bubble detachment, endorsing the induced fluid motion and 

surface rewetting. Finally, besides the coating, the surface was micro-patterned, which 

is also expected to enhance pool boiling heat transfer, as explained in the Introduction.  

In line with this, it is important to analyse now the effect of surface micro-patterning, 

when the wettability is not taken to extreme (e.g. superhydrophobic) scenarios, as 

discussed in the following section.  

 

3.2 Complex surfaces applied to pool boiling of HFE7000: the effect of surface 

micro-patterning  

 

Considering that the coating could not be used in the pool boiling system, only 

micro-patterned surfaces were tested in the cooling system, described in detail in 

section 2.2.2. Due to its low surface tension, HFE7000 wets very well the surface 

(equilibrium contact angle is close to 0º), so one can isolate the effect of surface 

micro-patterning. The boiling curves obtained for HFE7000 on surfaces patterned 

with micro-cavities are reported in Figure 8. It is worth reminding that in this 



patterning method, the size and depth of the cavities are fixed, so that only the 

distance between cavities S is varied. Given that this set-up is designed to serve as a 

real cooling system for microprocessors, the wall superheat is defined based on the 

so-called junction temperature (Tjunction) of the die, which is the main parameter to 

consider, as high values of Tjunction (typically higher than 85ºC) can damage the 

microprocessor. Figure 8 highlights an overall significant enhanced performance of 

every micro-patterned surface, when compared to the smooth one. This enhanced 

performance is associated to a significantly higher heat flux, which can be removed 

by the micro-patterned surfaces, when compared to that removed with the smooth 

surface, at similar wall superheat. 

 
Figure 8 Boiling curves obtained for HFE 7000 on structured surface. 

 

A closer evaluation of the boiling curves depicted in Figure 8, however, allows 

distinguishing the performance between the various surfaces. Hence, the surface 

characterized by the closest and the densest cavities (S=300 µm) endorses the highest 

heat fluxes for the same wall superheat, when compared to the other surfaces. On the 

other hand the surfaces respectively characterized by S=400 µm and S=600 µm depict 

a similar boiling curve. 

These results can be interpreted, taking into account the analysis performed in our 

previous work [18-19], obtained for the same fluid boiling over surfaces with similar 

micro-patterns: increasing the number of cavities, i.e. using micro-patterns with 

smaller values of S leads to two concurrent effects, namely it augments the number of 

potential nucleation sites, but also favours interaction mechanisms, particularly the 

coalescence between adjacent nucleation sites. [18] show that the negative effects of 

coalescence were dominant for the so called coalescence number, defined as the 

average bubble departure diameter with coalescence divided by the average bubble 

diameter from a single cavity, D*=Dbubble with coalescence/Dbubble without coalescence>>1. This 



condition was easily achieved for fluids with large surface tension such as water, 

being the coalescence less important for fluids like HFE7000. However, this effect is 

not completely negligible. Furthermore, [18-19] further suggests that very small 

distances between cavities contribute to destabilize the induced fluid flow near the 

surface. 

Hence the surfaces with the closest cavities (S=300µm and S=400µm) endorse a 

larger number of potentially active nucleation sites, but also promote non-negligible 

interaction effects. This maybe so, as [18-19] report a significant decrease in the heat 

transfer coefficient corresponding to the degradation of the heat transfer performance, 

associated to this negative effects of interaction and coalescence mechanisms, which 

is clearly visible in Figure 9 for the curves corresponding to the surfaces S=300µm 

and S=400µm, when compared for instance with the surface S=600µm for which the 

effect of coalescence is clearly weaker. However, while for the surface with S=300µm 

the benefits obtained by increasing the number of nucleation sites overcome the 

negative effect of coalescence between them, for the surface with S=400 µm the 

benefits on increasing the number of potential active nucleation sites are not enough 

to completely overcome the negative coalescence effects.  

This is probably easier to understand when analysing Figure 10, which depicts a 

normalized scheme to compare the performance of micro-patterned surfaces, which 

mainly represents the ratio between the average heat transfer coefficients measured 

for the micro-patterned surfaces, as a function of the distance between cavities.  

 

Figure 9 Heat transfer coefficients as a function of the wall superheat defined as 

Tjunction-Tsat, obtained with the various micro-patterned surfaces. 

