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ABSTRACT 

In this paper, infrared thermography is used to measure the transient contact 

temperature between impinging droplets and hot solid surfaces.  Droplets are released 

onto the heated solid surface of a barium fluoride (BaF2) disk, which has a high 

transmittance (about 90%) in the 8-12 µm range (typical of longwave infrared cameras).  

The interface temperature is measured from below, through the solid material, by 

infrared thermography.  Since the solid is IR-transparent, a black coating layer is used to 

allow radiative heating of the surface and provide a method to measure the liquid-solid 

interface temperature.  A numerical code is then presented, which simulates the 

evaporation of water droplets on hot solid surfaces.  At the present stage of 

development, single-phase evaporation is addressed.  The three-dimensional energy 

diffusion equation, discretized using the finite volume method, is employed to model 

the transient within both the droplets and the solid substrate.  The numerical results are 

validated by comparison with the experimental data. 

 

Keywords:   Droplet cooling;  heat transfer;  infrared thermography. 
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INTRODUCTION 

 

 Many engineering and safety applications require that a hot surface is effectively 

cooled down by a spray of water droplets. Fire suppression in nuclear power plants, in 

process chemical storage and in fuel storage facilities is a primary application which has 

inspired a number of experimental and theoretical studies on the phenomena associated 

with spray cooling. A thorough survey of the hundreds of relevant literature works on 

this subject would exceed the full length of the present paper, and only some examples 

of important contributions will be mentioned here. 

 Fire protection applications are the focus of the work presented here, which has to be 

seen in the frame of a long-term research whose results have been published in some 

papers during almost two decades (di Marzo and Evans [1], di Marzo et al. [2,3], 

Tartarini and di Marzo [4], Chandra et al. [5], Tartarini et al. [6], Tarozzi et al. [7,8]). 

 The behavior of sessile droplets has been investigated extensively by several 

researchers.  Some fundamental studies on which spray heat transfer modeling could be 

based are due to Gorton [9], Wachters et al. [10], Baumeister et al. [11], Bolle and 

Moureau [12] and Chandra and Avedisian [13].  Gorton [9] found experimentally that, 

in film boiling, the vapor film thickness between a sessile droplet and the surface 

increases and the heat transfer coefficient decreases with an increase in surface 

temperature.  Wachters et al. [10] proposed a detailed discussion of the shape of a 

sessile drop on a horizontal, hot solid surface.  Baumeister et al. [11] developed a 

dimensionless correlation for the vaporization times of discrete liquid masses in the film 

boiling regime.  Bolle and Moureau [12] and Chandra and Avedisian [13] presented 

analytical methods to predict the thickness of the vapor layer separating a hemispherical 

liquid droplet from a hot surface during film boiling. 
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 Also the behavior of impinging droplets has been investigated by a large number of 

researchers.  The impact and deformation of a liquid droplet impinging upon a heated 

surface has been studied with heavy use of high speed photography.  Among early 

works, Wachters and Westerling [14] observed that the impact and breakup of water 

droplets striking a 400°C horizontal surface (corresponding to the film boiling regime) 

could be grouped into three general categories depending upon the droplet Weber 

number, We (ratio of droplet inertia forces to surface tension forces).  In the low Weber 

number regime (We<30), Wachters and Westerling [14] observed that the droplet was 

spreading out radially upon impact into a flat disk with a fairly uniform thickness, and 

the impact did not influence the initial shape of the droplet.  During an evaporative 

transient in regimes of single-phase evaporation, the radius of the wetted region, R, 

remains constant and the solid-liquid contact angle, θ, decreases until a minimum, 

critical value (receding angle) is reached. Detailed information on the receding angle is 

available in several works (Adam and Jessop [15], Good [16], Herzberg and Marian 

[17], Herzberg et al. [18]). The evaporation process ends with the complete evaporation 

of the droplet, and the solid surface temperature tends to return to its initial conditions. 

 In the mid-Weber-number regime (30<We≤80), the droplet was observed to split 

into a large globule and a small satellite.  Finally, in the high-Weber-number regime 

(We>80), upon impact, the droplet began to spread out radially into a flat disk, the rim 

of which broke into several small droplets which quickly dispersed away from the rim. 

