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Abstract: Nucleation is the formation of a new phase that has the ability to irreversibly and spon-
taneously grow into a large-sized nucleus within the body of a metastable parent phase. In this
experimental work, the effect of wettability on the incipiation of vacuum-driven bubble nucleation,
boiling, and the consequent rate of evaporative cooling are studied. One hydrophilic (untreated),
and three hydrophobic (chlorinated polydimethylsiloxane, chlorinated fluoroalkylmethylsiloxane
and (heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxysilane) glass vials of different wettabilities
were filled with degassed deionized water and exposed to a controlled vacuum inside a transparent
desiccator. The vacuum was increased by 34 mbar abs. (1 inHg rel.) steps with 15-min waiting period
to observe bubble nucleation. The average onset pressures for gas/vapor bubble nucleation in CM,
CF, and HT vials were 911 ± 30, 911 ± 34, and 925 ± 17 mbar abs., respectively. Bubble nucleation
was not observed in hydrophilic vial even at 65 mbar abs. pressure. During the vacuum boiling at
65 mbar abs., the average temperatures of water in hydrophilic, CM, CF, and HT vials reduced from
room temperature (~22.5 ◦C) to 15.2 ± 0.9, 13.1 ± 0.9, 12.9 ± 0.5, and 11.2 ± 0.3 ◦C, respectively. The
results of this study show that the wettability of the container surface has a strong influence on the
onset vacuum for vapor/gas bubble nucleation, rate of vacuum boiling, and evaporative cooling.
These findings are expected to be useful to develop wettability-based vacuum boiling technologies.

Keywords: bubble nucleation; wettability; surface roughness; hydrophilic; hydrophobic; vacuum boiling

1. Introduction

Nucleation is the formation of a new phase that has the ability to irreversibly and
spontaneously grow into a larger nucleus within the body of a metastable parent phase.
The free energy of the new phase is lower than its parent phase [1]. Vapor bubbles are
formed when a pure homogeneous liquid undergoes a phase change or density fluctuations
in the liquid. When the bubbles are formed completely within a volatile liquid, it is called
homogeneous nucleation. In heterogeneous nucleation, bubbles form at the interface of
the parent liquid and the solid phase it is in contact with. If the parent liquid completely
wets (contact angle (θ) = 0◦) the solid surface it is in contact with, in the presence of va-
por/gas phase, homogeneous bubble nucleation occurs, whereas if the liquid partially wets
(0◦ < θ < 180◦) or completely non-wetting (θ = 180◦) to the solid surface, heterogeneous
nucleation occurs [2]. The most widely used theory to categorize bubble nucleation is
the classical nucleation theory (CNT), which describes four different types of nucleation,
viz. classical homogeneous nucleation (also referred to as Type I nucleation), classical
heterogeneous nucleation (Type II), pseudo-classical nucleation (Type III), and non-classical
nucleation (Type IV). In Type I nucleation, bubbles form in the bulk of the liquid and
once produced, they rise to the surface of the liquid [3]. In this type of nucleation, it is
unlikely to have repeated nucleation sites and a high energy barrier or supersaturation is
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required to form a bubble [4]. In Type II nucleation, bubbles form at surface imperfections
like pits and cavities present on the surface of the container but without preexisting gas
cavities. Type II nucleation occurs at a similar supersaturation level compared to Type 1
nucleation [5]. In Type III nucleation, bubble nucleation occurs from preexisting gas cavities
and is achievable at a significantly lower supersaturation level compared to the Type I
and Type II nucleations. The Type IV nucleation also occurs at preexisting gas cavities
similar to the Type III nucleation; however, it does not require overcoming any nucleation
energy barrier as the radius of curvature of the preexisting gas in the cavities is larger than
the critical radius of curvature [3]. A schematic representation of the four types of bubble
nucleation is shown in Figure 1.
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Figure 1. A schematic representation of Type I, Type II, Type III, and Type IV bubble nucleation.
(a) Type I: Classical homogeneous nucleation; (b) Type II: Classical heterogeneous nucleation;
(c) Type III: Pseudo-classical nucleation; and (d) Type IV: Non-classical nucleation.