 

Figure 10 gathers the results obtained in the present study with those reported by 

Moita et al. [18-19] for similar experimental conditions (namely for the same fluid 

and using similar surface micro-patterns).  

Both data sets follow a similar trend, thus qualitatively confirming the role of the 

distance between cavities in the enhancement of the heat transfer coefficient. 

Quantitative discrepancies between them are related to the inherent dependency of the 



experimental results with particular experimental conditions which are not matched 

with the current set-up.  

It is worth mentioning that the enhancement of the heat transfer coefficient is not only 

linearly affected by the increase in the fluid/surface contact area and the increase of 

cavity density (obtained for smaller distances S), but, as shown in the analysis 

performed here, also depends on the way the liquid and the surface properties affect 

the interaction mechanisms and how they are balanced with the increase of active 

nucleation sites and wetted area. So, care must be taken when using this approach to 

enhance pool boiling heat transfer. Nevertheless and in the absence of an effective 

coating which resists to high temperature variations, surface micro-patterning alone, 

provides the safest compromise to enhance pool boiling heat transfer. 

 

Figure 10 Heat transfer coefficient enhancement versus distance between adjacent 

cavities. Comparison with the work of Moita et al. [18-19]. 

 

3.3 Complex surfaces applied to spray/droplet impingement: high-speed 

visualization combined with time resolved IR thermography 

 

The experiments performed in this last subsection address the effect of the 

superhydrophobicity on the dynamic behaviour and heat transfer processes at droplet 

impact. Here, high-speed visualization is combined with time resolved IR 

thermography to provide simultaneous information on the spreading dynamics, which 

is strongly related to the heat transfer processes and particularly with the resulting 

temperature field in the droplet. 

Figure 11 reports the sequence of high-speed (Figure 11a) and thermographic images 

(Figure 11b) for a water droplet impacting on a smooth hydrophilic aluminium 

surface, heated at Tsurface= 60ºC. t=0ms corresponds to the instant of impact. Similar 



images were taken at higher surface temperatures, but only this temperature is 

discussed here, for illustrative purposes. Deeper analysis is in current development 

and will be presented in future work. The corresponding temperature profile taken in 

the vertical direction (central region of the droplet) from the region of the liquid-solid 

interface up to the top of the droplet is shown in Figure 11c). Given that the 

calibration and post-processing procedures are still being optimized, the absolute 

values should be considered on a qualitative basis. However, the temperature 

gradients can be associated to the actual processes occurring. After impact, the droplet 

spreads until the maximum diameter is reached (t=14ms). Given that the characteristic 

time scale of droplet spreading (tens of ms) is much faster than that of the heat 

transfer from the surface to the liquid (tens to hundreds of ms) any significant 

temperature variation is observed in the droplet which remains mainly at ambient 

temperature. During recoil (for t>14ms) one can already observe a temperature 

increase of the liquid near the surface, given the smaller thickness of the liquid film 

(called lamella). This is in agreement with the experimental results of [34] and with 

the numerical predictions of [35] for water impacting onto smooth metallic surfaces: 

given the larger temperature gradient, higher heat fluxes are removed at the 

liquid-solid interfaces. It should be mentioned that the surface and the lamella are at 

the same temperature, being the different colours associated to the emissivity values. 

The camera is calibrated to receive the radiation emitted from the liquid and not from 

the surface, so the emissivity considered is that of the liquid. After recoiling and the 

liquid returns to the central region of the droplet, it attains an equilibrium diameter 

slowly oscillating in a quasi-static behaviour (from t=18.2 to t=538 ms). At this stage, 

heat is removed with a lower rate (as the velocity of the flow is very low) and the 

droplet “bulk” increase in temperature only after a considerable amount of time 

(t=538ms), until reaching a nearly homogeneous temperature distribution. 

The behaviour of the impinging droplet on a superhydrophobic surface is completely 

different from the one described in the previous paragraphs. In this case, depicted in 

Figure 12, the pinning of the contact line is reduced and the energy dissipation by 

surface friction is also reduced. As a result, the spreading is much faster when 

compared to that observed for the smooth surface and the maximum diameter is 

attained much earlier (t=3.5 ms). Subsequently, the droplet has an excess of surface 

energy at its maximum extent, thus suffering a strong recoil followed by a complete 

rebound at t=18.2ms. The short time scale of the droplet dynamics and the small 

contact area between the droplet and the surface significantly decrease the heat 

transfer from the surface to the droplet, which remains at ambient temperature during 

the entire spreading and recoiling processes, even at the liquid-solid interface.  



