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Abstract. Physical and geometric factors are generally regarded as the main cause of evaporation characteristics of
the Leidenfrost droplets levitating above the hot surface. It is well-known and generally accepted that similar research
is conducted under different conditions and on individual measurement set-ups. This is one of the potential reasons
for the differences in the results of thermal fluxes and computational models in scientific papers. This paper discusses
the influence of the heating surface geometry on the heat transfer coefficient /# during water drops evaporation under film
boiling regime. The variable geometry parameters are the curvature radius of the heating bowl of R = 64 and 254 mm.
Individually compiled test stands made it possible to measure the instantaneous drop mass for each R radius and to
determine the coefficient 4. The methodology was validated by calculating the relative error. It changes with the
curvature radius and the droplet size, and for droplet mass from about 2 g to 0.3 g does not exceed +£10%. The heat
transfer coefficient / is about 15% higher for a drop located on a surface with a larger radius of curvature. Moreover,
the method that was devised allows us to estimate the / value for asymmetric droplet shapes. The advantage of the
adopted method of measuring the drop mass over time is the possibility of analyzing heat transfer processes in any
drop shape range, even in the case of asymmetric ones. Previous research methods were mainly based on determining
the mass of the drop by calculating its volume.
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1. Introduction

The levitating of droplets above a hot surface has been known since 1756, and like the minimum tempera-
ture above which it floats, is called the Leidenfrost phenomenon and temperature, respectively (Leidenfrost
1966). On the other hand, its wide interest is related to the development of cooling technology, fuel evapora-
tion, metal technology processes, and evaporative cooling, as well as in medicine and others (Agrawal et al.
2019, Dupeux et al. 2013, Chen & Huang 2009, Orman & Chatys 2011, Carsky et al. 2022). Depending on
the needs, the aim is to maximize the heat flux removed (Breitenbach et al. 2018), especially during emer-
gency operation of, e.g. a nuclear reactor or a highly loaded electronic system, and sometimes only to the
desired reduction of the surface temperature, e.g. of the skin during medical treatments. In many technical
applications, it is desirable to control the temperature of the material and the discharged heat flux in such
a way as not to damage its structure or mechanical properties (Kossakowski et al. 2019).

It is very difficult in systems with a surface temperature higher than the Leidenfrost point. This is due to
the highly complex physical nature of the phenomenon. Among others, it is difficult to accurately and unam-
biguously give the minimum surface temperature at which the beginning of a stable film boiling is observed
(Cai et al. 2019). Various values of this point are quoted in the literature (Baumeister et al. 1966). According
to (Baumeister et al. (1977), it is a function of surface parameters such as roughness, thermal diffusivity, and
environmental parameters. It also describes the evolution of the shape of the evaporating droplet, which can
be divided into five categories, presented in Fig. 1.
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Fig. 1. Characteristic shapes of droplets according to (Baumeister et al. 1966); a) a small spherical droplet, b) a large
droplet in the form of an almost flat disk, c) a droplet of an extended flat disk and almost constant thickness, d) a droplet
of a similar shape as in c¢) with a single vapor bubble under its surface, e) a very large droplet (puddle) with a few vapor
bubbles

Additionally, a very large variety of shapes is observed, taken by the drop floating above the hot surface.
Their photographic documentation illustrating individually conducted research can be found in many publi-
cations, including (Li et al. 2023, Paul et al. 2015, Ma et al. 2017, Baumeister & Hummil 1965) and many
others.

The final goal of research on the nature of the Leidenfrost phenomenon is to determine the amount of heat
exchanged, which is the sum of the convective, conduction, radiation, and diffusion flux. Due to the com-
plexity of such issues, given by various researchers, the results are obtained under strong simplifying as-
sumptions. They relate in particular, to the drop's interaction method with the heating surface and the droplet
geometry.

Assuming a flat disc-shaped drop floating on a vapour cushion of constant thickness (see Fig. 1b), the ex-
pression for the flux of the evaporated mass and the heat transfer coefficient can be given (Baumeister
& Humill 1965).

From the literature review, e.g. (Poniewski & Staniszewski 1981, Bernardin & Mudawar 1999), and oth-
ers, it is shown that the values of Leidenfrost's temperature and also of the heat flux, given by various authors
differ significantly, and the reported dependencies often do not correlate together. The reason is the different
conditions of measurements carried out on surfaces made of different materials and with different morpholo-
gies (Erkan 2019).