The flat disk itself then broke up violently into many small droplets. 

 While the classification by Wachters and Westerling [14] is usually accepted in the 

ranges of high solid surface temperatures, the droplet impact characteristics are found to 

be highly dependent on temperature over the ranges including single-phase evaporation 



 

 

 

ACCEPTED MANUSCRIPT 

 

 

 
4 

and nucleate boiling phenomena.  Chandra and Avedisian [13], in their famous, 

comprehensive photographic study, investigated the influence of surface temperature on 

droplet impact dynamics. Using flash photography, they observed the liquid film 

spreading structure and spreading rate, vapor bubble formation, and contact angle for n-

heptane droplets with We = 43 impinging upon a polished stainless steel surface.  They 

showed that all these impact characteristics were highly temperature dependent over the 

range of 24-250°C. 

 The observations of Wachters and Westerling [14] in the field of high temperatures 

were confirmed later by Bolle and Moureau [12], who employed high-speed film-based 

photography (7000 frames per second) to investigate droplet impact for surface 

temperatures in the range of 800-1200°C (film boiling regime) and We of 1-1500.  

Extensive contributions in this field are also available in the excellent papers by 

Bernardin and Mudawar [19] and Bernardin et al. [20]. 

Recent improvements of photographic techniques allowed some authors to obtain 

excellent results in terms of droplet impact visualization.  Two relevant contributions in 

this field are the papers by Sikalo et al. [21] and Cossali et al. [22].  Cossali et al. [22] 

used a CCD camera with a long distance microscope objective to acquire the images of 

droplet  impacts.  The CCD acquisition and illumination systems were driven by a 

triggering system made by an He–Ne laser  imaged onto a photodiode. 

In terms of solid heating modes, when the solid surface is heated by conduction from 

below, the solid layer under the droplet(s) acts as a heat source, while it is a heat sink 

when the solid surface is heated by radiation from above. Moreover, in the radiative case 

the droplets absorb heat directly from ambient, and their surface tension is strongly 

decreased. The two described scenarios are interesting and important in industrial and 

civil engineering applications. 
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The present work is aimed at analyzing the cooling of hot solid surfaces induced by 

liquid droplets.  In particular, the study is focused on non-intrusive measurements and 

numerical simulations of the transient behavior of the contact temperature between 

impinging droplets and hot solid surfaces. 
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EXPERIMENTAL  APPARATUS  AND  RESULTS 

 

In order to overcome the measurement difficulties regarding the liquid-solid 

interface temperature without using direct-contact sensors, a new method was devised to 

measure the interface temperature without contact, releasing the droplets onto a heated 

solid surface of a material  transparent in the infrared spectral band.  Therefore, the  

experimental apparatus was built to measure the temperature at the solid-liquid interface 

during evaporation of liquid droplets on a horizontal solid surface heated by radiation 

from above, and the interface temperature could be measured from below, through the 

solid material, by infrared thermography.  Since the solid was IR-transparent, a coating 

layer was used to allow radiative heating of the solid surface and provide a method to 

visualize the bottom surface temperature, which was de facto undistinguishable from the 

solid-liquid interface temperature. 

The full experimental apparatus and setup is thoroughly described in published 

papers by Tarozzi et al. [7,8].  However, it is worth reminding that the IR-transparent 

material is a disk of barium fluoride (BaF2, Crystran Ltd. [23]) with a diameter of 75 

mm and a thickness of 3 mm, which is mounted on a horizontal slab of insulating 

material.  A circular window is opened through the slab and is filled by the transparent 

disk in order to avoid radial heat losses and insure homogeneous heating of the BaF2 

disk.  Droplets of bidistilled and deionized water are gently deposited (the Weber 

number is always less than 30 in this part of the research) by a precision syringe onto the 

upper surface of the heated disk.  

A picture of the experimental apparatus and a sketch of the test section are reported 

in Figs. 1 and 2 respectively.  Additionally, a sketch of the test section, including sizes 

and measurements, is reported in Fig. 3. 
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The interface temperature is measured from below, through the solid material, by an 

Avio TVS-500 thermographic camera, carrying a micro-bolometric FPA sensor which 

operates in the long-wave spectral range (8-12 µm). The camera features an IEEE-1394 

interface, which allows one to export up to 60 frames per second to a personal 

computer.  The infrared frame sequences are then processed by the Matlab software, in 

order to enhance the image quality by noise filtering and emissivity maps. 

