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Abstract The present paper addresses the scaling of the effects of surface topography in the size of the 
secondary droplets generated by thermal induced atomization of single droplets impinging onto heated solid 
surfaces. The size and velocity of the secondary droplets is characterized making use of simultaneous image 
analysis and phase Doppler measurements to evaluate extended size distributions from 5.5µm up to a few 
millimetres. This procedure assured a consistent comparison of the results reported here with those 
previously reported in the literature, in similar experimental conditions. Although the study covers the 
various heat transfer regimes, particular attention is put on the phenomena occurring within the nucleate 
boiling regime, up to the critical heat flux temperature of the working fluids, as this is the upper boundary for 
the safe working conditions of many practical systems of interest, in the context of droplet/spray cooling.  

The analysis focus on the physical description of the phenomena occurring at the liquid-solid interface to 
explain the triggering of the secondary atomization and leads to an empirical relation between the mean size 
of the secondary droplets and the dimensionless topographical parameter Ra/λR, which quantifies the relative 
magnitude of the high of the rough grooves with the distance between them. This relation seems to describe 
well the results that were uncorrelated in previous work, thus explaining the large discrepancies coming from 
experiments performed under apparently similar conditions, which are mainly introduced by surface 
topography.  
 
 
1. Introduction 

Secondary atomization at droplet/wall interactions has been addressed by several authors for 
impacts onto cold (e.g. Stow and Steiner, 1977, Mundo et al., 1995, Gavaises et al., 1996, Van der 
Wall et al. 2006) and heated targets (e.g. Naber and Farrel, 1993, Cossali et al., 2005, Akhtar and 
Yule, 2001, 2007a,b). For impacts onto cold surfaces, droplet disintegration and particularly the 
prompt splash, (i.e. the breakup occurring immediately after impact, as defined in Moita and 
Moreira, 2007 and more recently revisited in Pan et al., 2010) is usually associated with the critical 
impact conditions (often the critical impact velocity) at which the inertial forces overcome surface 
tension and viscous forces: , where ρ and σ2

0
2
0 / DhU Llvσρ > lv stand for the liquid specific mass and 

surface tension, respectively, while D0 and U0 are the diameter and impact velocity of the primary 
droplets. hL is the thickness of the lamella, which for an inertially dominated phenomenon is 
defined by the thickness of the viscous boundary layer, corresponding to the Stokes’ first problem. 
Following Yarin and Weiss (1995) and the scaling performed as in Pasandideh-Fard et al. (1996), 
hL~ (νD0/U0)1/2=D0Re-1/2, where ν is the liquid kinematic viscosity. 

For impacts onto heated surfaces different atomization mechanisms occur, at much smaller 
impact velocities and within a larger temporal scale, which are induced by thermal effects. The heat 
transfer phenomena lead to substantial morphological modifications of the spreading lamella, as a 
consequence of the temperature dependence of liquid properties and, ultimately, the disintegration 
occurs by disruption of the lamella by vapour pressure forces during liquid phase change. This is 
the so-called thermal induced atomization, which has been characterized by few authors such as 
Richter et al. (2005), Moreira et al., (2007), Cossali et al., (2008) and Muller et al. (2008). The 
characterization of the secondary atomization resulting from droplet/wall interactions is frequently 
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addressed in the context of the development of physical models to predict the number, size and 
velocity of the secondary droplets resulting from spray impingement. However, an accurate 
description and control of the physical processes involved in droplet disintegration is also vital in 
the practical design of many systems. For instance, few authors such as Bertola and Sefiane (2005) 
have recognized the need to control the thermal induced atomization in liquid cooling systems, 
while other, like Vukasinovic et al. (2004) have actually developed several artful strategies in the 
attempt of taking advantage the secondary atomization to endorse the performance of their cooling 
systems. However, the accurate description of the secondary atomization is a difficult goal which 
has not been achieved yet, mainly due to the co-existence of various dissimilar disintegration 
mechanisms, which depend on many parameters in a highly non-linear correlation. Among all the 
variables governing the secondary atomization mechanisms and particularly the thermal induced 
atomization, namely U0, D0, ρ, liquid properties, wettability and surface topography, the latter has 
been the most challenging to correlate. It is known that surface topography alters the wetting 
properties and consequently the dynamics of the spreading flow. In this context, several authors 
have been manufacturing customized rough surfaces (micro-patterned and/or with stochastic 
profiles) to alter their wettability and study its effect in the flow (e.g. Bico et al., 2002, He et al., 
2003, Nakae et al., 2005, Kannan and Sivakumar, 2007). Most of these works only deal with the 
spreading mechanism over non-heated surfaces. 

