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Abstract. The present paper examines the behaviour of a single large droplet levitating over a hot surface, 

unsteady mass of the droplet, and heat transfer. It was assumed that the evaporation from the upper surface 

of the droplet is negligibly small compared with the amount discharged from its lower surface, and the heat 

transfer coefficient is the power function of droplet orthogonal projection onto the heating surface. Based on 

the photographic documentation, the dependence of the droplet projection on time was approximated. A 

heat balance was written in the form of a non-linear first order differential equation. The solution to the 

equation was included. The analytical function of droplet mass change in time was used to determine the 

exponent of the power dependence of the heat transfer coefficient on the orthogonal droplet projection onto 

the heating surface. The comparison showed the method proposed in the study could be applied to analyse 

the behaviour of a water drop levitating above a surface at the temperature higher than the Leidenfrost point. 

1 Introduction  

In the mid-1980s, the thermal load on components 

amounted to 100 W/cm2 [1]. The only possible solution 

was to use cooling that employed change of phase 

processes in the cooling agent [2,3,4]. Another important 

application area of phase-change cooling includes 

evaporation processes in refrigeration and air 

conditioning [5,6]. In thermal treatment of metals, 

controlled temperature changes are decisive for the 

formation of near-surface microstructures [7]. 

 Surface spray cooling is another important issue [8]. 

Various investigations conducted into the subject focus 

on the physics of the phenomenon, which depends 

strongly on the liquid and its components [9] and [10], 

thermal and flow conditions [11,12], interaction with the 

surface [13], radiation heat transmission through the 

water film [14], etc. Also, when the basic liquid is 

modified with additives such as nanoparticles, 

significant changes in the nature of heat transfer are 

observed [15]. A brief review of their impact on the 

Leidenfrost temperature in heat transfer applications is 

delivered in [16].  

Physical processes involved in droplet evaporation 

are closely related to the surface. It was shown that 

droplets located on low conductivity materials get colder 

and evaporate at about half the rate of similar droplets on 

surfaces with high thermal conductivity [17]. The 

evaporation characteristics of sessile water droplets on 

smooth hydrophobic and structured superhydrophobic 

heated surfaces were experimentally investigated in [18]. 

It was proved that surfaces with high wettability enhance 

heat transfer coefficient and critical heat flux in pool 

boiling [19]. Clear differences are observed between 

nucleate pool boiling and boiling in the droplet. Intense 

nucleate boiling in the droplet is accompanied by 

continuous changes in its shape and the area of contact 

with the substrate. Those phenomena are caused by 

vapour bubbles that flow inside and depart. In this case, 

local changes in the surface temperature are observed, 

which results in a lower value of the heat transfer 

coefficient [20]. Only at the wall superheat above 10 K, 

bubbles visibly change the droplet circumference. As a 

result, the surface is locally dried up, and the density of 

the removed heat is considerably reduced. Surface 

temperature grows and the inflowing liquid evaporates 

abruptly, which makes the whole process unstable. This 

range is termed a transition boiling regime [21]. The 

final stage of this regime is the formation of a stable 

vapour film, which supports the droplet above the 

heating surface [22,23], while intense internal currents 

inside the droplet are observed [24].  The first 

observation of that effect was reported by Johann 

Gottlob Leidenfrost in A Tract About Some Qualities of 

Common Water in 1756, and the phenomenon has been 

named after him.  

In many technological processes, the element that 

needs to be cooled has the initial temperature that is 

higher than Leidenfrost temperature. The amount of heat 

carried away and the rate of cooling are the parameters 

that need to be precisely controlled [25]. That refers to 

technological processes [26,27], and to maintaining the 

thermal stability of the elements cooled [28]. To solve 

the task thus posed, it is necessary to have possibly 

complete information on the physical processes that 

occur in droplet evaporation, which despite numerous 

investigations have not been fully explained. 

The aim of this study is to provide the analysis of heat 

transfer between a large water droplet at atmospheric 

pressure, and a hot surface at a temperature higher than 

Leidenfrost temperature.  

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0

(http://creativecommons.org/licenses/by/4.0/). 

MATEC Web of Conferences 240, 01029 (2018) https://doi.org/10.1051/matecconf/201824001029
ICCHMT 2018

mailto:author@e-mail.org


2 Experimental set-up 

A large droplet of water was placed on the heating 

surface with temperature higher than the Leidenfrost 

point. Measurements taken for this study concerned the 

droplet mass changes in time. Electronic weighing 

scales, with the maximum capacity of 500 g, was used. 

The scales readability is 0.02 g, and sensitivity is 0.001 

g. The interface is used for direct communication with 

the computer.  