Wettability, which is the relative preference of a liquid to be in contact with a chemically
inert solid surrounded by another fluid, is known to have a strong influence on pressure-
and temperature-driven bubble nucleation [6,7]. Eddington and Kenning (1979) studied
the effect of contact angles on bubble nucleation and found that enhanced wetting results
in a decrease in the total number of bubble nucleation sites through a reduction in effective
radii of gas cavities [8]. Tong et al. (1989) showed that for highly wetting liquids, the
critical radius of a nucleated bubble is smaller than the cavity radius, and bubbles at
critical radii always occur inside the cavities, regardless of the dynamic contact angle
values [9]. Nam et al. (2009) reported that the departing bubble diameter was almost three
times larger, and the growth period was sixty times longer on the hydrophobic surface
than on the hydrophilic surface. The bubble departs from a hydrophobic surface after a
short necking period and leaves behind a tiny residual bubble nucleus, on the surface,
which further grows in the following cycle without any waiting time. They also reported
that smooth hydrophobic surfaces can serve as effective bubble nucleation sites at 6–9 ◦C
of superheat [10]. Sukama et al. (2014) showed that bubble size becomes smaller from
hydrophobic to hydrophilic surfaces [11].

The behavior of liquids under sub-atmospheric pressure (negative pressure or vacuum)
is of potential research interest as there are important applications such as vacuum boiling,
concentrating juices, preservation of proteins, high-rate anaerobic digestion, etc. [12–14].
Kim et al. (2007) studied the growth pattern of vapor bubbles nucleated during pool
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boiling at negative pressures. They observed that the radius of bubbles increases with
the reduction in system pressure regardless of the type of fluid [15]. Wu and Pan (2002)
carried out a molecular simulation study to understand the microscopic processes involved
during bubble nucleation in a homogeneous liquid under heating at a constant negative
pressure. The simulation results predicted an order of magnitude smaller bubble growth
rate compared to the growth rate predicted by the Rayleigh equation. The simulated
nucleation rate is three to four orders of magnitude higher than the rate predicted by CNT.
They also reported that the nucleation rate decreases with an increase in the magnitude of
negative pressure [16].

Very recently, Serdyukov et al. (2022) studied the influence of biphilic surface on heat
transfer rate during pool boiling of water in the pressure range of 10–102 kPa. They found
that the biphilic surface increases the heat transfer rate up to 3.7 times during the pool
boiling process at sub-atmospheric pressures compared to bare surfaces. In addition, at
lower pressures (less than 40 kPa), the bubble departure diameter on the biphilic surface
is more than 6-times lower compared to the bare hydrophilic surface [17]. Može et al.
(2021) studied pool boiling enhancement performances of hybrid-functionalized copper
and aluminum surfaces at atmospheric pressure. The hydrophobized copper surfaces
covered by microcavities (diameters varied from 40 nm to 2 µm) enhanced the heat transfer
coefficient (HTC) up to 120% and the critical heat flux (CHF) up to 64%, compared to the
untreated reference surface [18]. Another study conducted by Može et al. (2021) reported
that an etched hydrophobized aluminum surface increased the HTC by 488%, compared to
the untreated reference surface. The hybrid-functionalized surface was also observed to
cause an earlier transition into a nucleate boiling regime and promote bubble nucleation [19].
It is a well-known fact that hydrophobic surfaces promote bubble nucleation, whereas
hydrophilic surfaces increase the CHF during boiling. Liao and Duan (2021) conducted
molecular dynamics (MD) simulations to study explosive boiling phenomena on a hybrid
hydrophobic–hydrophilic nanostructured surface. The findings of the MD simulation study
revealed that the hydrophobic coating could stimulate the formation of bubbles and cause
a faster liquid film break-up, resulting in a decrease in the onset temperature of explosive
boiling [20]. A study conducted by Regis et al. (2021) to investigate the effect of hydrophilic
and hydrophobic surfaces on vacuum-induced surface freezing (VISF) showed that the
hydrophobic surface promotes boiling and blow-up phenomena that could result in the
formation of unacceptable defects on the glass surface. Although, the hydrophilic surfaces
caused an increased risk of fogging on the inner vial surface [21].