The surface topography will also alter the heat transfer mechanisms. For instance, several 
authors such as Silk et al., (2006), Hsieh and Yao, (2006), Sodke and Stephan (2007) and Shen et 
al., (2010), report the enhancement of heat transfer during droplet and spray cooling when the 
impact surfaces are micro-textured with straight, cubic and pyramidal fins. However, the heat 
transfer phenomena occurring at droplet/spray impingement on structured surfaces are still quite 
scarcely studied, particularly for conditions including boiling regimes, for which the thermal 
induced atomization occurs. In this context, the present work addresses the study of the 
hydrodynamics and thermal response of the spreading lamella generated at the impact of single 
droplets on micro-structured surfaces. The mean diameter and velocity of the secondary droplets are 
analysed simultaneously with the thermal response of the primary droplet, which is related to the 
instantaneous surface temperature measurements performed within the liquid-solid interface region. 
The experimental conditions cover all the heat transfer regimes from single phase (non-boiling) to 
the film boiling regime, although with main emphasis in the nucleate boiling regime, up to the 
critical heat flux temperature, since this is the upper boundary for the safe working conditions of 
many practical systems of interest in the context of droplet/spray cooling. Furthermore, the main 
focus on this regime allows to improve the tuning of the correlations suggested in previous work 
(Moita and Moreira, 2009), mainly involving the dependency of the size of the secondary droplets 
with the topographic properties of the surfaces. These correlations are then interpreted to understand 
the effective limitations brought by the reduction in the residence time and area of the liquid mass 
in contact with the surface, as a non-negligible part of the primary drop is “taken away” from the 
surface by the ejected secondary droplets.   
  
2. Experimental Approach 
 

The experiments encompass the impact on individual droplets onto solid, dry surfaces 
accommodated on a copper base in which a 264 W cartridge heater is inserted. The surfaces are 
heated from room temperature up to 310ºC to cover the entire range of heat transfer regimes, from 
single phase evaporation to film boiling. The heat transfer regimes are identified based on the 
measurement of the surface temperature at droplet impact, which are complemented with visual 
inspection of the morphology of the spreading lamella. Additionally, the contact temperature, Tc 
determined as in Seki et al. (1978) - Tc= [(εlTl+εWTW)/ (εl+εW)] is also evaluated to ensure that the 
behaviour of the different liquids is compared for similar superheating conditions. Here ε=(ρkCp)1/2 
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is the thermal effusivity of the surface εw and of the liquid εl, while ρ, k and Cp stand for the specific 
mass, thermal conductivity and specific heat of the liquid, respectively. The critical heat flux (TCHF) 
and, particularly the Leidenfrost temperatures (TLeidenfrost) are evaluated for dynamic conditions, 
U0≠0, given their dependence on the properties of the system (surface properties and impact 
conditions).  

Care is taken to assure that the surface is dry and recovers the initial temperature before the 
impact of the droplet. The liquid is kept in the droplet generator at room temperature and 
atmospheric pressure. Ambient temperature and relative humidity were measured through the 
experiments to ensure that their variation did not produce relevant changes in the results.  

Although the rig allows varying the impaction angle, the present study focuses only on droplet 
impacts normal to the surface.  

The analysis reported here is based on the experiments obtained with water and ethanol. These 
liquids were selected to study the effect of surface topography in the scenarios of partial and 
complete wetting, respectively. The significantly different thermophysical properties of these 
liquids will also lead to dissimilar fluid dynamic and heat transfer phenomena which also have to be 
considered in the general correlation describing the dependence of the thermal induced atomization 
with the topography of the surfaces. The properties of the liquids are shown in Table 1. These 
reference values, obtained at 25ºC, as well as their variation with temperature are taken from Özisik 
(1985), Incropera (1990) and Turns (1996). 

 
Table 1. Thermophysical properties of the liquids. aFrom Tamura and Tanasawa (1959). bFrom Qiao and Chandra 
(1997).  
 

