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Abstract 
The present paper concerns the experimental and theoretical description of the heat transfer mechanisms occur-
ring at droplet/hot wall interactions. The experiments address the determination of the instantaneous substrate 
and contact temperatures at droplet impact within a wide range of conditions. The analysis considers impacts 
within the various heat transfer regimes thus providing an overall characterization of the dynamic thermal behav-
iour of the droplet within the various possible outcomes. The experimental analysis is complemented with a 
theoretical model for the flow and temperature fields in the spreading lamella. 
The results are in quite good agreement with the model and emphasize that besides its dependence on the ther-
mal effusivities of the liquid and of the substrate, the contact temperature is also a function of the Prandtl num-
ber.  

Introduction 
The outcome of droplet impact onto a rigid surface is well known to depend on the inertial forces, viscous 

forces and the interfacial surface tension forces acting between the liquid-vapour and solid phases. However, it 
also depends on the surface temperature and on the heat transfer regime. When the impact conditions lead to 
droplet spreading and the surface temperature is not high enough to promote liquid boiling, the temperature at 
the interface (i.e. the contact temperature) is determined by heat conduction within the substrate and by convec-
tion with the spreading droplet. The value of the contact temperature determines the rate of heat exchange be-
tween the droplet and the target. Seki et al. [1] suggested an explicit form to determine the contact temperature 
obtained from the solution of the heat transfer equation for two semi-infinite solids: Tc=[(Tw. εw+Tl.εl)/(εw+εl)], 
where εw and εl are the thermal effusivities of the substrate and of the liquid, respectively, ε = (ρkCp)1/2, ρ is the 
specific mass, k is the thermal conductivity and Cp is the specific heat. In the absence of liquid phase transition, 
the assumption of constant liquid-surface interface temperature holds for high thermal conductivity surface mate-
rials (e.g. [2, 3]). However, this condition does not hold for boiling liquids, particularly in contact with surface 
materials having low thermal conductivity (e.g. [4, 5]). Most studies on droplet impact onto heated surfaces fo-
cus on droplet dynamic behaviour, particularly within the film boiling regime (e.g. [6,7]) and only a few report 
measurements of the instantaneous substrate and contact temperatures, exceptions made to [8-10].  

Regarding the theoretical descriptions of the problem many authors, such as di Marzo and Evans [1112], di 
Marzo et al. [13,14] and Chandra et al. [15] propose models for the vaporization of sessile droplets considering a 
constant and uniform liquid-solid interface temperature and only [14] solved the transient conduction equations 
numerically for the liquid and solid phases. Pasandideh-Fard et al. [10] and Healy et al. [16] provide numerical 
predictions of the liquid and substrate temperatures and of the heat flux, for impacting droplets. Droplet impact 
within the film boiling regime was also modelled (e.g. [17-20]). 

Despite the extensive study on droplet impacts over heated targets, the transport processes involved during 
droplet/surface contact are not completely understood yet.  This is the objective of the present study, where the 
impact of a liquid droplet onto a solid heated surface is investigated experimentally and modelled theoretically. 
The experiments consider the study of the boiling morphology of the lamella and the measurement of the tem-
perature at the contact region, within the various boiling regimes, from evaporation to film boiling. The contact 
temperature is evaluated for different impact conditions, covering a wide range of dissimilar liquid and surface 
effusivities. 

The model proposed here considers the substrate as a semi-infinite body with constant thermodynamic prop-
erties. The theory is based on the remote self-similar analytical solution of the Navier-Stokes equations in the 
spreading droplet, which allows obtaining a similarity solution for the temperature field in the liquid region. The 
condition of temperature and heat flux continuity at the droplet/substrate interface allows determining an explicit 
analytical expression for the contact temperature, which is expressed, not only through the thermal effusivities of 
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the solid and liquid materials and their initial temperature, but also through an explicit dependence on the Prandtl 
number.  

 The model is validated by comparison with the experimental data.  
 

Materials and Methods 
In the experiments reported here single droplets of various liquids (namely water, ethanol and methoxy-

nonafluorobutane - C4F9OCH3, herein termed as HFE7100) fall from the top of a hypodermic needle on a solid, 
dry and heated surface. Care was taken to assure that the surface is dry and recovers the initial temperature be-
fore the impact of the subsequent droplet. The present work only considers droplet impacts normal to the surface. 
The surfaces are heated from room temperatures up to 310ºC to cover the entire range of heat transfer regimes, 
from the nucleate up to the film boiling. The impact conditions are varied to cover a broad range of the most 
relevant dimensionless groups, (65<We<1314; 170<Re<11140), where We and Re are the Weber and Reynolds 
numbers based on the droplet initial diameter and impact velocity. 