Many studies have been conducted on the influence of wettability on bubble
nucleation, growth, and detachment processes at pressures above the atmospheric
pressure [5–7,22–30]. We recently reported a strong dependency of incipiation pressure of
CO2 bubble nucleation in water (a two-component system) on the degree of hydrophobicity
of the container surface [6]. A limited number of studies have been conducted to investigate
the effect of wettability on vacuum boiling at sub-atmospheric pressures despite its various
potential practical applications. The objectives of the study are to (a) investigate the effect
of wettability on onset pressure for bubble nucleation, and vacuum boiling, and (b) study
the change in liquid temperature due to evaporative cooling during vacuum boiling in the
hydrophilic and hydrophobic vials. In this work, we report the experimental findings on
the effect of wettability on vacuum boiling of water (a single-component system). The rate
of evaporative cooling was studied by measuring the change in the liquid temperature
during bubble nucleation and vacuum boiling on the surfaces of various wettabilities.

2. Materials and Methods
2.1. Chemicals and Equipment Details

For the preparation of three different degrees of hydrophobic glass slides and vials
used in this study, chlorinated polydimethylsiloxane (CM), chlorinated fluoroalkylmethyl-
siloxane (CF), and (heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxysilane (HT) obtained
from Gelest Inc. were used. The untreated borosilicate glass slides (make: Fisherfinest)
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and vials (make: VWR; capacity: 3.7 mL) were inherently hydrophilic. A vacuum control
system that consists of a transparent vacuum desiccator (make: CLEATECH; model: 1300-
2-A), a vacuum control unit (make: CLEATECH; model: VCU 120 V), and a deep vacuum
pump (make: VIOT; model: VDP5) was used for conducting bubble nucleation experi-
ments under sub-atmospheric conditions. The vacuum desiccator (internal dimensions of
12′′ W ×12′′ D ×12′′ H) is made of 1” thick clear acrylic material with a front-hinged swing
door (Type-II) for easier access to samples in the shelves and can withstand 29.8′′ vacuum
in Hg. The vacuum control unit measures the vacuum in inHg and the vacuum units
are reported in mbar absolute (abs.) in the following paragraphs. A digital microscope
(make: Dino-Lite; model: AM7815MZTL) was used for recording the bubble nucleation
process. The change in water temperature during the bubble nucleation and vacuum
boiling processes was measured by a dual input RTD thermometer (make: Omega Engi-
neering; model: HH804U), which was connected to a thermal sensor probe (make: Omega
Engineering; model: Flexible Hermetic Sealed PFA RTD). The formation of bubbles on
the portion of the RTD probe that is immersed in water may result in a decrease in water
temperature, particularly in the case of a hydrophilic vial. Therefore, to verify whether
there exists any significant influence of the RTD probe on the change in water temperature,
a few separate experiments were conducted using a self-adhesive RTD surface sensor
(make: Omega Engineering; model: SA1-RTD) attached to the outer wall of the untreated
vial. The sensor was connected to a wireless thermocouple (make: Omega Engineering;
model: SS-002-0-NA) to record the temperature measurements with the help of an Ethernet
gateway (make: Omega Engineering; model: GW-001-2-NA) and an Omega Engineering
cloud service. A custom-made goniometer and an atomic force microscopy (AFM) (make:
Digital Instruments Multimode AFM; model: MMAFM-2; module: Veeco Nanoscope V)
were used for contact angle and the corresponding roughness measurements of the surfaces
used in this study.

2.2. Chemicals and Equipment Details

The procedures to prepare hydrophilic (untreated glass surface), and various degrees
of hydrophobic glass surfaces using siloxanes (CM and CF) and silane (HT) were adopted
from our previous study [6]. The experimental procedures are briefly discussed below.

