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ABSTRACT

The article reports on research on the vaporization of water from the superheated surface.
It presents the thermal response curves registered with a custom-designed heat flux sensor,
as well as recording from a high-speed camera. The analysis highlights the differences
between the dynamic response of the sensor during the evaporation of droplets and the pool
boiling with bubble generation. All processes were carried out at sub-atmospheric pressure 2 kPa
and for the applied heating power 15.8 W.

Using the experimentally obtained data, the vaporization process was classified into two
categories: evaporation and explosive vaporization. Combined capabilities of the sensor and
the camera allowed us to compare the evolution of heat flux during evaporation
and explosive vaporization and identify key moments: the first contact of the droplet with
the sensor surface, the shrinkage process (depinning), and the thin-film evaporation as the end
of the process.
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1. INTRODUCTION

Vaporization of droplets is a known phenomenon, often occurring in various engineering
processes, e.g., spray cooling (Jia et al. (2006); Liang et al. (2017c), Xiong et al. (1991), Estes
etal. (1995), Lin et al. (2003)), electronic cooling (Xie et al. (2016), Chakraborty
et al. (2017)), combustion (Moreira et al. 2010)), etc. Though generally understood, it still
requires further fundamental investigations (Bernardin et al. (1996), Saneine et al. (2021)).
Spray cooling improves heat transfer in existing and developing cooling technologies (Liang
etal. (2017b)). Its analysis requires a closer look at the evaporation process, at the level
of single droplets (Liang et al. (2017a)). Droplet evaporation is characterized by properties
of the liquid (diameter, impact velocity, volume, and physical properties of the liquid, such
as saturation temperature, density, viscosity, surface tension), vapor environment
(pressure, temperature, physical properties, velocity, and flow configuration) and heated
surface  (wettability, diffusivity, surface roughness, and wall temperature) (Liang
et al. (2017a)). Droplet vaporization is the evaporation combined with the nucleation of bubbles.
Heat transfer during evaporation is primarily influenced by the temperature of the heated surface,
the wall heat and the evaporation time (Liang et al. (2017a)). Bernardin et al. (1997c) highlighted
the importance of the Weber number, which in connection with the wall temperature of the surface
allows estimation of a droplet lifetime. Wall temperature and liquid saturation temperature are used
to determine evaporation regimes (film evaporation, nucleate boiling transition boiling, and film
boiling). Bernardin et al. (1997a) proved that wall temperature affects contact angle and highlighted
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that surface roughness is needed in Leidenfrost temperature determination (Bernardin
et al. (1997b)). Castanet et al. (2009) analyze hydrodynamics of droplets (rebound,
splashing, and deposition on the liquid wall) showing relationship between dimensionless time
and Weber and Ohnesoroge. Early research by Pedersen (1970) suggested that heat transfer
can be improved by increasing the velocity of falling droplets. More recently, the research by
Gradeck et al. (2013) showed that the dependence between heat transfer coefficient and Weber
number (thus velocity) is weak. The evaporation of droplets has been accurately described
for atmospheric pressure (e.g., Crafton et al. (2004), Marzo and Evans (1989)), but not for sub-
atmospheric conditions. There are only a few published works showing local heat flux changes
during droplet evaporation. Cui et al. (2001) and Nakoryakov et al. (2012) measured local heat
fluxes and showed that the evaporation rate is the highest at the ftriple-phase contact line.
Xingjan et al. (2019) described the phenomenon of bubble nucleation during vaporization
at atmospheric pressures. This paper highlights the differences between the thermal
curves for evaporation, bubble nucleation, and vaporization at low pressure. Heat flux
curves are measured using the custom sensor that allows for insight into the dynamics
of occurring phenomena. The research was carried out under reduced pressure conditions (2kPa),
that is, close to the triple point of water. The specific features of this pressure were highlighted
in earlier studies by Wojtasik et al. (2019,2020), Zajaczkowski et al. (2016).