Under Leidefrost conditions, a thin vapour layer is deposited beneath the droplet located on the heating
base. Vapour thickness varies with the drop size (Ma et al. 2017, Burton et al. 2012). Accordingly, the high-
est rate in the discharged heat flux is that from the lower surface of the droplet. For larger droplets, residual
vapor bubbles appear, the volume of which is comparable to the volume of the liquid phase (Snoeijer 2009).
Many experimental studies discuss the heat and mass transfer phenomena that occur in the vapour layer un-
der the drop (Pastuszko et al. 2021, Roques-Carmes 2018). The papers and research describe the evaporation
of liquids by the mass, momentum, and energy balance. Due to computational difficulties, the presented cal-
culations often have very small axially symmetrical droplet geometry (Chen & Bertola 2016). For instance,
in (Drachal & Poniewski 1981) the calculations were performed for droplets as shown in Fig. la; they are
shaped as the sphere truncated at the bottom. The results were compared with the evaporation measurements
with an initial volume of 43.292:10° m® (i.e. approx. 0.043 g). Such an assumption seems to be proper and
justifies the adopted droplet geometry as in Fig. 1a, although the bottom surface is not flat in reality.

As already mentioned, larger drops are subject to various types of fluctuations. They may result from
thermal forces related to the minimum energy necessary to induce oscillatory motion (Baumaister et al.
1977). In (Poniewski & Staniszewski, 1986), the value of the local potential was adopted as a measure of
energy dissipation. There were also numerical calculations of the vapour film thickness under the drop and
the minimum film boiling point value as a function of pressure. The results obtained are in good correlation
with values available in the literature. They are also confirmed by photographic documentation illustrating
the interaction of the liquid phase with the heating surface (Wcislik & Mukherjee 2022, Pavlenko 2005).
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The behaviour of a droplet floating above a hot surface is stochastic. In such papers, a statistical analysis
was usually performed to determine droplets evaporation times. The results obtained for water droplets were
compared with the experimental values, confirming their good compliance. It is worth adding that the statis-
tical analysis is not always confirmed in further research, an example of which is the paper (Orzechowski
& Poniewski 1996).

Measurements of the evaporating droplet are usually carried out based on photographic documentation.
In the papers cited above, no more than two cameras are used, one is placed above the drop, and the other
observes its lateral surface. On this basis, it is possible to calculate the volume, and thus the mass, of only
axisymmetric objects, which under real conditions can only concern small droplets, as shown in Fig. 1a.
Larger volume droplets oscillate, making their shapes highly irregular and stochastic.

An additional limitation is the so-called chimney effect. It is associated with the deposition of large va-
pour bubbles and their irregular release. In such cases, it is not possible to properly calculate the droplet vol-
ume. The paper (Orzechowski & Wcislik 2012) proposed placing a measuring stand on a scale, the RS 232
port of which was programmed to record mass indications continuously on a computer disk. The limitation
of the proposed method of measurement is the scale accuracy. It means that the research carried out accord-
ing to this methodology has a lower limit and does not include droplets in the range 'a' according to Fig. 1.
An example of good accuracy results is the paper (Orzechowski 2021), in which the heat is dissipated from
the drops weighing from about 2.5 g to only about 0.3 g.

The evaporation process of droplets levitating above the hot surface is a function of physical and geomet-
ric parameters. The research is carried out in various conditions and on individually designed measuring
stands. This is one reason for the discrepancy in the heat flux results and computational models available in
the literature. One of the variable parameters is the geometry of the heating surface.

The main subject of the presented research is the geometry of the heating surface's influence on the
amount of heat dissipated during cooling, which is an example of a levitating droplet of water in the Lei-
denfrost regime. For this purpose, a research stand with a different heating surface shape was built.
One refers to R = 254 mm curvature radius, and the other of R = 64 mm. In this way, it was proven how sur-
face/geometric conditions affect the heat transfer coefficient and what errors are related. Moreover, a correla-
tion relationship for determining the mass of an evaporating liquid drop depending on its initial diameter was
provided along with validation.

2. Experimental Facility

The main research goal is measuring mass and registering the horizontal projection of an evaporating
droplet onto the heating surface.

2.1. Limitations

An electronic scale with high accuracy and one order of lower sensitivity, amounting to 0.2 g and 0.001 g,
respectively, was used to register the constantly changing drop mass. The device has a factory-built RS232
interface for communication with a computer and requires dedicated software. The technical conditions of the
device made it possible to measure instantaneous values of indications with a maximum frequency of 5 Hz.
An important feature of such measurement organization is remote and non-contact control of starting measure-
ments, balancing, recording frequency, etc. However, the basic limitation of the scale, which must be consid-
ered, is its measuring range of up to 500 g. It required a particularly careful construction of the test stand.