 
 

 

Fig. 1. Photograph of the experimental set-up: a) side view, b) 

top view 1- droplet, 2 - electrical power supply, 3 - heater,  4 - 

thermocouple, 5- support pin, 6 - screw, 7 - thermocouple. 

 Investigations into droplet evaporation at a 

temperature above the Leidenfrost point were conducted 

at the stand, the main component of which was a 

cylindrical copper heater (see Fig. 1). The cylinder upper 

surface was shaped like a bowl having a very large 

radius, which allowed centric, stable positioning of the 

liquid droplet under investigation, as shown in Fig.1b. 

Directly under the surface, in the symmetry axis, k-type 

sheathed thermocouple was placed. The heater was 

installed on the cylinder outer surface and supplied with 

electric power from the autotransformer by suspended 

conductors. The output power of the heater was set by 

voltage, adjusted according to the voltmeter readings. 

The detailed description of the measurement procedure, 

together with the analysis of uncertainties were 

presented in [29] and [30]. 

3 Results and discussion 

Large mass droplets show instabilities of various types, 

which result from complex convective movements inside 

the droplet [31-34]. 

 
Fig. 2. Evaporation of the water droplet on the wall of the 

temperature Tw=355 oC. 

 In Fig.2, three zones with different droplet behaviour 

are marked. In the first zone under the surface of the 

droplet having the mass of as much as approx. 2g, 

vapour lingers forming large bubbles. They grow very 

slowly and relatively seldom depart freely through the 

droplet upper surface.  

 
 
Fig. 3. Droplet shape evolution at various stages of its 

evaporation acc. Fig. 2. 

 Due to the measurement system inertia, relatively 

small changes in weight are recorded during this stage. 

As the droplet mass decreases, the area of its surface is 

also reduced, which leads to the deterioration of vapour 

accumulation. The frequency of bubble departure clearly 

rises, which is reflected in the readings of the scales in 

the second zone. For droplets having the mass of approx. 

1g, vapour bubbles departing from the upper surface are 

not observed. Small changes in the droplet weight in 

third zone result from a chaotic droplet movement over 

the surface. Small drops weighing less than 0.7 g take on 

stable shapes, as shown in Figure 3. 

 Photographic imaging makes it possible to measure 

droplet projection onto the heating surface. Digital photo 

camera was suspended directly above the droplet to 

record the projection of its surface. Then, the footage 

was converted into individual frames. Using software 
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tools, droplet surface area was estimated in the selected 

frames. For the series of concern, images are presented 

in Fig.4. 

 

Fig. 4. Droplet projection onto the heating surface. 

The literature provides different formulas for converting 

droplet orthogonal projection onto the heating surface. 

The correlations are usually time-dependent power 

formulas. One of them has the following form [35]:  
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      (1) 

where A0 is the surface projection at the initial instant, 

whereas CA, CA>0 and a<1 are constants under the 

assumed and pre-set conditions of the experiment. 

Using the correlation above (1), droplet surface area 

was calculated as a function of time, as shown in Fig.4. 

The fitting of the curve from Eq. (1) was conducted in 

such a way so that it could be matched, as accurately as 

possible, to the results obtained from photographic 

imaging. The comparison of the profiles of both curves 

shows fairly good congruence for small mass droplets. 

For large mass droplets, i.e. above 1.5g, a clear 

discrepancy between the curves is observed. 

4 Heat transfer analysis 

Assuming that evaporation from the upper surface of the 

droplet is small compared with the amount of heat 

carried away from the bottom surface, the overall heat 

transfer coefficient comprises the convective and 

radiative part, i.e. =c+r. Then, it possible to write 

energy balance equation, which implies a change in 

droplet mass m in time t: 
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t

m
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d
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where Tw, Td and Ts are surface, droplet and saturation 

temperatures respectively, A – orthogonal droplet 

projection onto the heating surface, cp – specific heat, 

and hfg phase change enthalpy at saturation temperature, 

here at atmospheric pressure.  

 To obtain solution to Eq. (2), it is necessary to 

provide a correlation for   droplet projection onto the 

heating surface and heat transfer coefficient. 

Experimental data indicate exponential dependence of 

heat transfer coefficient on the surface. For that reason, 

the following form of the function was assumed [30]: 

nAC        (3) 

where n is a constant exponent, and coefficient 

C=C(Tw) is different for individual measurement 

curves, and varies with the wall temperature Tw. 