2. EXPERIMENTAL SETUP

The experimental setup (see Fig. 1a) consists of a cylindrical stainless-steel tank (inner diameter
200 mm, height 420 mm). The sensor and the cartridge heater are inserted from the bottom
of thetank. Four 100 mm glass viewports are located on each side, allowing lighting
and camera recording. The vessel is equipped with two vacuum valves for pressure
reduction, removal of noncondensable gases, and for filling/discharge of a working fluid.
Pressure and temperature are controlled by the water jacket supplied with a cooling
thermostat. The saturation pressure is measured by two transducers located at the top of the
vessel (with operating ranges of 0 — 100 kPa and 0 — 16 kPa).

The working fluid is distilled water. Droplets are dispensed through a 6mm pipe that ends right
above the sensor surface. Their size is controlled with a manual valve at the top of the vessel
and the working medium is supplied manually from the small reservoir.

The heat flux density is measured with a customized copper heat flux sensor fitted to the heater
surface. Its diameter is equal to the diameter of the heated surface. The sensor consists of seven
concentric measurement zones numbered from 1 to 7 (see Fig. 1b), where zone 1 is in the center.
The static gradient method is used to determine heat through the wall (0.5 mm thick). The design
and operation of the sensor were described by Wojtasik et al. (2018). When there are no drops or
bubbles on the surface, all heat fluxes are constant. The appearance of the either causes a sudden
increase of heat flux in the zones covered by the drop or bubble. Progressing
evaporation/vaporization produces heat flux fluctuations, which gradually dissipate to their base
values after evaporation or detachment. The value of the time constant of the sensor was
estimated to be about 1 s (while bubble growth time would be of the order of magnitude of 0.1 s).
Although all of the heat flux curves have a proper shape and measurements are well synchronized
with camera recordings, the actual values of g might be dampened. That is why only qualitative
analysis of the bubble dynamics can be performed with the proposed sensor (Wojtasik
et al. 2018), which nevertheless can provide original insight into the phenomena and allow one
to compare the dynamic of evaporation and vaporization processes.
The heat flux density measurements are synchronized with the high-speed camera (Photron
Fastcam 1024 PPCI). The sizes of droplets and bubbles are influence by the parallax effect,
and thus purposefully corrected following the method described in (Wojtasik et al. 2018).
Alamp (100x100 mm) with high luminance white LEDs (almost 53,000 cd /m2 in continuous
mode, Phlox SLLUB) is installed to ensure visibility of the measurement sample.
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Figure 1: Experimental setup used for the experiments: a) the details of vacuum vessel and b) the
schema of heat flux sensor showing seven concentric measurement zones

3. RESULTS AND DISCUSSION

3.1. Thermal response curves for a single droplet

Fig. 2 shows the dynamic heat flux generated during stable evaporation of a droplet from a heated
surface. The numbers in Fig. 2b reflect the sensor measurement zones. The evaporation
can be divided into three stages: initial, fundamental, and final (Hu and Larson (2002); Qiao
and Chandra (1997); Rymkiewicz and Zapalowicz (1993)). The identification of consecutive
phases of the evaporation process was carried out using dynamic heat flux curves
synchronized with camera images. Five recognizable stages can be recognized: waiting (1),
falling of the droplet (2), liquid evaporation (3), depinning (4), complete evaporation of the droplet
marking the end of the process (5), where phases 2-5 correspond to the evaporation stages
described in the literature.

Figure 2: Droplet evaporation (Pave=1.9 kPa, q = 20 W): a) frames from camera recording, b) heat flux
curves measured by the sensor
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The droplet leaves the tip of the tube at point 1 (t = 2.10s) and falls on the surface at point 2
(t=2.90s). Before deposition on the surface, the sensor does not register any thermal

response. At point 2, once the droplet touched the surface, a rapid increase in heat flux
is caused by the difference between the wall and liquid temperatures, leading to the first local
maximum shortly afterwards. This phase is dominated by thermal diffusion and evaporation
is limited by heat transfer capabilities. Point 3 (t = 9.3s) marks the beginning
of depinning characterized by evaporation of a thin layer of liquid that causes visible horizontal
shrinkage, i.e., the diameter of the droplet decreases. The depinning started right when the heat
flux reached its second maximum. Decreasing diameter of a droplet produced a sharp
decrease of heat flux because of a rapidly decreasing amount of liquid. At point 4 (t = 14.8s)
the remaining layer of liquid starts to evaporate mainly due to the significant influence
of the heated surface of the sensor. The process ends with the heat flux returning to its stable pre-
evaporation value at point 5 (t = 16.9s).