The glass substrates (slides and vials) were rinsed with toluene for siloxane treat-
ments, and with isopropanol for silane treatment. For the siloxane treatments, 10 wt% CM
and 10 wt% CF were dissolved in toluene. For silane (HT) treatment, a 95/5 wt% iso-
propanol/water mixture was prepared and a 0.02 wt% glacial acetic acid was added as
a catalyst to the mixture to facilitate the hydrolysis of silane. The solution was kept for
30 min to ensure complete hydrolysis, prior to inserting the glass substrates. Then, the
glass substrates were added to the respective solutions and the solutions were thoroughly
shaken using a shaking water bath (make: Benchmark Scientific; model: SB-12L) for 60 min
at 150 rpm. To remove any unreacted siloxanes, the substrates were rinsed in n-hexane
and ethanol. Similarly, the unreacted silanes were removed from the glass substrates by
rinsing with ethanol. The untreated glass substrates were inherently hydrophilic. The
substrates were rinsed with n-hexane and ethanol to remove any undesired polar and
non-polar compounds adsorbed on these surfaces. The treated and untreated substrates
were dried in an oven at 105 ◦C for 30 min.

2.3. Static Contact Angle and Roughness Measurements

The wettabilities of the untreated hydrophilic surface and three types of hydrophobic
surfaces were characterized using contact angle measurements. The procedure used for
static air-water contact angle measurements was reported in our previous study [6]. AFM
measurements were conducted to determine the surface roughness of hydrophilic, CM, CF,
and HT glass slides and vials.
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2.4. Bubble Nucleation Experiments in Vacuum Desiccator

Bubble nucleation experiments were performed in the untreated, CF, CM, and HT glass
vials with a working fluid volume of 3 mL. A schematic of the vacuum boiling experimental
facility is shown in Figure 2. First, a glass vial of a known wettability was filled with 3 mL
of 18.2 MΩ·cm degassed deionized water and placed inside the vacuum desiccator. The
deionized water was degassed using the thermal degasification method, i.e., by boiling
the deionized water to remove any dissolved gas(es) followed by cooling it down to room
temperature in a closed container [31–33]. Then the desiccator was closed, and the vacuum
was set at 979 mbar abs. pressure (1 inHg rel.) for 15 min. Then the vacuum was increased
by ~34 mbar abs. (1 inHg rel.) steps after every 15 min while observing for any bubble
nucleation in the liquid. The process was continued until the first bubble was observed
inside the glass vial. After observing the first bubble(s), the vacuum was increased by
102 mbar abs. (3 inHg rel.) to observe bubble growth. The process was continued until
vigorous bubble nucleation or boiling was observed. This was until 167 mbar abs. pressure
(25 inHg rel.) for all of the experiments. Vigorous bubble nucleation was observed from
133 to 65 mbar abs. pressure (26 to 28 inHg rel.) in the hydrophobic vials. Images of
the vials were taken at each vacuum level using the digital microscope. At 65 mbar abs.
pressure (28 inHg rel.), videos were recorded to observe the vacuum boiling in the vials.
Separate experiments were performed for each of the four types of vials to record the
change in temperature, using the RTD input thermometer at every vacuum level during
the pressure reduction process.
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3. Results and Discussion
3.1. Contact Angle and Roughness Measurements

Table 1 presents the average air-water contact angles and surface roughness values
with their standard deviations of five and three repeats, respectively, of untreated, CM, CF,
and HT treated glass substrates. From Table 1, it can be observed that the contact angle
values on CM-, CF-, and HT-treated glass surfaces were increased by 57◦, 64◦, and 81◦,
respectively, compared to the untreated surface. As reported in our previous publication [6],
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even though there are slight differences in surface roughness, all the surfaces are very
smooth (a single-digit nanometer level roughness) and not responsible for the observed
bubble nucleation.

Table 1. Summary of average contact angles and surface roughness measurements of the hydrophilic
and hydrophobic glass substrates.