An improvement with respect to previous experiments by Tarozzi et al. [7] was 

obtained by using a close-up lens. This enhancement of the setup now allows one to 

acquire thermographic images with a spatial resolution of 100 µm/pixel, thus obtaining 

several tens of pixels along the droplet diameter. 

The top surfaces of both disk and slab are heated from above by four radiant panels; 

the heating is active during the deposition of the droplets and the entire evaporation 

period.  The panels are fed by a three-phase power supply which is controlled on a 

temperature feedback by a Variac. This allows one to modulate the radiant flux and, 

therefore, the initial surface temperature by varying the electric tension. A homogeneous 

irradiation is achieved by modifying the position of each heater independently. A 

uniform heating was easily achieved during the tests. The temperature uniformity of the 

test section has been verified by means of thermographic images.  

The solid disk of barium fluoride is transparent to infrared radiation.  Therefore, a 

coating layer has to be used to get radiative heating of the solid surface.  Thanks to the 

same coating layer the solid-liquid interface temperature can be measured.  In fact, the 

temperature that the infrared camera measures through the transparent disk is that of the 

bottom surface of the coating layer, i.e. at the coating-solid interface, but this can be 

assumed to be equal to the solid-liquid interface temperature if the coating layer is thin 
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and conductive enough. 

The main component of the apparatus is the BaF2 disk, transparent in the infrared 

spectral band, on which the droplets are deposited.  The optical properties of the disk 

were not released by the producer.  Thus, its transmittance had to be measured over the 

whole range of the spectrum relevant to thermal radiation, in order to verify the 

compatibility with the employed infrared camera.  A Bruker Vertex 70 FTIR 

spectrophotometer was used, which provided the Fourier Transform Infrared 

Spectrophotometry (FTIR) to determine the spectral transmittance of materials.  The 

measurement results are reported in Fig. 4, which shows an average transmittance of 

about 0.90% in the spectral range of interest (8-12 µm), as confirmed by thermographic 

analyses of objects with known temperature. 

No significant effects of the disk temperature on its radiative properties were 

observed in the temperature range of interest. 

The IR camera measures the thermal radiation which leaves the uncoated bottom 

surface of the disk.  More precisely, the camera measures the fraction of the thermal 

radiation comprised in the spectral range ∆λ=8-12 µm.  This includes the thermal 

radiation emitted by the top coating layer and transmitted through the disk, and the 

thermal radiation emitted by the bottom surface of the disk. 

With a temperature of the coating layer equal to that of the disk bottom, the camera 

measures a blackbody radiation, i.e., the apparent emissivity of the coating layer is 1. 

This was verified by comparing the coating temperature measured thermographically 

from below with the temperature measured by a direct-contact thermocouple probe 

applied to the upper coated surface. 

Water droplets were gently deposited (the Weber number was always less than 30) 
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on the coated surface of the disk, which was heated up to prescribed values of 

temperature.  This solid surface temperature Ts was chosen according to the theoretical 

contact temperature proposed by Seki et al. [24] on the basis of the classical work by 

Carslaw and Jaeger [25], who developed it as the weighted average of liquid and solid 

effusivities by similarity with two semi-infinite solids in contact: 

lllsss

llllssss
contact

kckc

kcTkcT
T

ρρ
ρρ

+

+
=                                               (1) 

where ρ, c and k are the mass density, the specific heat and the thermal conductivity, 

respectively, the subscripts s and l denote the solid surface and the liquid, and Ts and Tl 

are the temperatures of solid and liquid. 

Since the droplets were always released at ambient temperature (i.e., Tl = 20°C at  t 

= 0), the initial solid surface temperature could also be used as the forcing parameter to 

get Tcontact close to the saturation temperature of the liquid and check the transient 

cooling behavior before and after the onset of nucleate boiling within a droplet. 