 

  a)      b)        c) 

 

Figure 11 Droplet impact on a hydrophilic aluminum surface heated at Tsurface= 60ºC: 

a) high-speed visualization, b) time resolved IR images, c) temperature profile taken 

at the central region of the droplet, from the surface to the top of the droplet. 

 



 
  a)      b)        c) 

 

Figure 12 Droplet impact on a superhydrophobic surface heated at Tsurface= 60ºC: a) 

high-speed visualization, b) time resolved IR images, c) temperature profile taken at 

the central region of the droplet, from the surface to the top of the droplet. 



The droplet falls back to the surface, nearly at t=49ms and continues oscillating until 

reaching equilibrium, a very long time after impact (t=1327ms). Only then one can 

observe the temperature increase in the droplet. Besides the particular dynamic 

behaviour, which precludes the heat transfer between the surface and the droplet, the 

heterogeneous regime characteristic of superhydrophobic surfaces endorses air 

entrapment within the roughness groves, acting as an insulating layer. This particular 

scenario facilitates the durability of the coating. Naturally that the superhydrophobic 

wetting regime is not adequate to cooling applications, based on droplet impingement. 

However, it allows the droplets to impact and rebound without a significant heating, 

which is important in some industrial processes (e.g. keeping lubrification and cooling 

in metallurgical applications) under safe working conditions.  

It is worth emphasising that at our current knowledge, no previous experimental 

studies were performed providing temperature at the liquid-droplet interface at these 

dynamic conditions and at the very early instants after impact. So this work, addresses 

a state of the art diagnostic technique which, despite requiring further improvement, 

namely in the calibration and in the data reduction procedures, evidences a high 

potential to characterize in detail the process of heat removal occurring during the 

first stage of droplet impact at smooth and complex surfaces. 

 

4.  Conclusions 

 

The present paper addresses the evaluation of the potential use of superhydrophobic 

and hydrophilic (micro-patterned) surfaces for heat transfer enhancement at 

liquid-solid interfaces, in cooling systems with liquid phase change. The 

superhydrophobic surfaces are bioinspired in the Lotus leaf and are obtained at the 

expense of changing the surface chemistry (with a coating of low surface energy 

materials). The effect of surface chemistry and of the micro-patterning are evaluated 

separately using different configurations. Hence, the superhydrophobic coatings are 

tested for pool boiling of distilled water. A low surface tension dielectric liquid is used 

to infer on the effect of the surface micro-patterning on the heat transfer performance. 

Given their importance in the current engineering context, the surfaces are tested in 

two different schemes, which are explored in electronics cooling: pool boiling and 

spray/droplet impingement.  

The results show that coating of the superhydrophobic surfaces cannot sustain the 

harsh conditions associated to the high temperatures (>100ºC) and the violent boiling 

process involved in the pool boiling of water. On the other hand, for pool boiling of 

HFE 7000, which has a much lower saturation temperature (~34ºC), the structures of 

the surfaces promote an increase of the heat transfer coefficient of 22.2%, when 

compared to a smooth surface. In this case, the heat transfer enhancement is governed 

by the distance between adjacent cavities, which allows controlling the interaction 

mechanisms and the flow near the surface. 

Droplet impingement was studied for smooth hydrophilic and superhydrophobic 

surfaces heated between 60ºC and 100ºC, as a simplified configuration of cooling 

systems based on spray impingement. For this part of the work, an innovative 



diagnostic technique is proposed, the time resolved IR thermography, which is 

combined with high-speed visualization and image post-processing to provide 

additional information on the actual temperature fields in the droplet and on the heat 

transfer processes occurring at the interface between the droplet and the complex 

surfaces. The results do not support the use of superhydrophobic surfaces to enhance 

the heat transfer for this application, but reveal great potential for situations in which 

the rebounding droplets should not become too hot (e.g. in some metallurgical 

applications. 
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