The working conditions are summarized in Table 1. Figure 1 depicts the thermo-physical properties of the 
liquids as a function of temperature, as taken from Incropera [21], Özisik [22], Turns [23] and from the 3M Da-
tabase for the HFE7100. 

The substrates are accommodated on a copper base inside which there is a 264 W cartridge heater. 
The surface temperature of the target is monitored by two thermocouples type K and managed by a PMA 

KS20-I temperature controller. One of the thermocouples is a fast response “Medtherm” 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. Droplet 
impact is visualized 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 [24], to pro-
vide both side and bottom view images of the spreading lamella. The liquid-solid interface is also visualized at 
impacts on smooth glass surfaces making use of a transparent film of Indium Oxide, In2O3, on the back side of 
the film to heat the target by Joule effect. Deposition of the film is made by radio frequency (rf) plasma en-
hanced reactive thermal evaporation (rf-PERTE) at low substrate temperature (<100οC). Details of the method 
and of the resulting relevant film properties are reported by Carvalho et al. [25]. 

Temperature measurements and image acquisition are triggered by the same signal, emitted as the droplet 
crosses a horizontal laser beam aligned with a photodiode. 

 

Table 1. 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 

HFE7100 1.7-2.0 0.4-2.5 25-260 
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Figure 1. Thermal properties of the liquids used in experiments: thermal conductivity (k), kinematic viscosity 
(ν), density (ρ) and Prandtl number Pr. 

Characterization of the surfaces 
Smooth surfaces of different materials are used to cover significantly different wall effusivities, εw ranging 

from 7.2 103kg/Ks2.5, for stainless steel AISI316, to 14 103kg/Ks2.5 for aluminium surfaces.  
Each pair liquid-surface is characterized by the equilibrium contact angle, θ  and by the surface topography. For 
water droplets, θ1=93.0º and θ2=93.5º for the stainless steel surface and θ3=72.3º for the aluminium substrate. 
Regarding 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 and by the 
HFE7100 droplets. These values were obtained at room temperature inside a thermostatted ambient chamber 
(Ramé-Hart Inc., USA, model 100-07-00) using the Sessile Drop Method. 

The topography of the surfaces is characterized using an optical profilemeter (Surface Measuring System 
RM600-3D). The mean roughness, Ra, determined according to standard BS 1134 and the mean peak-to-valley 
roughness, Rz, calculated according to standard DIN4768 are used to quantify roughness amplitude. Roughness 
profiles are stochastic so there is no fundamental wavelength (distance between consecutive rough grooves). A 
summary of the main topographical characteristics of the targets used in this study is provided in Table 2. 

A detailed description of the measurement procedures is presented in Moita and Moreira [26]. 
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Table 2. Main topographical characteristics of the target surfaces. 

 

Surface 
number 

Surface 
Material 

Ra [µm] ±10% Rz [µm] 

1 Stainless steel 0.31 2.32 

2 Stainless steel 0.52 9.0 

3 Aluminium 1.5 14.1 

4 Glass ≈0 ≈0 

 

Theoretical model 
The flow within the spreading lamella over the surface has to satisfy continuity, momentum and energy 

equations. When the Reynolds and Weber numbers at impact are high, the velocity field far from the surface can 
be accurately described by the remote asymptotic solution, as in Yarin and Weiss [27]: 
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where Td0 the initial droplet temperature and τ is a constant determined by the initial conditions and can be ne-
glected for large periods after impact, since it is usually small (Roisman et al. [28]). 

The flow field satisfies the full Navier-Stokes equations with no-slip conditions at the wall surface and is as-
sumed, as in Roisman [29] in the form: 
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where the self similar variable ξ is defined by: 
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where v0 is the droplet kinematic viscosity evaluated at the initial temperature. 
The coefficient(T)=1/x (dx/dt) is defined here, for convenience, being related to the dependence of an arbitrary 
material property x on the temperature.  

The governing equations can be rewritten using the self similar variable (3) in the scaled form: 
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subjected to the conditions: 
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where Pr(T)=vCvρ/k is the local Prandtl number. The contact temperature Tc and the heat flux at the wall-liquid 
interface φq have to be determined from the solution of the problem. 

Solution (4)-(5) is a similarity solution of the full Navier-Stokes equations, as recently formulated in Rois-
man [29], which describes the flow in the spreading viscous droplet, expansion of the hydrodynamic and ther-
modynamic boundary layers. 

The solution of the boundary value problem described above described in rather complex. The algorithm of 
the solution for thermal properties depending on the temperature is described in detail in Moita et al. [30], in 
which the contact temperature can be numerically calculated as the root of the transcendent equation: 
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when the surface effusivity εw, the initial surface temperature Tw0 and the dependence of the liquid thermal con-
ductivity on temperature k(T) are known.  
 