2.2. Heating surface

The basic research module is a copper cylinder on which a band heater. Its power must be sufficient to
stabilize the surface temperature, i.e. up to 500°C. As shown in Fig. 2, a K-type thermocouple is centrally
located beneath the heating cylinder; the indications of the K element are used to control the temperature of
the heating surface.
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Fig. 2. Copper heating cylinder: 1 — copper cover with a surface with a radius
of curvature Ry, 2 — copper cylinder, 3 — band heater, 4 — thermocouple

The upper surface of the copper cover of the cylinder is shaped like a bowl with a very large radius of curva-
ture. This enables a centric and stable position of the tested liquid drop. A heater was mounted on the outer
surface and fed electricity through freely suspended wires. Due to the potential influence of the cable elasticity
on the scale readings, the stand must be conditioned for several hours. Detailed descriptions of the measure-
ment procedure and the stand are provided in (Orzechowski & Wcislik 2012, Orzechowski 2021).

Fig. 3. Photograph of the experimental set-up (top view): 1 — scale,
2 — thermocouple, 3 — electrical power supply, 4 — droplet,
5 — copper cover

2.3. Drop generation

The shape of the large drops is usually highly irregular in nature, as shown in Figs. 1b to le. Moreover, it
changes over time. In such cases, the estimation of the volume of the drops, and thus their mass — based on
photographs recorded with cameras placed, for example, only in two planes, i.e. the top and the side — fails.
However, the drop horizontal projection on the heating surface may be calculated with sufficient accuracy
when appropriate software is used for the analysis of photos taken sequentially or a film recorded by a camera
placed above the droplet. Fig. 3 shows the test stand top photographed with a visible irregular drop of liquid,
under which three bubbles are located. This is an illustration of the shape shown in Fig. le.

2.4. Mass measurements

Placing a drop on the scale always slightly interferes with its indications. For this reason, the analysis of the
performed measurements was carried out after its readings stabilized. In the presented research, it was waited
until the drop mass was about 2 g. The control program for collecting and recording measurement data assumed
a constant frequency equal to 1 Hz. With the increase of time, when the drop mass is only a few times greater
than the balance accuracy, the relative error grows quickly, and the results are burdened with a large error
(Snoeijer & Brunet 2009). Due to this, this range of droplet lifetime is not analyzed in these studies.

3. Results and Discussion

The results of the experiments are presented in Fig. 4, which shows the mass loss curve for different drop-
let mass and heating surface geometry of R = 254 mm. The average value of surface temperature was
Ty =390£2°C.
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Fig. 4. Evaporation of the water droplet from the heating base with a radius of curvature R =254 mm
3.1. The effect of droplet size

In the case of large-mass drops, various instabilities are observed (see Fig. 5). They arise from complex
convection movements inside the droplet and the gas phase deposition under its bottom surface. With large
water drops, usually greater than 1 g, there are bubbles that grow and release to the outside. The deviations
of the scale indications are visible in Fig. 4. They disappear with time and decrease in the drop mass, as can
be seen in Fig. 6. The figure displays the area of the drop perpendicular projection onto the heating surface as
a function of its mass A(m). It is worth noting that this is a roughly linear relationship.

Fig. 5. Instabilities during evaporation of the water droplet from the heating base
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Fig. 6. Dependence of the perpendicular projection area of a drop on its mass
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Visible deviations from the straight line in Fig. 6 concern large drops when vapour bubbles are released and
very small ones with a mass below 0.3 g. The influence of both disturbances on the accuracy of the measure-
ment can be assessed based on the relative error. Its values are shown in Fig. 7 as a function of mass.
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Fig. 7. Relative error between the projection area of the drop and the linear relationship as in Fig. 6

In the range of the whole droplet lifetime, when the production of vapour bubbles is observed, i.e. in the
case of water, it is usually for m > 1 g, the value of relative error refers to the choice of the moment of the
drop perpendicular projection onto the heating base. This area is quite large during the bubble growth and
gradually increases over time. After its release, the instantaneous value of this projection is low, which can
be seen in Fig. 5. The situation is different in the case of small droplets, where, with a mass of about 0.3 g,
this error rapidly increases and in the registered range it reaches several hundred per cent.

Based on the measured values of the perpendicular drop projection area shown in Fig. 6, the equivalent
diameter of a circular droplet was calculated according to formula (1), and the results are shown in Fig. 8.