Properties Water Ethanol 
Surface tension  
[Nm-1]x103

73.75 22.0 

Specific mass [kgm-3]  998 790 
Kinematic viscosity 
[m2s-1]x106

1.0 1.4 

Specific heat  
[KJkgK-1] 

4.18 2.44 

Thermal conductivity 
[Wm-1K-1]x103

607.1 169 

Latent heat of 
evaporation [KJKg-1] 

2272 846 

Tsat [ºC] 100 78.3 
TLeidenfrost [ºC] 
(nominal) 

230b 182a

 
In this context, the impact conditions are varied to cover a broad range of of the most relevant 

dimensionless groups, (65<Weber number We <1314; 170<Reynolds number 
Re=U

lvUD σρ /2
00=

0D0/ν<11140; 2<Prandtl number Pr kC p /ρν= <20, and 0.1<Jakob number 
Ja= <1.9), which address the relative magnitude of the forces acting on the droplet. 
The Weber and the Reynolds numbers are based on the drop initial diameter and impact velocity. T

fgsatwp hTTC /)( −

w 
and Tsat are the surface temperature and the saturation temperature of the liquid, respectively and hfg 
is the latent heat of evaporation. 

The working conditions are summarized in Table 2.  
The surface temperature of the targets is monitored by thermocouples type K and managed by a 

PMA KS20-I temperature controller. One of the thermocouples is a fast response “Medtherm” 
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eroding-K-type which is embedded at the centre of the region where droplets impact. The signal of 
the thermocouples is sampled with a National Instruments DAQ board plus a BNC2120 and 
amplified with a gain of 300 before processing. 

 
Table 2. Experimental conditions. 

Liquid D0 [mm] U0 [ms-1] Tw,0 [ºC] 
Water 2.8-3.0 0.4-3.1 25-310 
Ethanol 2.2-2.4 0.4-2.5 25-260 

 
Droplet impact is recorded by two synchronized high-speed cameras (a Kodak Motion Corder 

Analyzer, Series SR 512x420pixels, Model PS-120, with a maximum frame rate of 10kfps and a 
Phantom v4.2 from Vision Research Inc., with 512x512pixels@2100fps and a maximum frame rate 
of 90kfps), as in Moita and Moreira (2008), to provide both side and bottom view images of the 
spreading lamella. Transparent smooth glass surfaces heated by Joule effect from the back side with 
a transparent film of Indium Oxide, In2O3 were used to visualize the liquid-solid interface. The 
temperature of these glass surfaces is monitored by contact thermocouples of type K, which are 
positioned over the glass side. Deposition of the film is made by radio frequency (rf) plasma 
enhanced reactive thermal evaporation (rf-PERTE) at low substrate temperature (<100οC). Details 
of the method and of the resulting relevant film properties are reported by Nunes de Carvalho et al. 
(2008). This deposition process allows obtaining a homogeneous film along the surface, as 
confirmed by scanning electron microscopy with x-ray microanalysis (SEM/EDS). 

All the instrumentation is triggered by the same signal, emitted as the drop crosses a horizontal 
laser beam aligned with a photodiode. 
 
 
2.1 Characterization of the surfaces 
  

Surfaces of different materials and with diverse topographical characteristics were used to cover 
significantly different behaviour patterns of the impinging droplets. Wall effusivities, εw ranged 
from 7.2 103kg/Ks2.5, for stainless steel AISI316, to 14 103kg/Ks2.5 for aluminium surfaces.  
The characterization of the surface topography naturally plays a crucial role. The amplitude of the 
rough peaks is quantified by the mean roughness, Ra, determined according to standard BS 1134 
and by mean peak-to-valley roughness, Rz calculated according to standard DIN4768. The 
measurements are performed with an optical profile meter, (Surface Measuring System RM600-3D) 
which allows the 3D reconstitution of the surface topography. In fact, most of the rough surfaces 
are custom made, to have well defined topographical characteristics. The main geometrical 
properties of these micro-structured surfaces, defined as in Fig. are depicted in Table 3. The 
characterization of the “smooth” surfaces and/or with stochastic profiles is given in Table 4.  

Each pair liquid-surface is also characterized by the equilibrium contact angles, θ , which were 
measured at room temperatures, inside a thermostatted ambient chamber (Ramé-Hart Inc., USA, 
model 100-07-00), using the Sessile Drop Method. For water drops deposited on the smooth 
stainless steel surfaces, θ1=93.0º and θ2=93.5º, while for the smooth glass surface (Ra≈0µm) used 
for visualization purposes, the contact angle with water is θ4=38.5º. Complete wetting (θ≈0º) is 
observed for all the surfaces when wetted by the ethanol droplets. The contact angle for the custom 
made surfaces varied between 85º and 121.5º with water droplets. Complete wetting (θ≈0º) is 
observed for all the surfaces when wetted by the ethanol droplets. 

