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ABSTRACT. The behavior of water droplet on heated surfaces is experimentally observed to investigate
the properties of the insulating vapor layer, a key element of the boiling crisis phenomenon. The
lifetime of droplets on the heated surface is measured and compared with analytical models to examine
the formation of the insulating vapor layer thickness between the coolant and the heated wall. The
potential for reducing the Leidenfrost effect and increasing the critical heat flux by adjusting the surface
roughness is examined to improve the thermohydraulic properties of the first-wall cooling channels.
The behavior of water droplets on the heated surface with variable roughness is observed through the
acoustic emission method. The behavior of water droplets on heated copper surfaces was experimentally
studied using inductive and electrical heating with thermocouple temperature control, camera recording
and acoustic emission analysis. The measured droplet lifetimes were compared with analytical models
to evaluate the insulating vapor layer thickness. The practical relevance lies in reducing the Leidenfrost
effect and increasing the critical heat flux, which can improve the cooling performance of high heat flux
components such as tokamak first-wall channels.
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1. INTRODUCTION

The critical heat flux is an important parameter for
designing water-cooled components of tokamak first
wall. An insulating layer of vapor formed on the
heated wall of the cooling channel above the critical
heat flux is also a cornerstone of the Leidenfrost effect.
The Leidenfrost effect (observed by Johann G. Lei-
denfrost [1]) is studied to improve the understanding
of the insulating vapor layer between the liquid and
the heated surface. In addition to the application
in cooling channel design, previous researchers also
studied this phenomenon in relation to spray cooling
applications [2]. The similarity between the boiling
crisis above the critical heat flux in the cooling channel
and the Leidenfrost effect is shown in Figure [T}

FIGURE 1. a) the Leidenfrost effect b) boiling crisis
in cooling channel.

The geometry of Leidefrost droplets is dependent
on the droplet radius. Small droplets have nearly
spherical shape, droplets with radius greater than
1mm obtain the typical Leidenfrost droplet shape

shown in Figure[Th. The description of the Leidenfrost
droplet shape in relation to its radius has also been
a subject of study for many researchers [3] 4].

2. METHOD

Recent studies focused on the previously undescribed
phenomenon of Leidenfrost droplet trampolining. It
was observed that water drops will begin to oscillate
and bounce on very smooth heated surfaces. The
relation between heated surface rougness and Leiden-
frost droplet trampolining was also examined in this
experimental study [5HT7].

Evaluating the evaporation time of a water droplet
on a heated surface in relation to the surface temper-
ature has been previously described in the literature
by many researchers. Equations (I)) to (5] are results
of simplyfied analytical models found in the literature,
which describe the mass and energy conservation of
the Leidenfrost effect droplet. Biance (Equation (3))
adjusted the analytical model by experimentally mea-
suring properties of the vapor film, thus it withstands
among the other equations.

2.1. ANALYTICAL MODELS

All analytical models evaluate the evaporation time
of a droplet on the surface heated to a temperature
above the Leidenfrost point.

63


https://doi.org/10.14311/APP.2025.55.0063
https://creativecommons.org/licenses/by/4.0/
https://www.cvut.cz/en

V. Smolik, S. Entler, P. Zacha et al.

ActA POoLYTECHNICA CTU PROCEEDINGS

Carey [g]:
3715 1
o 2 plgﬂvhia5 )4
Tevap = 1.21 |V | — = | -
v 0(019) ] (Hi”,g?vaW
(1)
Zeuner [9]:
ARy~ [(KAT)pug] "
vap = —20/6 [\ L Lud 2
o= 58 [t @
Biance [10]:
%
[ 4p\ 14
1 Apg 3n \/
Tevap = 2R02 W <pvg> . (3)
Maguet [11]:

Al

21 R? 2
6n (25

TPvg

1 pl)\ 4
o =40 <KAT>
Mousa [12]:

3\3p5 N\ 1
revap=0.725( NPLA ~0 )

gpu K3AT3
Lee [13]:
1
A/ == )\ + §CPAT,

1
pLBo 1 -0s . q0-2 [ FATRogpv(or — pv) ) *
Tevap ’ M)\/

oe(T* - T4
+2.3815 (“’A,)) . (6)

Two experimental approaches were used to examine
the Leidenfrost effect. The first experimental setup is
designed to achieve high temperatures of the heated
plate to measure the evaporation time of water droplet
on a wide range of temperatures. The second experi-
mental measurements considered variable rougness of
heated plates to examine the effect of surface rough-
ness on the Leidenfrost effect. All of the experiments
are performed using drops of distilled water and heated
copper surfaces at atmospheric pressure.