3.2. Thermal response curves for a bubble

Fig. 3 shows a signal output of the sensor when a bubble nucleates during ongoing evaporation
of a droplet at low pressure. Similar behavior was observed under atmospheric pressure by Liang
et al. (2016), Moita et al.(2010), Mehdizadeh and Chandra (2006), and Fujimoto et al. (2010).
Point A and Point B in Fig.3 correspond to bubble nucleation and its burst/detachment,
respectively. The appearance of a bubble caused a noticeable increase in heat flux,
which continued to increase until the bubble reached its maximum volume. Afterwards, the heat
fluxes measured by all zoned gradually returned to their original values.
The shape of the observed bubbles resembled the 'pagoda' shapes (see Fig. 3b) recorded
by Cossali (2008,2005) and Liang et al. (2016) at atmospheric pressure. Giraud et al. (2015)
observed similar bubbles studying low-pressure pool boiling at small liquid levels, but the shape
was not previously recorded at low-pressure nucleation during evaporation of droplets, Liang
et al. (2017a). Neither of the studies mentioned above discussed dynamic changes in heat
flux during this phenomenon.

Figure 3: Heat flux evolution during bubble growth in a thin liquid layer with of
(P.,e=1.9 kPa, g = 20 W) A — Nucleation of the bubble; B — Burst/detachment of the bubble

3.3. Thermal response curves during vaporization of a droplet

Fig. 4a shows the dynamic heat flux curve for the process of vaporization. Five characteristic
points for this process can be distinguished: droplet generation (1), first contact of the droplet with
the surface (2), boiling occurrence (3), partial evaporation of the droplet (4),
and the end of the process (5).
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Figure 4: a) Droplet vaporization process (P,,.=1.9 kPa, g = 20 W) b) frames taken at the distinctive
moments (1-5) during vaporization

The droplet started to evaporate right after touching the superheated surface. Immediately,
the heat flux started and continued to rise until the first local maximum A was reached.
The nucleation and growth of a bubble (between points 2 and 3) are characteristic
for vaporization. The superheated surface initiated the growth of a vapor bubble, causing
another sudden increase in heat flux. The second local maximum B is reached at the moment
of bubble burst and further dissipation. The droplets of liquid that remained on the surface
continue to shrink as a result of depinning. The third local maximum C is associated with
evaporation of the last part of liquid remaining on the surface. The process ended with
stabilization of the heat flux at its initial value.

4. CONCLUSIONS

In the paper, we have presented heat flux curves recorded during the evaporation and vaporization
of water droplets at 2 kPa. The synchronized data from the heat flux sensor and the high-speed
camera allowed one to characterize distinct stages of the vaporization process, as well
as tocompare heat flux evolution during pool boiling and vaporization under the same

thermodynamic conditions.

Vaporization is a more violent and chaotic process. There are more stages in which measured
heat flux rises significantly, producing multiple peaks before the heat finally dissipates.
By comparison, evaporation is stable, and the neighboring measurement zones react in a more
uniform way.