D=2(A/n) (1)
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Fig. 8. Calculated droplet diameter over time
3.2. The effect of the heating surface geometry

The evaporation process of drops levitating above the hot surface depends on many physical and geometric
parameters. For this reason, the results reported in the literature often differ quite significantly. One of the rea-
sons is the geometry of the heating surface. The drop lifted on the vapour cushion shows a strong tendency to
move. Such uncoordinated movements can be counteracted by designing a heating surface in the form of
a bowl with a given radius, R. However, this parameter has a large impact on the test result. Fig. 9 shows two
measurements of the change in drop mass over time, performed under the same conditions, that is, at Ty, = 396°C,
but on two copper heating surfaces shaped as a bowl with different curvature radiuses, R: 254 mm and 64 mm,
respectively.
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Fig. 9. Change in the water droplet mass with time for a constant wall temperature Tw ~ 390°C and varying curvature
radius, R = 64 mm — red line, R = 254 mm — blue line

The drop evaporation time on the radius of a surface with the curvature R = 64 mm is slightly longer than
the corresponding time on the surface with a larger radius (see Fig. 9); the difference is several seconds. On
the other hand, on a surface with a larger curvature radius, the droplet achieves the same instantaneous mass
faster than the corresponding one on the surface of a smaller R. For example, at R = 254 mm, the drop reach-
es a mass of 1 g after t ~ 90 s, which is approx. 22 s faster than at R = 64 mm. Simultaneously, as shown in
Fig. 10, for the same mass, the drop perpendicular projection onto a surface is smaller for R = 254 mm than
for R = 64 mm.
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Fig. 10. Perpendicular projection areas of drops on their mass (R = 64 mm — red line, R = 254 mm — blue line)

The same applies to the equivalent diameter, D calculated based on the drop surface area and equation
(1). Fig. 11 displays that after the same evaporation time, D is greater for a smaller curvature radius and, for
example, it amounts to ~17.5 mm for t = 150 s and ~15.0 mm for the same evaporation time and cooper cyl-
inder curvature radius R = 254 mm.
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Fig. 11. Calculated droplet diameters as a function of time (R = 64 mm — red line, R = 254 mm — blue line)

4. Heat Transfer Analysis

The conductivity equation often describes the Leidenfrost phenomenon concerning liquid drop evapora-
tion, which relates mainly to the thin vapour layer under the drop bottom surface. In such conditions, accord-
ing to the review (Sodtke et al. 2007), conduction heat transfer is dominant, and convection, radiation and
diffusion heat transfer can be neglected, but there is insufficient experimental evidence for the correctness of
this assumption. In this paper, it is proposed to form a substitute value for the heat transfer coefficient, #,
which is the sum of the appropriate coefficients, taking into account all mentioned phenomena,
h = heona + heony + hraa.

Such a determined coefficient can be here referred to the drop perpendicular projection onto the heating
base and can be used for the following heat and mass transfer balance that describes the drop mass change
over time dz:

dm 1

—=—=h(T, —TyA
2)
where T, Ty are surface and droplet temperatures, respectively, 4 — the droplet orthogonal projection onto
the heating surface, the K parameter is given by the formula:

K= H e, (T, - T,)
Tw_Td

3)

where Hj, — phase change enthalpy at the saturation temperature, ¢, — specific heat at atmospheric pressure
and T — saturation temperature.

The drop mass m changes linearly with its perpendicular projection on the heating surface 4 in the range
shown in Figs. 6 and 9. The function can be written by the following formula:

A=a,+bm 4)

where a4 and b, represent the intercept and the straight-line slope, respectively.

In turn, based on Figs. 8 and 10, the apparent time-changed diameter of the droplet projection can be de-
fined as:

D =D, ~byt )

where Dy is the diameter in the initial moment of evaporation and by is the slope of the straight line.

From Equations (2), (3) and (4), the formula for the total heat transfer coefficient can be obtained as:

_lzKb,
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In the next step, using the equations mentioned above, the formula for droplet mass change over time can
be written:

2
1 £ 1 £\2
m=—44 ZInE(1 o) =242y (1-2)
ba ba 4 G/bD by ba to

where 7y is the drop lifetime, and Dy is its initial diameter.