2.2. DROPLET EVAPORATION TIME

The first experiment is focused on measuring the
droplet evaporation time. Figure [2] shows a schematic
of the experimental setup. The steel monoblock held
by the ceramic insulation is heated by the inductive
heating source. 12 x 12 x 2cm copper plate placed
on a heated steel monoblock is used for experimental
measurements. Water drops are placed on the heated
copper surface using the FINNPIPETTE F2 10-100 ul
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FIGURE 2. Experimental setup A with inductive heat-
ing.

Measuremd values I. 1I. I11.
Droplet volume Vj [nl] 19 33 65

Volume uncertainty [pl] +0.14 +0.15 =£0.3
Droplet radius Ry [mm] ~1.65 ~2 =~2.5

TABLE 1. Droplet sizes used for measurements.

pipette, allowing the creation of an accurate drop vol-
ume for each measurement. Droplet volumes used for
experimental measurements with the corresponding
droplet radius and volume uncertainities of the pipette
used are listed in Table [l

Two thermocouples are attached to the experimen-
tal setup. Thermocouple A measures the temperature
of the copper sufrace where the water drops are placed.
Assuming that the temperature distribution through
the copper block is symmetrical, the water droplets
and the thermocouple A positions are located an equal
distance from the center of the copper block. Thermo-
couple B is placed on the downside of the steel block
and its measurements are used for the regulation of the
induction heating source, thus a stable temperature is
maintained for each measurement. The evaporation
time of the water droplets is recorded by camera.

2.3. SURFACE ROUGHNESS

The second experimental setup is shown in Figure [3]
The water droplets are deposited on the heated surface
by the automatic controlled valve located 2 cm above
the heated plate. For this measurement, a set of
six 2.5 X 7 x 1 cm copper plates with variable surface
roughness was manufactured. Copper samples were
placed on the electric heater and each one was used
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FIGURE 3. Experimental setup B with variable surface
rougness.

Sample Rz [pm] = [pm]

A 1.92 0.21
B 2.14 1.04
C 2.28 0.30
D 2.88 0.92
E 2.92 0.71
F 1.86 0.45

TABLE 2. Surface roughness measurements (Rz values
with uncertainties).

separately for the measurements. The thermocouple
was attached directly to the copper plates next to the
automatic valve.

The experimental setup is not designed to measure
the evaporation time of the droplet but to observe
the droplet behavior; thus, the copper plate samples
are smaller in size than the previous setup. Surface
roughness with corresponding uncertainities of man-
ufactured samples is listed in Table 2] and Table
Samples A-E are also shown in Figure[dl The samples
were manufactured by face milling and then processed
with grinding and sanding to achieve variable surface
roughness. Sample F was processed by metallographic
polishing to achieve a very low roughness. All of the
rougnesses are measured after a first set of trial tests
was performed to take into account the surface rusting,
an inevitable phenomenon in engineering applications.
Microscopic surface profiles of selected samples are
shown in Figures[5] [6land []] The automatic valve was
controlled by Arduino to release drops of 1 mm in di-
ameter when activated. The diameters of the droplets
were adjusted by capturing the departing drops on
camera. All measurements of the surface roughness
effect on the Leidenfrost effect are performed on 2 mm
diameter droplets.

FIGURE 4. Experimental samples.

FIGURE 6. Sample B surface profile.

FI1GURE 7. Sample F surface profile.
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Sample Ra [pm] =+ [pm]
A 0.30 0.02
B 0.33 0.03
C 0.37 0.05
D 0.42 0.07
E 0.48 0.09
F 0.31 0.04

TABLE 3. Surface roughness measurements (Ra values
with uncertainties).

Acoustic emission was used to evaluate the behav-
ior of water droplets as an alternative to high-speed
and high-resolution cameras often used by other re-
searchers. The sounds of droplets in the regime of
nuclete boiling, transition (bouncing) region, and the
Leidenfrost region are clearly distinguishable. Acous-
tic emission recordings were processed by the SPEK
v0.8.5 spectral analyzer; the resulting plots of acous-
tic analysis are presented. The thermocouple was
attached to the surface of the experimental samples
using a thermal paste, the expected accuracy of tem-
perature measurements is +3°C .