A detailed description of the measurement procedures is presented in Moita and Moreira (2007). 
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Table 3. Main topographical characteristics of the micro-textured surfaces, which are made of copper, stainless 

steel, aluminium and silicon wafers. 

 
Parameters Range [µm] 

a 10-500 
l 20-500 
h 1-500 

λR1 16-500 
λR2 16-500 
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Fig. 1. Micro-textured surfaces: definition of the dimensions a, l, h, λR1 and λR2 characterizing the topography of the 

micro-textured surfaces taken at a sample of one of the masks used to produce the 32 textured surfaces. Each square of 
12.5mmx12.5mm represents a different surface. 

 
 

Table 4. Main topographical characteristics of “smooth” surfaces and/or with stochastic profiles. 
 

Surface 
number 

Surface 
Material 

Ra [µm] 
±10% 

Rz [µm] 

1 Stainless 
steel 

0.31 2.32 

2 Stainless 
steel 

0.52 9.0 

4 Glass ≈0 ≈0 
 
2.2 Measurement techniques 

Large droplets (from 40µm up to a few millimetres) are evaluated from extensive post 
processing of the recorded images, while the size and velocity of small droplets, (2.5µm up to 
250µm) are obtained from phase Doppler measurements. The probability density functions (PDF) 
obtained by each of the techniques are then combined to attain an extended-PDF, from which the 
mean size of the secondary droplets is evaluated as in Moreira et al. (2007). Temperature 
measurements taken during droplet impact allow complementing the study of fluid dynamics with 
the analysis of the heat transfer. For each experimental condition, the final temperature profile is 
averaged from 10 events, for similar impact conditions.  
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Regarding image processing, spatial resolution of the image acquisition system is 25µm, with 
0.1ms of temporal resolution. The accuracy in the evaluation of the impact velocity U0 is better than 
3%, while for the droplet diameter D0 is ±1.4%. The size distribution of large secondary droplets is 
obtained at several instants after impact. Fifty droplets, with similar D0 and U0 are taken for each 
experimental condition, so fifty images are analyzed per time step (i.e. for each time instant), to 
obtain statistically representative results. Time is made dimensionless with the initial droplet 
diameter and impact velocity, τ =t/(D0/U0). PDF‘s of drop diameters are then built at dimensionless 
time bins ∆τ=0.5, for 0≤τ≤100, which covers the most relevant period of droplet impact. 

On the other hand, the phase Doppler instrument is a two-component system from Dantec. The 
optical configuration is summarized in Table 5, together with the main validation parameters.  

A radial coordinate system is used as defined in Fig. 2, where r=0mm corresponds to the center 
of the impact region. Here, U and V stand, as usual, for the axial and radial velocity components, 
respectively. Positive values of the axial velocity U are taken downwards, in the direction of 
gravity, the same as for the impact velocity of the primary droplet U0.  

 
Table 5. Optical configuration of the phase Doppler instrument. 

 
 Value 
Transmitting optics  
Laser power [mW] 300 
Wavelengths [nm] 514 and 488 
Beam spacing [mm] 60 
Transmitter focal length [mm] 310 
Frequency shift [MHz] 40 
  
Receiving optics  
Scattering angle [º] 70 
Receiver focal length [mm] 310 
  
Processor parameters  
U signal bandwidth [MHZ] 1.2 
V signal bandwidth [MHZ] 0.4 
S/N validation [dB] 0 
Spherical validation [%] 10 
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Fig.2. Radial system of coordinates used in the measurements with the phase Doppler instrument. 
 

- 6 - 



15th Int Symp on Applications of Laser Techniques to Fluid Mechanics 
Lisbon, Portugal, 05-08 July, 2010 

 

The measurement grid is selected from the spatial distributions obtained with the image 
analysis: measurements are reported at z=2.5 and z=5mm, above the surface and at radial 
coordinates r=0mm, r=3mm and r=6mm. 

Several sources of inaccuracy affecting the phase Doppler measurements, e.g. low signal to 
noise ratio, for instance due to low intensity or light attenuation, the Gaussian distribution of light 
intensity in the effective measuring volume, multiple occurrence of droplets or size velocity 
correlation effects are well known to influence amplitude dependent quantities and were already 
discussed in Moita and Moreira (2009). Another relevant issue is related to the phase-diameter 
relation, which depends on the refractive index, for the refraction mode. With the present 
configuration, inaccuracy of the size measurements related to this issue is better than 7% (Moita and 
Moreira, 2009).      