Figure 5 reports two frames of a sequence of the evaporation of four distinct droplets 

(45 µl each) on the BaF2 disk at T0= 97°C.  Figure 6 reports two frames of a sequence of 

the evaporation of a multi-droplet spray (180 µl, with an experimental uncertainty of 20 

µl) at T0= 97°C.  Figure 7 shows the comparison between experimental and predicted 

values of temperature vs. time on the wetted area only, using the old assumption of 

constant and uniform Tcontact in Eq. (1).  The comparison suggests that Tcontact could be 

used as an integral-averaged value of the interface temperature, but the experiments 

clearly confirm (Abu-Zaid and Atreya [26], di Marzo et al. [3] Tartarini and di Marzo 

[4]) that the theoretical contact temperature is not constant nor uniform during an 

evaporative transient on low- and mid-conductivity solid surfaces. 
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NUMERICAL  APPROACH  AND  PRELIMINARY  RESULTS 

 

In previous attempts of modeling single-phase droplet cooling after the work by 

Rizza [27], di Marzo et al. [3] and Tartarini and di Marzo [4] demonstrated that 

conduction is the dominant heat transfer mode inside the droplets in the low superheat 

regime. After carrying out extensive experimental research, they formulated a numerical 

code for the prediction of evaporative cooling of solid surfaces induced by a gently 

deposited water droplet.  The code was based upon a solid-liquid coupled model which 

predicted the droplet evaporation and the solid surface cooling for materials with 

thermal conductivity spanning over more than two orders of magnitude.  The numerical 

solution of the conduction equation linked a control volume method (CVM) used for the 

liquid and a boundary element method (BEM, as in Wrobel and Brebbia [28]) used for 

the solid.  The numerical predictions by that code were in very good agreement with the 

experimental data, in terms of both evaporation times (lifetimes) and solid surface 

temperatures.  That code was very effective, but it could not simulate the three-

dimensional behavior of evaporative cooling in higher superheat regimes.  The present 

modeling effort tries to overcome that problem, thanks to the enhanced computational 

capabilities of modern machines.  

A new numerical code is now presented, which simulates the evaporation of water 

droplets on hot solid surfaces.  The three-dimensional, energy diffusion equation, 

discretized using the finite volume method, is employed to model the transient within 

both the droplets and the solid substrate.  In this preliminary stage of development, the 

new code can simulate the substrate cooling effect due to a droplet in the single-phase 

evaporation regime only, but its structure permits an easy extension to nucleate boiling 
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and film boiling regimes.  The code is implemented in Matlab®, using a modular and 

flexible architecture. 

The thermal behavior of both liquid droplets and solid substrate is described by the 

Fourier equation of heat diffusion: 

ll
l T

t
T 2∇=
∂

∂ α                                                              (2) 

ss
s T

t
T 2∇=
∂

∂ α                                                             (3) 

The vapor mass flux m” at the liquid-air interface, due to the droplet evaporation, 

can be estimated by the classical correlation due to Chilton and Colburn [29]: 
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where the convection coefficient, h, can be evaluated from common relationships in the 

literature. 

Due to the evaporative mass flux, the following boundary condition can be imposed 

on the heat flux across the liquid-air interface: 

radlal
l

l qmTTh
n
T

k ′′−Λ+−=
∂
∂

")(                                             (5) 

The conditions on the top surface of the solid outside the droplet and on the bottom 

surface are: 

radas
s

s qTTh
z

T
k ′′−−=

∂
∂

)(                                                    (6) 

In the present problem, the vertical surfaces of the solid are considered adiabatic; in 

particular, two surfaces are symmetry planes. 

The boundary conditions at the solid-liquid interface state the continuity of 

temperature and heat flux: 
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sl TT =                                                                      (7) 
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                                                              (8) 

The spherical-cap-shaped droplet is initially symmetrical about the vertical axis, 

perpendicular to the surface of the substrate. 

The described 3D model has been coded in Matlab®  to obtain a transient 

temperature profile on the substrate surface, that could be compared with the 

thermographic experimental measurements.  A structured non-uniform mesh is used, 

which is refined where the strongest temperature gradients and largest heat fluxes are 

expected (that is, at the interfaces and below the droplet).  The elements in the droplet 

have different height, to consider the spherical-cap geometry.   