3. RESULTS

The results of the droplet evaporation time measure-
ment are presented in a form of equation describing
the total evaporation time in relation to the surface
temperature and initial droplet diameter. The surface
rougness effect of the Leidenfrost effect was not fo-
cused on the evaporation time, but the measurements
identified the borderline between the transition region
defined by bouncing drops and the stable Leidenfrost
effect through the acoustic emission analysis.

3.1. DROPLET EVAPORATION TIME

Figures [ [0] and [I0] show the results of experimen-
tal measurements of the droplet evaporation time
in relation to the surface temperature for three dif-
ferent initial droplet volumes. The plots also show
the predictions of evaporation time based on ana-
lytical models by previous researchers, described by
Equations 7. Equation @ from the work of
Lee [13] is mentioned as a relevant contribution to the
topic, but it was not used for the comparison, since
its too complex. Experimental data clearly indicate
that the evaporation time of water droplets increases
rapidly when the surface temperature is 50 °C above
the boiling point. The Leidenfrost point, defined by
the longest evaporation time of the water droplet on
the surface with a temperature above boiling point,
is found around 110 °C above the boiling point for all
measured droplet volumes.

The analytical models of previous researchers
predict evaporation times longer than the experimen-
tal results observed. Biance model [I0] is the only
one that falls behind the experimental values and
predicts shorter evaporation times than observed.
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The analytical model by Mousa [12] is the closest
one to the experimental values, thus this model
was corrected to fit the measured data, resulting in

Equation .

The correction of the Mousa model is defined
by —20 - AAT%L in Equation . ATy, is described
by Equation , the result of the second part of
this research, the borderline of the stable Leidenfrost
effect in dependence on surface roughness.

For 1.8 < Rz [pm] < 3:

ATy, = —64 - Rz + 230. (7)

For AT > ATgy, and Dy > 1 mm:

1

3\3p5 \ 1
_ np; A" Dy ATsy,
Tevap = 0.725 (gva3AT3> —20- T (8)

3.2. SURFACE ROUGHNESS EFFECT

A set of experimental samples with variable surface
roughness was measured to examine its influence on
the Leidenfrost effect. It was found that water drops
bounce on a smooth heated surface on a broader range
of temperatures compared to the rough surface. The
state in which doplets stop bouncing and stay steadily
on heated surfaces was named "the steady Leidenfrost
effect”. The steady Leidenfrost effect and transition
region of bouncing droplets were distinguished by the
acoustic emission method.

Figures and [13] show representative exam-
ples of three observed droplet states: rapid nucleate
boiling, transition region with bouncing droplets, and
the steady Leidenfrost effect. The transition region
shown in Figure [I2]is observed to achieve a constant
bouncing frequency around 30 Hz. The absence of
significant acoustic emission in the steady Leidenfrost
effect (Figure suggests a very low evaporation rate;
therefore, the heat exhaust is lower compared to the
transition region.

Acoustic emission spectral analysis — a visual rep-
resentation of recorded sound shows the spectrum of
sound frequencies (axis z) captured in time (axis y).
The relative level of sound pressure measured in deci-
bels (dB) is expressed by a color scale. It is assumed
that the evaporation rate of the water droplet corre-
sponds to the sound pressure level. Figures [T} [12]
and [13| show the 2 second recordings of acoustic emis-
sion for three representative stages of the droplet on
a heated surface of sample F with surface rougness of
1.86 pm Rz.

Figure [I4] shows the results of the experimental
measurements. Each sample was tested repeatedly to
find a borderline between the transition region and
the steady Leidenfrost effect. The mean values of
the borderline temperature were processed by least-
squares analysis to find a linear function that describes
the relation between surface roughness and borderline
temperature, resulting in Equation . The border-
line between nucleate boiling and the transition region
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Fi1cure 10. Evaporation time, Vo = 65pul, Ry = 2.5 mm.
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E
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FIGURE 11. Nucleate boiling acoustic emission, dT = 10°C.