The processing procedure is then identical to that performed in the image analysis: the validated 
measurements are distributed in bins of dimensionless time ∆τ=0.5 for 0≤τ≤100. Finally, it is 
necessary to integrate the PDA measurements in time and in space, to have them statistically closer 
to those obtained by the image analysis. A uniform spatial distribution of the droplets is considered 
even for impacts onto tilted surfaces, based on the distributions obtained by image analysis. The 
size distributions obtained by each technique are then scaled by equating the count values within the 
overlapped size range, between 40µm and 250µm, by means of a least square method. Fig. 3 
exemplifies the integrated construction of the size distribution of the secondary droplets 
distributions within the extended size range. The data was obtained for a water droplet (D0=2.8mm, 
U0=2.5ms-1) impacting onto a smooth stainless steel surface (Ra=0.311µm, Rz=2.32µm) within the 
transition boiling regime. 
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Fig. 3. Example of a reconstructed extended size distribution. 

 
Afterwards, the mean and Sauter mean diameters are evaluated from the extended-PDF along 

the dimensionless time. Fig. 4 exemplifies the temporal evolution of the mean diameter obtained by 
the various techniques. 
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Fig. 4. Temporal evolution of the Sauter Mean Diameter of the secondary droplets generated from a water droplet 
(D0=2.8mm, U0=2.5ms-1) impacting onto a stainless steel surface (Ra=0.311µm, Rz=2.32µm, α=90º), within the 
transition boiling regime. a) Image analysis processing; b) integrated phase Doppler measurements; c) extended-PDF. 

 

3. Results and Discussion 
 
Droplet dynamics at impact onto heated surfaces is known to be strongly dependent on the heat 
transfer regime. Previous research conducted by the authors provided the quantitative and 
qualitative description of the disintegration mechanisms thermally induced within the several heat 
transfer regimes. For drop impacts within the film boiling regime, a close observation to the 
morphology of the spreading lamella, based on the sequence of images recorded by the two 
synchronized high-speed cameras, showing both side and bottom (i.e. at the liquid-solid interface) 
views allowed to identify the co-existence of two disintegration mechanisms: the prompt 
disintegration of the rim, occurring within the first instants after impact, (τ<1) and a strong 
complete disintegration of the lamella into large droplets, usually observed at later stages after 
impact, just before the complete levitation of the lamella (at 5< τ<6.5). The latter mechanisms is 
attributed to the disruption of the liquid ligaments of the cellular structures formed during spreading 
(between 1.3< τ<5). Following a dimensionless analysis of the parameters governing these 
mechanisms, the extended time averaged size of secondary droplets was well described by the 
correlation:  
 
SMD/D0=f(We, Re) ~A1WeN

-0.6Re-0.23              (1)
 
On the other hand, the triggering of the thermal induced atomization resulting from droplet 

impacts within the nucleate boiling regime is strongly related with the competitive relation between 
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the vapour pressure forces and surface tension forces. The size of the secondary droplets can be 
correlated with the impact conditions and with the liquid properties through the correlation: 
 

3.011.014.0
20 Re~)Re,,(/ −−−= JaWeAJaWefDSMD N             (2) 

 
which gathers the dimensionless numbers expressing the forces acting onto the droplets. However, 
an evident correlation could not be devised yet to include the topographical characteristics of the 
surface. This is evident in the discrepancy of the experimental results reported by different authors 
in apparently similar conditions. Such discrepancy is illustrated in Fig. 5, which compares the 
results predicted by the empirical correlation (2) with those measured by Cossali et al. (2008) and 
Moita and Moreira (2009). The Figure clearly shows that droplets impacting with similar conditions 
(D0=2.8mm, U0=1.3ms-1) generate secondary droplets with dissimilar mean sizes, depending on the 
topographical characteristics. 
 