Results and Discussion 
The experimental results are presented in this section, together with a discussion of the theory behind the ob-

served phenomena, under two main sub-sections: the former addresses the qualitative and quantitative charac-
terization of the thermal and fluid dynamic behaviour of the liquid droplets impacting onto a heated solid sur-
face; the latter presents the relevant calculations of the model related to the temperature of droplet over the sur-
face and at the liquid-solid interface and compares the theoretical estimations with the experimental data. 

 
Fluid dynamic and heat transfer behaviour of the impacting droplets: experimental 

The results presented here are sampled from a larger collection gathered over a wide range of experimental 
conditions in a study which was conduced to determine the influence of the various parameters in droplet behav-
iour. However, this section will only focus on the description of the phenomena observed at droplet impact 
within the various heat transfer regimes, which will be theoretically explained in the following sections. The 
impact conditions were chosen to preclude prompt splash. Under these conditions, the droplet impinging the 
surface within the single phase regime spreads in a radial lamella surrounded by a thicker rim. Within this heat 
transfer regime, the most relevant temperature variations occur in the early instants after impact (t*-t0*<5) and 
are associated to the fast heat transfer from the heated surface to the liquid, which is initially at room tempera-
ture. This is shown in the sudden temperature decrease observed in Figure 2. Temperature gradients within the 
liquid solid interface, in the axial direction can be as high as 105/(t*)2, for water on stainless steel. This behaviour 
is naturally more pronounced for liquids with higher thermal conductivity and specific heat of the liquid, as evi-
denced in the various curves shown in Figure 2.  There also several morphological features in the lamella associ-
ated to the surface tension of the liquid, which further contribute to the differences in the curves. These observa-
tions are discussed in detail in Moita and Moreira [31].  

As the surface is heated above the boiling temperature of the liquid and the heat transfer rate is high enough 
to cause phase transition the thermal induced atomization occurs, generated form the spectrum of continuously 
growing bubbly structures. Several morphological features of the lamella, related with the associated effect of 
the liquid surface tension and latent heat of evaporation contribute to the overall larger temperature decrease of 
the surface temperature when impacted by the water droplets, as shown in Figure 3. This behaviour is particu-
larly evident as one increases Tw0 close to the CHF temperatures (Figure 4). 

The surface temperature does not recover to its initial value particularly for the liquids with higher hfg. Small 
temperature variations (most of them smoothed in the final curves) are associated to the coexistence of liquid and 
vapour phases in the measurement region.   
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Figure 2. Instantaneous surface temperature, measured at the point impact of water (D0=2.8mm) and ethanol 
(D0=2.4mm) drops colliding on a stainless steel surface (Ra=0.31µm, Rz=2.32µm) at U0=1.3ms-1

, within the sin-
gle phase regime (∆T=Tsat-Tw0=15ºC). 
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Figure 3. Instantaneous surface temperature, measured at the point impact of water (D0=2.8mm), ethanol 
(D0=2.4mm) and HFE7100 (D0=2.4mm) droplets colliding on a stainless steel surface (Ra=0.31µm, Rz=2.32µm) 
at U0=1.3ms-1, within the nucleate boiling regime (∆T=Tw0-Tsat =20ºC). 
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Figure 4. Instantaneous surface temperature, measured at the point impact of water droplet (D0=2.8mm, 
U0=1.3ms-1), colliding on a stainless steel surface (Ra=0.31µm, Rz=2.32µm) at U0=1.3ms-1, within the nucleate 
boiling regime (∆T=Tw0-Tsat =80ºC). 

The residence time of the droplet on the surface is quite reduced within the film boiling regime, as the va-
pour layer preclude the liquid contact, promoting the fast levitation and break-up of the lamella. Consequently, 
after the sudden decrease at droplet impact, the surface temperature quickly recovers. The much smaller thermal 
conductivity of the vapour also contributes, as well described by the various existing models of droplet impact 
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within this boiling regime, to this behaviour. For HFE7100 and ethanol droplets, due to the fast evaporation rate 
and lamella disintegration, it was extremely difficult to register a significant and reproducible evolution of sur-
face temperature.    

 
This brief description of the dynamic and thermal behaviour of impinging droplets on a heated target clearly 

evidences the governing role of all the phenomena occurring at the liquid-solid interface, which will affect the 
temperature distribution within this region. Nevertheless, the accurate description of the phenomena occurring at 
this region has not been achieved yet. This is performed in the theoretical model suggested here. In the current 
paper the model is simply explored for drop impacts within the single phase regime, at which the temperature 
distribution at the liquid-solid interface is more homogeneous. Some numerical predictions are now discussed 
and compared with the experimental data. 