 The equation (2) together with the adopted 

assumptions (1) and (3) can be integrated, and its 

solution has the following form: 
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where for the sake of convenience, a new variable is 

introduced: 

A

t

C

a
z         (5) 

At t=0, droplet mass m0 is known and M0 is a flux of 

mass evaporated from the droplet surface at t=0 defined 

as follows: 
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The integral in the equation above can be presented as an 

infinite series: 
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which is a fast-converging series. The first term of the 

sum on the right-hand side of the equation (7) is a partial 

sum, whereas the second term is the series remainder. A 

solution with accuracy below 1% is obtained already 

when only ten terms are taken into account, i.e. j10.  

 Shape disturbances essentially alter droplet 

projection onto the heating surface, which can be seen in 

Figs. 3 and 4. The disturbances are caused by lingering 

and successive departing of large vapour bubbles. 

Therefore, further analysis was limited to droplets 

having a mass of m  1.5g. Using correlation (1) for 

orthogonal projection vs. time, the surface area of the 

droplet was calculated, as shown in Fig.4.  

 The following values of coefficients were assumed: 

CA=0.11, CB=1.16, and a=0.9943. CA and CB were 

calculated from the dependence given in [35]. The base 

of power was selected following the criterion of the 
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minimum mean quadratic error between the measured 

areas and areas computed acc. Eq. (1).  

 The accuracy of the approximation can be evaluated 

by comparing residuals between measurement points and 

calculated points at the same time instant. The greatest 

differences between computed and measured quantities 

are found for the initial period for small time values, 

where clear spherical shape aberration is visible, as can 

be seen in Fig. 3. 

 The solution (4) to the problem of concern 

determines the dependence of the droplet mass on time. 

To plot the curve, all the coefficients used before are 

needed. Three of them, namely CA, CB and a, result from 

the fitting of the correlation for droplet orthogonal 

projection on the heating surface. The remaining 

quantities that need to be specified are coefficient C and 

power exponent n. They are related to the heat transfer 

coefficient, the magnitude of which is   proposed to be 

expressed by power dependence on the instantaneous 

droplet projection area A. The values of both quantities 

mentioned above are decisive for magnitude of the mass 

flux that is evaporated. Therefore, they need to be 

selected in such a way so that the curve of droplet mass 

change in time, calculated acc. Eq. (4), would closely 

coincide with the curve determined experimentally, as 

shown in Fig.5. 
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Fig. 5. Measured and calculated instantaneous droplet mass. 

 Both coefficients were determined acc. data from 

Fig. 5 following the criterion of the minimum mean 

quadratic error. Approximated values C=19.1 and n=-

0.3 make it possible to calculate local values of the heat 

transfer coefficient acc. formula (3), as shown in Fig. 6.  

 

Fig. 6. Local values of the coefficient of heat transfer from the 

bottom water droplet surface for the orthogonal projections 

onto the heating surface at constant temperature Tw=355oC. 

For the sake of comparison, the results of direct 

calculations from Eq. (2) are also given in that figure. 

The computational procedure was discussed in study 

[30]. 

5 Conclsions 

A large droplet of water was placed on the heating 

surface with temperature higher than the Leidenfrost 

point. The analysis of results was carried out employing 

the droplet heat balance, under the assumption that heat 

transfer results only from droplet interaction with the 

heating surface. To make calculations, the dependence, 

available in the literature, for the droplet orthogonal 

projection as the function of time was applied (see Eq. 

1). On the basis of the author’s investigations and 

photographic imaging the following values were 

selected: coefficients CA=0.11, CB=1.16, and also 

a=0.9943. The values were calculated for the droplet 

with mass below 1.5 g and heating surface temperature 

Tw=355oC at the condition of the minimum mean 

quadratic error.  

 The comparison of the measured values of mass loss 

in time and the computed ones made it possible to 

determine coefficients C and n. They specify 

instantaneous values of the heat transfer coefficient acc. 

Eq. (3). They were determined on the basis of the data in 

Fig. 5 for the criterion of the minimal mean quadratic 

error.  

 The determined values C=19.1 and n=-0.3 make it 

possible to compute local values of the heat transfer 

coefficients acc. formula (3), which was shown in Fig. 6. 

For the sake of comparison, the results of direct 

computations acc. Eq. (2) were also given in the figure. 

In the procedure, polynomial approximation of the mass 

flux carried away from the droplet surface is used. That 

causes fluctuation visible in Fig. 6, which is difficult to 

eliminate, especially at the boundaries of the region. 

When analytical solution (Eq. 4) is applied, this 

inconvenience can be avoided. Also, the adopted power 

dependence of instantaneous values of the heat transfer 

coefficient on droplet orthogonal projection onto the 

heating surface is confirmed.  
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