Ethanol
Water

Isooctane
HFE7100
Cossali et al. (2008)

0

0.01

0.02

0.03

0.04

0.05

0.06

0 0.1 0.2 0.3 0.4 0.5

WeN
-0.14Re-0.11Ja-0.3

SM
D

/D
0

R2=0.83

0.6

Ethanol
Water

Isooctane
HFE7100
Cossali et al. (2008)

0

0.01

0.02

0.03

0.04

0.05

0.06

0 0.1 0.2 0.3 0.4 0.5

WeN
-0.14Re-0.11Ja-0.3

SM
D

/D
0

R2=0.83

0.6

 
Fig. 5. Effects of surface topography on the size of secondary droplets generated by thermal induced atomization, 
within the nucleate boiling regime, for droplets impacting onto smooth surfaces. (Tcontact,water= 141ºC, Tcontact,isooctane= 
140ºC, Tcontact,ethanol= 110ºC, Tcontact,HFE7100=102ºC). The degree of superheating, from the contact temperature is similar 
in both liquids ≅40ºC. The scattering caused by the non-scaled effect of the surface topography is highlighted by the 
elliptical line. 
 

When analyzing the spreading behaviour of liquid droplets with significantly different liquid 
properties (e.g. water and ethanol) there are obvious morphological features which contribute to the 
particular thermal induced atomization of each liquid. The modification of the surface properties 
can alter this behaviour. The modifications introduced by the use of different roughness patterns are 
discussed in the following paragraphs, to understand the parameters that can be used to describe the 
size of the ejected droplets. The dynamic and thermal behaviour of water and ethanol droplets are 
compared to cover the distinct scenarios (hydrophobicity/partial wetting/complete wetting) which 
are usually addressed and modeled in these studies (e.g. Plawsky et al., 2008). 

Fig. 6 presents the simultaneous analysis of the thermal induced atomization during the impact 
of water and ethanol droplets and the subsequent thermal response based on the instantaneous 
measurements of the surface temperature within the liquid-solid interfacial region.  

The results presented in this Figure are generated from droplet impacts at distinct velocities on a 
smooth stainless steel surface, within the nucleate boiling regime at similar overheating conditions. 

The instantaneous surface temperature falls suddenly as the droplet contacts the surface, given 
the fast heat transfer occurring from the heated surface to the liquid, which is initially at room 
temperature. The higher thermal conductivity and specific heat of the water leads to the larger 
temperature descent when the droplet contacts the surface. 

This scenario provides good conditions for surface rewetting for the water, given the high 
surface tension of this liquid. 
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a)          b) 

Fig. 6. Simultaneous measurements of the secondary atomization induced at droplet impact within the nucleate boiling 
regime and corresponding instantaneous surface temperature measured at r=0mm. The mean size and velocity (being U 
the axial component) of the secondary droplets are obtained by PDA measurements taken at r=0mm and z=5mm. The 
primary droplets of: a) a water droplet (D0=2.8mm) and b) an ethanol droplet (D0=2.4mm) impact on a smooth stainless 
steel surface (Ra=0.311µm, Rz=2.32µm). AT0=Tw0-Tsat=20ºC. 
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Additionally, the large latent heat of evaporation keeps the temperature low which is kept nearly 
constant during liquid evaporation. Consequently all the boiling process is delayed. Also, the higher 
surface tension of this liquid constrains for longer the vapour pressure forces, furhter delaying the 
disruption of the free surface of the lamella and therefore the thermal induced atomization, so the 
peak in the temporal evolution of the mean size of the secondary droplets (corresponding to the 
intense boiling period) occurs quite late after the droplet impact. A nearly opposite behaviour is 
observed for the ethanol droplets. The surface temperature decay is much smaller and the 
association of effects previously described for the water droplet acts to favour a fast boiling with 
subsequent promotion of the thermal induced atomization to occur at earlier instants after droplet 
impact. The force balance acting on the droplet for such low values of k, Cp, hfg and σlv also 
produces a number of morphological features in the lamella of these liquids (e.g. the formation of 
cellular structures due to surface temperature gradients, as in Moita and Moreira, 2008) which will 
favor the fast evaporation and disruption of the lamella, further promoting the secondary 
atomization and decreasing the contact area and residence time of the liquid over the surface. 

Both dynamic and thermal response of water and ethanol droplets are faintly affected by the 
impact conditions, as observed by the identical trend of the curves obtained for impacts at different 
velocities. The effect of liquid surface tension is not so clear within this small range of secondary 
droplets measured with the Phase Doppler instrument within the nucleate boiling regime, but the 
analysis of the extended droplet sizes shows that liquids with larger surface tension tend to give rise 
to smaller secondary droplets (e.g. Moreira et al. 2007, Moita and Moreira 2009). 