(7

Fig. 12 compares the drop mass measured and calculated according to Equation (7), levitating above the
surface with a large radius of curvature (R = 254 mm). In the large mass range up to about 0.3 g, a fairly
good agreement of the drop mass measurement results with the calculations can be seen. For drops weighing
less than 3 g, there are large and quickly increasing differences between the two curves with time.
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Fig. 12. The measured and calculated change in the mass of the drop over time placed on a surface with a radius of
curvature of R = 254 mm

Fig. 13 shows the relative error between the measured and calculated change in drop mass versus time.
This error increases sharply for droplets weighing less than 0.3 g. Analogous graphs for a droplet floating
above a surface with a small radius of curvature (R = 64 mm) are shown in Figs. 14 and 15, respectively. In
both cases, large and increasing errors are observed for small droplets. However, the relative error in the
droplet mass from about 2 g to 0.3 g does not exceed £10%.
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Fig. 14. Drop mass changes with time, levitating over a surface with a radius of curvature of R = 64 mm
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Fig. 15. Relative error between the lines in Fig. 14

The relative error (shown in Figures 13 and 15) between the measured and calculated values of droplet mass
loss as a function of its lifetime (for different radii of curvature) seems important from the proposed correlation
(Equ. 7) point of view.

The discontinuity of the error function results from the fact that for large droplets, usually weighing more
than 1 g, there is an intense production of vapour lying under the bottom surface, which, when accumulated
large enough, rapidly escapes in the form of bubbles. This first causes a relatively slow increase in the droplet
surface, then its rapid decrease after the excess gas phase is released. Such phenomena directly cause deviations
from the linear relationship, A(m), shown in Figure 6. Such deviations are also characteristic of very small
droplets, i.e. with a mass below 0.3 g, when, with decreasing mass, the drop tends to become spherical.

The slope values of the b, and bp lines are shown in Figs. 10 and 11, respectively, determine the local value
of the heat transfer coefficient, 4. Its values for both surfaces are shown in Fig. 16. It is about 15% higher for
a drop located on a surface with a larger radius of curvature. In both cases, its value increases rapidly with the
drop in droplet mass, while the growth becomes steadier for droplets with a mass below 0.2 g.
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Fig. 16. Heat transfer coefficient as a function of the droplet mass for surfaces with different radii of curvature

5. Conclusions

Designing the course of the technological process, in which maintaining the proper cooling rate of the hot
surface is one of the parameters, requires possibly precise specification of the dependencies determining the
amount of heat flux removed. This is especially difficult in the phase change processes, for which the rela-
tionships reported in the literature often differ significantly. This also applies to the evaporation of liquid
droplets from the hot surface, including its film boiling.

The method proposed here is based on direct measures of the drop mass during its evaporation. On this
basis, the total heat transfer coefficient /4 is calculated with good precision, true for the 1b to 2e ranges in Fig. 1
(Orzechowski 2021, Orzechowski & Wecislik 2014). This improves engineering heat transfer calculations
when the Leidenfrost effect accompanies cooling. Moreover, the results confirm the previous findings that
the heat transfer coefficient increases with the droplet size and the heating surface curvature. One of the pa-
rameters not described in the literature is the shape of the heating surface. Therefore, the influence of the
shape of the heating base on the amount of dissipated heat flux is investigated here. For this purpose, two
radii of curvature of the heating surface are analyzed, amounting to 64 and 254 mm, respectively. It was
found that in the range of linear dependencies of the perpendicular projection on the heating surface as
a function of mass and the equivalent drop diameter as a function of time, the calculated heat transfer coeffi-
cient is about 15% higher for a drop of water located on the surface with a larger radius of curvature. The
influence of the shape of the heating surface on the amount of heat flux carried away by the large drops float-
ing above the surface with a temperature above the Leidenfrost point is significant.

Measurements of the droplet volume, and thus its mass, based on photographic documentation, are ac-
ceptable only for axisymmetric shapes. For droplets maintained in the Leidenfrost regime, such forms are
stable only at their very small dimensions. The advantage of the adopted method of measuring the mass over
time is the possibility of analyzing heat transfer processes in any drop shape range, even in the case of
asymmetric ones. The only limitation is the accuracy of the scale used. In the presented research, the linear
dependence of the drop mass on its perpendicular projection on the heating surface and the diameter of the
droplet in time was used. For droplets with a mass greater than 3 g, the relative error was always less than
10%. On the other hand, this error grows sharply for m < 3 g, which in the presented research made it impos-
sible to analyze this range of heat transfer.

Future research and potential applications of the study mainly concern using other fluids with energetic
potential than water, e.g. nanofluids or refrigerants.

Sylwia Wcislik thanks to Ph.D. hab. eng. Tadeusz Orzechowski for conceptualization,
validation and professional, scientific support while writing this paper.
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