Stroam 1/ 1: AAG (Advanced Audio Coding), 75 kbps, 48000 Hz, channel 1 / 1, W:2048, F-Hann

g/«— Droplet impact

FIGURE 12. Transition region (bouncing) acoustic emission, dT = 100 °C.

Stroam 1/1: AAG (Advanced Audio Coding), 62 Kbps, 48000 Hz, channel 1 /1, W:2048, F-Hann

FIGURE 13. Leidenfrost effect acoustic emission, dT = 120 °C.
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F1Gurg 15. Nukiyama’s boiling curve observed on the Leidenfrost effect.

was found to be at a constant value of 20°C above
the boiling point.

3.3. NUKIYAMA’S BOILING CURVE

Experimental data shown in Figures 8] [9] and [I0] can
also be interpreted to show a relation between wall
temperature and heat flux cooled by the evaporating
droplet. For this purpose, a water droplet is simplified
to a semisphere with a volume equal to the droplet
volume found in experimental measurements. The
radius of the sphere 7¢yap in Equation @ defines the
area through which all evaporated heat of the droplet
is dissipated. Equation represents the heat flux
calculation used in the processing of results.

3/6- Vo
Tevap = ¥ A7 . (9)

Ecva Vb P A
Gevap = T ; ;1) = T T . (10)
evap evap evap evap

2

Figure [15 shows the experimental measurements of
the Leidenfrost effect interpreted in relation to wall
temperature and wall heat flux. The resulting plot
shows the same characteristics as Nukiyama’s boiling
curve, clearly indicating there are multiple boiling
regimes observable in a Leidenfrost droplet.

4. DISCUSSION

Analytical models of the Leidenfrost droplet evapora-
tion time are very rarely validated by experimental
data measured on a broad range of temperatures.
This study provides an overview of existing models
and comparison of experimental results and analytical
predictions for three different initial droplet volumes
on a broad scale of temperatures. Some previous
researchers observed that ethanol droplets reduce
the boiling point and extend the Leidenfrost region,
and this study measured the properties of water
droplets to provide more suitable data for engineering
applications.

A recent study by G. Graeber [5] suggested that the
bouncing of Leidenfrost droplets is not a consequence
of initial droplet impact, but an outcome of the
naturally occurring oscillation of droplets in the
Leidenfrost state. Water droplets in this research
were released 2cm above the heated surface, as
it is necessary to build an aluminum foil thermal
insulation around the automatic valve releasing the
droplets. However, releasing the droplets manually
directly onto the heated surfaces did not result in
significant changes in the observed phenomenon.
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5. CONCLUSION

In the first part of this study, the evaporation time
of three different droplet volumes was measured
on a broad range of surface temperatures. All of
the experimental measurements considered copper
surface samples and distilled water droplets. An
existing analytical model of the Leidenfrost droplet
evaporation time was adjusted to fit the experimental
data, resulting in Equation .

The second part of this study examined the re-
lationship between surface roughness and the
Leidenfrost effect. Bouncing and trampolining of
droplets on the heated surface was defined as the
transition region. The state in which the droplet
stays on the heated surface without any disturbance
is defined as stable Leidenfrost effect. The borderline
temperature between the transition region and the
stable Leidenfrost effect was observed through the
acoustic emission method and was found to be strictly
dependent on the surface roughness. The borderline
stable Leidenfrost effect temperature of smooth
surfaces is observed to be significantly higher than on
rough surfaces. The resulting relation of this effect is
expressed in Equation @

The Nukiyama boiling curve was extracted from the
Leidenfrost droplet evaporation measurements to
prove there are multiple boiling regimes observable in
a single droplet, similar to the pool boiling regimes.

LIST OF SYMBOLS

o Density [kgm™?

u  Viscosity [Pas]

¢p Specific heat [Jkg ' K]

Dy Initial drop diameter [m)]

h; Heat of vaporization [Jkg™']

g Gravity acceleration [ms™?]

K Thermal conductivity [Wm™" K™!]
lc Capillary length [m]

Ry [Initial drop radius [m)]

T Temperature [K,°C]

Vo Initial drop volume [m?]

e Emissivity []

A Latent heat [kJkg™']

X Modified latent heat [kJkg™!]

o Surface tension [Nm™!]

osp Stefan-Boltzmann constant [Wm™2 K™*]

Tevap Evaporation time [s]

Subscripts:
! Liquid []
v Vapour []
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