The thermal response of a novel heat flux sensor for the analysis of droplet evaporation,
vaporization, and bubble creation was evaluated for pressure range 2 kPa. Synchronization
of high-speed camera visualizations and thermal measurements enabled the significance
of the significant stages of process changes.
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NOMENCLATURE

HF  Heat Flux (W cm™?) DAS Data acquisition system
max. Local maximum

BIBLIOGRAPHY

M.Barthés, 2010, Ebullition sur site isolé: étude experimentale de la dynamique de croissance d’'une
bulle et des transferts associés. PhD thesis, Université de Provence — Aix-Marseille |

G.E. Cossali, M. Marengo, M. Santini, 2005, Secondary atomisation produced by single drop
vertical impacts onto heated surfaces, Exp. Therm. Fluid Sci., 29, pp. 937-946

G.E. Cossali, M. Marengo, M. Santini, 2008, Thermally induced secondary drop atomisation
by single drop impact onto heated surfaces, Int. J. Heat Fluid Flow, 29, pp. 167-177

E.F. Crafton, W.Z. Black, Heat transfer and evaporation rates of small liquid droplets on heated
horizontal surfaces, Int. J. Heat Mass Transfer, 47 (2004), pp. 1187-1200

K. A. Estes, I. Mudawar, 1995 Correlation of sauter mean diameter and critical heat flux for spray
cooling of small surfaces, Int. J. Heat Mass Transf. 38 (16)

H. Fujimoto, Y. Oku, T. Ogihara, H. Takuda, 2010, Hydrodynamics and boiling phenomena of water
droplets impinging on hot solid, Int. J. Multiphase Flow, 36, pp. 620-642

H. Hu, R.G. Larson, 2002, Evaporation of a sessile droplet on a substrate, J. Phys. Chem. B, 106,
pp. 1334-1344

L. Lin, R. Ponnappan, 2003, Heat transfer characteristics of spray cooling in a closed loop,
Int. J. Heat Mass Transf. 46 (20)

S.Michaie., R.Rulliere, J.Bonjour ,2019, Towards a more generalized understanding of pool boiling
at low pressure: Bubble dynamics for two fluids in states of thermodynamic similarity. Experimental
Thermal and Fluid Science, 101, 217-230

G.Liang, I.Mudawar, 2017, Review of drop impact on heated walls, International Journal of Heat
and Mass Transfer, Volume 106, Pages 103-126,

G. Liang, |I. Mudawar, 2017, Review of spray cooling—part 1: single-phase and nucleate boiling
regimes, and critical heat flux, Int. J. Heat Mass Transf., 115, pp. 1174-1205

G. Liang, |. Mudawar, 2017, Review of spray cooling—part 2: high temperature boiling regimes
and quenching applications, Int. J. Heat Mass Transf., 115, pp. 1206-1222

G. Liang, X. Mu, Y. Guo, S. Shen, S. Quan, J. Zhang, 2016, Contact vaporization of an impacting
drop on heated surfaces, Exp. Therm. Fluid Sci., 74, pp. 73-80

M. di Marzo, D.D. Evans, 1989, Evaporation of a water droplet deposited on a hot high thermal
conductivity surface, J. Heat Transfer, 111, pp. 210-213

A.S. Moita, A.L.N. Moreira, I.V. Roisman, 2010, Heat transfer during drop impact onto a heated
solid surface Proc. 14th International Heat Transfer Conference, Washington DC, USA

N.Z. Mehdizadeh, S. Chandra, 2006, Boiling during high-velocity impact of water droplets
on a hot stainless steel surface Proc. R. Soc. A — Math. Physi. Eng. Sci., 462, pp. 3115-3131

165



J. Rymkiewicz, Z. Zapalowicz, 1993, Analysis of the evaporation process for water droplet on flat
heated surface, Int. Commun. Heat Mass Transfer, 20, pp. 687-697

K.Woijtasik, B.Zajaczkowski, R.Rulliére, J.Bonjour, 2019, Novel sensor for local analysis of bubble
dynamics at low pressure, Experimental Thermal and Fluid Science, Volume 104, Pages 175-185,

K.Wojtasik, R.Rulliére, Z.Krolicki, B.Zajaczkowski, J.Bonjour (2020), Subcooled boiling regime map
for water at low saturation temperature and subatmospheric pressure. Experimental Thermal
and Fluid Science, 118(April), 110150.