The micro-textured surfaces are used to act in these phenomena at different levels, namely to 
increase the contact line length thus augmenting the spreading area and improving heat flux (e.g. 
Sodke and Stephan, 2007), but also so modify the boiling morphology of the lamella by promoting 
nucleation and different growth rates and transport mechanisms of the vapour bubbles (e.g. Agrawal 
et al., 2005, Rioboo et al., 2009). However, care must be taken to assure that the chosen roughness 
pattern is not generating other effects such as unexpected hydrophobicity and/or promotion of 
dryout regions. Therefore choosing the adequate pattern is an optimization process which requires 
the quantification of the topographical characteristics using practical scaled quantities. In order to 
assess on the effect of customized micro-patterns and on the most practical quantities which could 
be used to correlate the observed phenomena with the topographical characteristics, the impact of 
water and ethanol droplets was studied for several micro-patterned surfaces, within the various heat 
transfer regimes. In line with the analysis performed so far, Fig. 7 depicts the temporal evolution of 
the mean size and velocity of the thermally induced secondary droplets together with the 
corresponding instantaneous surface temperature during the spreading of the lamella. The Figure 
shows the best fit results from the surfaces tested so far. The impact velocity was kept low 
(U0=1.3ms-1) to avoid prompt splash. 

The results show a dissimilar trend for water and ethanol droplets, thus suggesting the 
occurrence of different wetting regimes. So, for the water droplets there is an evident change of 
behaviour when the ratio Ra/λR of the target surfaces is altered: the thermal induced atomization 
occurs earlier and gives rise to larger secondary droplets for the lowest value of Ra/λR. On the 
contrary, as the water droplets impact surfaces with the same (larger) value of Ra/λR, (although 
obtained by combination of different rough amplitudes and wavelengths) the thermal induced 
atomization mechanisms are delayed and generate smaller secondary droplets. 

Such behaviour is consistent with the temperature profiles measured at the substrate during 
droplet interaction (the delay in the thermal response is due to the increasing of the thickness of the 
targets for this set of experiments. However both smooth and textured surfaces for this case have 
the same thickness, so one can compare them). 

These results can be explained as in Nakae et al. (2005), by performing a local balance of the 
interfacial forces acting on the system liquid-droplet-vapour. Reminding the heterogeneous wetting 
regime, described by Cassie and Baxter (1944), for a given rough peak amplitude of hR, there 
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should be a critical wavelength λRC at which the liquid will contact the rough valley.    
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   a)                 b) 

Fig. 7. Simultaneous measurements of the secondary atomization induced at droplet impact within the nucleate boiling 
regime and corresponding instantaneous surface temperature measured at r=0mm. The mean size and velocity (being U 
the axial component) of the secondary droplets are obtained by PDA measurements taken at r=0mm and z=5mm. The 
primary droplets impact of: a) a water droplet (D0=2.8mm) and b) an ethanol droplet (D0=2.4mm) on different micro-
textured surfaces, within the nucleate boiling regime. AT0=Tw0-Tsat=40ºC. 
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This will occur for a consequent radius of curvature at the liquid-solid-interface. Alternatively, 
considering that the curvature of the liquid droplet in contact to the surface (sessile drop) is 
controlled by the Laplace equation: 
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and assuming an almost axysymmetric radius at the liquid/vapour interface, the radius of curvature 
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where ZR is the absolute height from the substrate to the top and ρl and ρv are the specific mass of 
the liquid and vapour, respectively. The model derived from this approach was not easy to apply, 
since the shape of the rough asperities is more complex in the present work. Nevertheless, the 
values of the apparent contact angles with water, measured on the present surfaces (85º<θ<121.5º) 
are similar to those determined in Nakae et al. (2005), so the values of the radius become similar. 
By introducing a relation between the intrinsic contact angle (the Young angle in Cassie and Baxter 
relation) and the roughness amplitude, Nakae et al. (2005) end to conclude a unique relation 
between the radius of curvature at liquid/solid/vapour interface R and the intrinsic contact angle. 
Further manipulation of the formulation, by taking into account that the maximum R is controlled 
by the Laplace equation allows deriving empirical correlations, for which R=AλR-B. From this 
analysis, it is possible to estimate a hydrophobic behaviour for the rough surfaces with the relation 
Ra/λR=0.08. So, for this ratio, the surfaces, when wetted by the water droplets become hydrophobic 
and the lamella spreads within a heterogeneous wetting regime, thus promoting the entrapment of 
air and vapour layers. On the other hand, the lower Ra/λR promotes the liquid-solid contact within a 
homogeneous wetting regime. 