The governing equations for the liquid and the solid substrate are discretized by 

finite volumes, with Crank-Nicolson for the time-advancement.  An explicit approach is 

used to evaluate the liquid loss due to evaporation, as well as the heat transfer 

coefficient and the material properties at each node and time. 

In particular, at every time step, the evaporated mass flux at the liquid-air interface is 

calculated for every top cell area, and the droplet is built and meshed again, considering 

the new amount of non-evaporated liquid. 

The discretized computational domain for this code is shown in Fig. 8, where the 

droplet and the top surface of the solid layer at the beginning of transient simulation are 

depicted.  The difference between the initial droplet volume and the reconstructed 

volume is less than -0.0014421 %. 

Some preliminary results for single droplet evaporative transients are reported in 

Figs. 9 to 14.  In those figures, the calculated temperature of the lower layer of the paint 

and of the upper layer of the BaF2 disk are plotted versus time (Figs. 9-14) or radial 
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distance (Figs. 12-14) during different evaporative transients, and the numerical 

predictions are compared with the corresponding data from experimental measurements. 

Figure 9 reports a comparison between experimental data and numerical predictions 

for the temperature transient of a solid surface point very close to the center of the 

droplet.  Both experimental data and numerical calculations stress out the sudden 

temperature decrease right after the droplet deposition; the code predictions tend to 

overestimate the solid surface temperature evolution immediately after the droplet 

deposition, but during the following portion of the transient the temperature evolution is 

well predicted. 

Figures 10 and 11 report the same comparison of Fig. 9 for the temperature transient 

of a solid surface point located a 3.0 mm and 4 mm from the center of the droplet 

respectively.  Again, both experimental data and numerical calculations stress out the 

sudden temperature decrease right after the droplet deposition; in these cases the 

numerical results show a good agreement during the whole portion of the transient 

considered. 

Figures 12, 13 and 14 report the comparisons between experimental data and 

numerical predictions for the solid surface temperature distribution along the radial 

coordinate from the droplet center, x, at three different times, starting with the first 

instant after droplet deposition.  The agreement appears to be satisfactory in the non-

wetted area even if the code tends to slightly overestimate the solid surface temperature 

(Figs. 13-14). 

In the challenging zone of the wetted area, the same discrepancies observed in the 

temperature vs. time plots of Figs. 9-11 affect the temperature vs.distance plots of Figs. 

12-14.  In particular, the code tends to overestimate the temperature in the central zone 

of the droplet in the first instants of the evaporation (Fig. 12); in the remaining part of 
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the transient (Figs. 13-14) a better agreement is evident even if at the edge of the droplet 

the measured temperatures are lower than the predicted ones.  An improvement of 

predictive capabilities of both model and code is going to be attempted on the basis of 

more complete information from the experimental measurements. 
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CONCLUDING REMARKS 

 

In order to analyze the cooling of hot solid surfaces induced by liquid droplets, an 

approach to non-intrusive measurement of the transient contact temperature between 

impinging droplets and hot solid surfaces has been presented.  The solid-liquid interface 

temperature has been monitored from below through a transparent-to-infrared material. 

That material had been coated with a very thin layer of high-emissivity, opaque paint on 

its upper side, so that it could effectively respond to the infrared camera located below. 

The experimental results concerning transient temperature distributions confirmed 

many typical trends of dropwise cooling, and the direct observation of the solid-liquid 

interface temperature enhanced the comprehension of the phenomenology of the 

interactions between droplets and hot surfaces. 

A numerical code has been presented, which simulates the evaporation of water 

droplets on hot solid surfaces.  At the present stage of development, only single-phase 

evaporation has been addressed.  The three-dimensional energy diffusion equation, 

discretized using the finite volume method, has been employed to model the transient 

within both the droplets and the solid substrate.  The numerical results have been 

compared with the experimental data.  The preliminary results showed good agreement 

but also some relevant discrepancies between code predictions and experimental data.  