Y.M. Qiao, S. Chandra,1997, Experiments on adding a surfactant to water drops boiling
on a hot surface, Proc. R. Soc. A — Math. Phys. Eng. Sci., 453, pp. 673-689

T. Y. Xiong, M. C. Yuen, 1991, Evaporation of a liquid droplet on a hotplate, Int. J. Heat Transf.
34 (7), 1881-1894.

S.Ye, L.Zhang, C.Wu, Y.Li, Q.Liu, 2020, Experimental investigation of evaporation dynamic
of sessile droplets in pure vapor environment with low pressures, International Journal of Thermal
Sciences, Volume 149, 106213,

X.Yu, R.Hu, X.Zhang, B.Xie, X.Luo, 2019, Explosive bouncing on heated silicon surface under
low ambient pressure, Soft Matter, 15, 4320-4325

Zajaczkowski, B., Halon, T. & Krolicki, Z., 2016, Experimental verification of heat transfer coefficient
for nucleate boiling at sub-atmospheric pressure and small heat fluxes. Heat Mass Transfer 52,
205-215

Jia.W, Qiu.H.-H., 2003, Experimental investigation of droplet dynamics and heat transfer in spray
cooling, Experimental Thermal and Fluid Science, Volume 27, Issue 7, Pages 829-838,

Xie.J, Wong.T, Duan.F, Modelling on the dynamics of droplet impingement and bubble boiling
in spray cooling, Int. J. Therm. Sci., 104 (2016), pp. 469-479

S. Chakraborty, M. Rosen, B. Macdonald, 2007, Analysis and feasibility of an evaporative cooling
system with diffusion-based sessile droplet evaporation for cooling microprocessors, Appl. Therm.
Eng., 125, pp. 104-110

A. Moreira, A. Moita, M. Panao, 2010, Advances and challenges in explaining fuel spray
impingement: how much of single droplet impact research is useful Prog. Energy Combust.
Sci., 36 (5), pp. 554-580

Bernardin.J.D, Mudawar.l, Walsh.C.B, Franses.E.l, 1997, Contact angle temperature dependence
for water droplets on practical aluminum surfaces, Int. J. Heat Mass Transfer, 40 pp. 1017-1033

Bernardin.J.D, Stebbins.C.J, Mudawar.l, 1997, Effects of surface roughness on water droplet
impact history and heat transfer regimes, Int. J. Heat Mass Transfer, 40 pp. 73-88

Bernardin.J.D, Stebbins.C.J, Mudawar.l, 1997, Mapping of impact and heat transfer regimes
of water drops impinging on a polished surface, Int. J. Heat Mass Transfer, 40 pp. 247-267

Castanet.G, Lienart.T, Lemoine.F, 2009, Dynamics and temperature of droplets impacting onto
a heated wall. Int. J. Heat Mass Transfer, 52 pp. 670-679

Gradeck.M, Seiler.N, Ruyer.P, Maillet.D, 2013, Heat transfer for Leidenfrost drops bouncing onto
a hot surface Exp. Therm. Fluid Sci., 47 pp. 14-25

166


https://scholar.google.com/citations?user=pyAd59EAAAAJ&hl=pl&oi=sra
https://scholar.google.com/citations?user=-z_zqFEAAAAJ&hl=pl&oi=sra
https://scholar.google.com/citations?user=Jcp_UCYAAAAJ&hl=pl&oi=sra
https://doi.org/10.1039/1744-6848/2005

Pedersen. C, 1970, An experimental study of the dynamic behavior and heat transfer
characteristics of water droplets impinging upon a heated surface, Int. J. Heat Mass
Transfer, 13 pp. 369-381

Cui.Q, Chandra. S, Mccahan.S, 2001, The effect of dissolving gases or solids in water droplets
boiling on a hot surface, J. Heat Transfer, 123 (2001), pp. 719-728

Nakoryakov.V.E, Misyura.S.Y, Elistratov.S.L, 2012, The behavior of water droplets
on the heated surface, Int. J. Heat Mass Transfer, 55 pp. 6609-6617

167