This effect is not so evident for the ethanol droplets for which the mean diameter of the 
secondary droplets increases as the roughness amplitude increases. In this case, the local force 
balance renders a homogeneous wetting behaviour for all the pattern combinations used in the 
present set of experiments. The surface with smaller rough amplitude and smaller λR is in the 
critical limit so the hydrodynamic behaviour is close to that observed for the smooth surface. 
However, care should be taken because for complete wetting systems the analysis is not exactly the 
same as that performed in Nakae et al., 2005, since the capillarity effects govern most part of the 
spreading behaviour and one must analyse in specific quantities, the competition between the 
surface tension and the disjoining pressure in very thin films (e.g. Plawsky et al. 2009).  

For the impact of ethanol droplets, surface enhancement increases the contact line and 
subsequently enhances the heat transfer occurring between the surface and the lamella. As a result, 
the mean size of the secondary droplets is larger and the thermal induced atomization is triggered 
quite early when compared to that of water droplets. Additionally, the thickness of the spreading 
lamella may remain larger, further contributing to the larger mean diameter of the secondary 
droplets. 

From the discussion presented above, the ratio Ra/λR seems to be useful in correlating droplet 
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behaviour with the topography of the surfaces and, as depicted in Fig. 8, for the present set of 
experiments it can actually gather a number of results, obtained at similar impact conditions, which 
are quite scattered when related to several other quantities frequently used to characterize surface 
topography.    
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Fig. 8. Scaling the effects of surface topography in the size distribution (evaluated from the extended-PDF’s) of the 
secondary droplets generated from thermal induced atomization, within the nucleate boiling regime. The primary 
droplets of water (D0=2.8mm, U0=1.3ms-1) and ethanol (D0=2.4mm, U0=1.3ms-1) are impacting onto textured stainless 
steel surfaces. Relation of the mean diameter of the secondary droplets with: a) the dimensionless roughness amplitude, 
b) the dimensionless fundamental wavelength, c) the ratio Ra/λR. 

 
Although this ratio has been used in studies performed by other authors to analyse the heat 

transfer and the wetting behaviour (e.g. Amon et al., 2005, Herminghaus et al., 2008), thus 
reinforcing its potential, a final correlation requires further investigation and should include also 
geometrical relations for the shape of the grooves, as they can have a vital role in changing the 
wetting regime and is not expected to have such a linear relation. Nevertheless this type of relations 
is quite relevant in cooling applications because, from the mean size and number of the secondary 
droplets one may have control on the liquid mass that is taken away from the surface. This is 
important because although liquids like water have an overall better cooling performance, they may 
loose advantage for surfaces which are much hydrophobic (this can be easily evaluated from the 
surface temperature measurements and heat transfer calculations) but they can also loose advantage 
for the patterns rendering much vigorous thermal induced atomization (which generates larger 
droplets). In line with this, representations similar to that proposed in Fig 8c) can help to establish 
performance maps in the process of finding the optimum roughness pattern. The final optimum 
configuration is therefore a compromising solution of endorsing liquid-solid contact without 
promoting an excessively intense thermal induced atomization.  
 
4. Final remarks 

The present study encompasses the simultaneous analysis of the hydrodynamics and thermal 
response of the spreading lamella generated at the impact of single droplets on micro-structured 
surfaces. The mean diameter and velocity of the secondary droplets are evaluated from the 
combined use of high-speed image analysis with phase Doppler measurements, to cover an 
extended droplet size distribution, ranging from 5µm up to a few millimetres. These data are then 
analysed simultaneously with the thermal response of the primary droplet, which is related to the 
instantaneous surface temperature measurements performed within the liquid-solid interface region. 
The experimental conditions cover all the heat transfer regimes from single phase (non-boiling) to 
the film boiling regime, although with main emphasis in the nucleate boiling regime, up to the 
critical heat flux temperature, which is the upper boundary for the safe working conditions of many 
practical systems of interest in the context of droplet/spray cooling. Additionally, this procedure 
allowed to improve the tuning of the correlations suggested in previous work, mainly involving the 
dependency of the size of the secondary droplets with the topographic properties of the surfaces. 
The results obtained so far show a good correlation between the mean sizes of the secondary 
droplets generated by thermal induced atomization with the ratio Ra/λR, which allowed to gather a 

- 14 - 



15th Int Symp on Applications of Laser Techniques to Fluid Mechanics 
Lisbon, Portugal, 05-08 July, 2010 

 

number of results, obtained at similar impact conditions, which are quite scattered when related to 
several other quantities frequently used to characterize surface topography. 
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