 

Discussion and comparison with the experimental results 
Figure 5 depicts the temperature predictions in the spreading droplets to the various liquids used here. Al-

though the calculations are rather complex, the results are qualitatively quite evident since the thickness of the 
boundary layer will be smaller for the liquids with larger Prandtl numbers, as previously shown in Figure 1.  

Figure 6 shows the predicted temperature gradient at the surface (ξ=0) and evidences the importance of the 
flow over the surface: the magnitude of the scaled temperature gradient is much higher for a spreading droplet 
than for a stationary droplet. 
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Figure 5. Impact of a droplet with the initial temperature Td0 = 25◦C onto a wall with the constant contact tem-
perature Tc = 50◦C. Distribution of the temperature for different liquids. 

 
It is worth mentioning that this result does not depend on surface properties, so it can be used to estimate the 

contact temperatures for droplet impacts onto different surface materials. In fact, the contact temperature is de-
termined as in eq. (6). The predicted values are compared with the experimental results in Figure 7.  
 

The agreement is rather good despite any adjustable parameters were introduced in the model. The deviation 
of the data corresponding to the water droplets impacting the surfaces at higher initial temperature is probably 
due to the fact that the interface temperature surpasses the boiling temperature of the liquid. In this case the bub-
ble formation promotes the non-uniform heating of the liquid and solid leading to a non uniform temperature 
distribution within the liquid-solid interface region. This result, obtained for impacting droplets is in agreement 
with the observations reported by Tartarini et al. [11] for sessile drops.  

 



ILASS – Europe 2010 Heat transfer mechanisms at droplet/wall interactions: 
experiments and theory 

 

8 

20

20 40 50 60 80 110

T c
’
[ºC

]
Spreading drop
Solid upper body, g=0

30 70 90 100

0

-40
-20

-60
-80

-100
-120
-140
-160
-180

Tc [ºC]

20

20 40 50 60 80 110

T c
’
[ºC

]
Spreading drop
Solid upper body, g=0

30 70 90 100

0

-40
-20

-60
-80

-100
-120
-140
-160
-180

20

20 40 50 60 80 110

T c
’
[ºC

]
Spreading drop
Solid upper body, g=0

30 70 90 100

0

-40
-20

-60
-80

-100
-120
-140
-160
-180

Tc [ºC]
 

Figure 6. Impact of a water droplet with the initial temperature Td0 = 25◦C onto a dry hot wall. The scaled tem-
perature gradient T′(ξ) at the wall ξ = 0 as a function of the contact temperature in comparison with the corre-
sponding values for a stationary droplet (g = f = 0). 
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Figure 7. Impact of water and ethanol droplets with the initial temperature Td0 = 25◦C onto a stainless steel sub-
strate. Theoretical predictions of the contact temperature as a function of the initial wall temperature compared 
with the experimental data. 
 

Conclusions 
The study presented here addresses the experimental characterization and theoretical description of the fluid 

dynamic and heat transfer mechanisms occurring as a liquid droplet impacts a solid, dry and heated surface. The 
experiments address the measurement and determination of the instantaneous substrate and contact temperatures 
at droplet impact within a wide range of conditions. The theoretical model, based on a similarity solution for the 
full Navier-Stokes equations coupled with the energy equation, describes the flow and temperature fields in the 
spreading droplet which concerns the accurate determination of the contact temperature.   

The results stress the importance of accounting with the dependence of the thermophysical properties with 
the temperature and with the effect of the flow. In line with this, the numerical predictions are in quite good 
agreement with the experiments, for a wide range of liquid properties and impact conditions, despite any adjust-
able parameters were introduced in the model.  
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Nomenclature 
Cp specific heat [kJkg-1K-1] 
D droplet diameter [mm] 
hfg latent heat of evaporation [kJkg-1] 
k thermal conductivity [Wm-1K-1]   
Pr Prandtl number ( kCv /ρν= ) 
r radial coordinate [mm] 
Re Reynolds number (=U0D0/ν) 
T temperature [ºC] 
t time [s] 
t* dimensionless time (=t/(D0/U0)) 
u velocity component normal to the surface [ms-1] 
We Weber number ( lvUD σρ /2

00= ) 
z Axial coordinate [mm] 
∆T temperature difference [ºC] 
ε thermal effusivity (=(ρkCp)1/2) [W-1s1/2/m2K] 
µ dynamic viscosity [kgm2s-1] 
ν kinematic viscosity [m2s-1] 
θ static contact angle [º] 
ρ specific mass [kgm-3] 
σlv surface tension of the liquid [Nm-1] 
ξ self-similar coordinate 
 

Subscripts 
0 initial (t=0s) 
c contact 
CHF Critical Heat Flux 
d droplet 
max maximum 
sat saturation 
w wall 
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