However, the present contribution can only be considered the starting point for the 

development of more complex and versatile models for the simulation of multi-droplet 

systems.  Several phenomena, such as convective motion and nucleate boiling within the 

droplet, radiative heat transfer, high Weber numbers and different impingement modes, 

will be progressively included into the numerical simulation. The enhanced modeling 
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capabilities will have to be accompanied by high-resolution experimental data for the 

validation of the code. 

 

 

NOMENCLATURE 

 

c specific heat (J kg-1 K-1) 

daw air-water mass diffusivity (m2 s-1) 

k thermal conductivity (W m-1 K-1) 

h heat transfer coefficient (w m-2 K-1) 

m” vapor mass flux (kg s-1 m-2) 

n normal coordinate (m) 

p pressure (Pa) 

q'' heat flux (W m-2) 

R       droplet (wetted area) radius (m) 

T temperature (°C or K) 

t time (s) 

x radial coordinate from the droplet center (m or mm) 

z vertical coordinate (m) 

Greek letters 

� thermal diffusivity (m2 s-1) 

∆λ spectral range (m or µm) 

θ solid-liquid contact angle (rad) 

�� latent heat of vaporization (J kg-1) 

λ wavelength (m or µm) 

ρ mass density (kg m-3) 

τλ spectral transmittance 

ϕ relative humidity (-) 

Subscripts 

0 initial 

a air, ambient 
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contact contact, interface 

l liquid 

rad radiative 

s solid 

sat saturation 
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FIGURE  CAPTIONS 

      

Figure 1  - Experimental apparatus. 

Figure 2  - Experimental layout. 

Figure 3  - Scheme of the test section. 

Figure 4  - Spectral transmittance of the BaF2 disk. 

Figure 5  - Sequence of thermographic images: four droplets (45 µl each) on the BaF2 

disk; T0= 97°C. 

Figure 6  - Sequence of thermographic images: multi-droplet spray (180 µl) on the 

BaF2 disk; T0= 97°C. 

Figure 7  - Comparison between experimental and predicted values of temperature vs. 

time on the wetted area. 

Figure 8  - Discretized computational domain. 

Figure 9  - Initial evolution of the top surface under the droplet at x = 0.21 mm from 

the center of the droplet (initial radius of the droplet = 4.5 mm). 

Figure 10  - Initial evolution of the top surface under the droplet at x = 3.0 mm from the 

center of the droplet (initial radius of the droplet = 4.5 mm). 

Figure 11  - Initial evolution of the top surface under the droplet at x = 4 mm from the 

center of the droplet (initial radius of the droplet = 4.5 mm). 

Figure 12 - Temperature distribution along the x-axis right after droplet deposition. 

Figure 13 - Temperature distribution along the x-axis at t=10s after droplet deposition. 

Figure 14 - Temperature distribution along the x-axis at t=40s after droplet deposition. 
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FIGURES 

 

 

Figure 1  -  Experimental apparatus. 
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Figure 2  -  Experimental layout. 
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Figure 3  –  Sketch of the test section. 
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Figure 4 - Spectral transmittance of the BaF2 disk. 
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Figure 5  -  Sequence of thermographic images: four droplets (45 µl each) on the BaF2 
disk; T0= 97°C. 
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Figure 6 – Sequence of thermographic images: multi-droplet spray (180 µl) on the BaF2 
disk; T0= 97°C. 
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Figure 7 - Comparison between experimental and predicted values of temperature vs. 
time on the wetted area. 
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Figure 8 – Discretized computational domain. 
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Figure 9  -  Initial evolution of the top surface under the droplet at x = 0.21 mm from the 
center of the droplet (initial radius of the droplet = 4.5 mm). 

      

 

Figure 10  -  Initial evolution of the top surface under the droplet at x = 3.0 mm from the 
center of the droplet (initial radius of the droplet = 4.5 mm). 
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Figure 11  -  Initial evolution of the top surface under the droplet at x = 4 mm from the 
center of the droplet (initial radius of the droplet = 4.5 mm). 

 

 

 

Figure 12  -  Temperature distribution along the x-axis right after droplet deposition. 
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Figure 13 - Temperature distribution along the x-axis at t=10s after droplet deposition. 

 

 

Figure 14 - Temperature distribution along the x-axis at t=40s after droplet deposition. 