Average Contact Angle (◦) Average Roughness (nm)

Surface Flat Surface Flat Surface Vial (Curved) Surface

Untreated 33.9 ± 0.4 1.1 ± 0.1 3.6 ± 1.3
CM 90.8 ± 0.8 6.6 ± 0.7 6.4 ± 2.7
CF 97.8 ± 0.4 2.9 ± 0.2 4.4 ± 1.3
HT 114.6 ± 0.75 2.4 ± 0.2 7.4 ± 1

3.2. Vacuum-Driven Bubble Nucleation Results
3.2.1. Effect of Wettability on Onset Vacuum for Bubble Nucleation

Figure 3a–l, shows the bubble nucleation phenomena observed in the four different
vials of various degrees of wettabilities. Figure 3a,d,g,j represent the water inside CM, CF,
HT, and untreated vials at 1013 mbar abs. pressure (0 inHg rel.) or atmospheric pressure.
Figure 3b,e,h, show the first vapor/gas bubble nucleation on the inner surfaces of CF, CM,
and HT vials at 911 mbar abs. pressure (3 inHg rel.). As the vacuum increases, newer
and larger vapor bubbles were observed to form as can be seen in Figure 3c,f,i for CM, CF,
and HT vials, respectively. However, no nucleation was observed on the untreated vial at
911 mbar abs. pressure (Figure 3k). No vapor bubbles formed in the hydrophilic vial
even when the vacuum was increased to 65 mbar abs. (28 inHg rel.) (Figure 3l). A
video showing the bubble nucleation in CF, CM, and untreated vials (https://youtu.be/
QilmjSg0O5c, (accessed on 21 December 2020)) and another video showing the bubble
nucleation in HT vial (https://youtu.be/E07DaBB6Q_I, (accessed on 21 December 2020)) at
65 mbar abs. pressure (28 inHg rel.) can be accessed through the web links provided above
or the videos submitted with the manuscript [34,35]. The average onset vacuum (minimum
of five experiments) for vapor/gas bubble nucleation on CM, CF, and HT vials were found
to be 911 ± 30, 911 ± 34, and 925 ± 17 mbar abs. pressure, respectively.
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Figure 3. Bubble nucleation phenomena in CM, CF, HT, and untreated vials. (a) CM vial at
1013 mbar abs; (b) CM vial at 911 mbar abs; (c) CM vial at 167 mbar abs; (d) CF vial at 1013 mbar abs;
(e) CF vial at 911 mbar abs; (f) CF vial at 167 mbar abs; (g) HT vial at 1013 mbar abs; (h) HT vial at
911 mbar abs; (i) HT vial at 167 mbar abs; (j) Untreated vial at 1013 mbar abs; (k) Untreated vial at
911 mbar abs; and (l) Untreated vial at 65 mbar abs.

3.2.2. Effect of Wettability on Evaporative Cooling during Bubble Nucleation

The effect of wettability on evaporative cooling during vacuum-driven bubble nu-
cleation was studied by continuously measuring the water temperature using the RTD
input thermometer. Figure 4 shows the temperature profiles of water in CM, CF, HT, and
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untreated vials from 1013-65 mbar abs. pressure (0–28 inHg rel.). As shown in the figure,
the average temperature (of three replicate experiments) vs. vacuum curves can be divided
into three stages. In the first stage, i.e., from 1013-302 mbar abs. pressure (0–21 inHg rel.),
the decrease in water temperature was very gradual (~0.5 ◦C). In the second stage, i.e., from
268-99 mbar abs. pressure (22–27 inHg rel.), the temperature of water decreased by about
2 ◦C. However, in the third stage, i.e., at 65 mbar abs. pressure (28 inHg rel.), vigorous vac-
uum boiling occurred in the three different hydrophobic vials resulting in a sharp decrease
in temperature of water. During vacuum boiling, the average temperatures of water in CM,
CF, and HT decreased from room temperature (~22.5 ◦C) to 13.1 ± 0.9 ◦C, 12.9 ± 0.5 ◦C,
and 11.2 ± 0.3 ◦C, respectively. However, the corresponding average temperature in the
hydrophilic vial only decreased to 15.2 ± 0.9 ◦C from the room temperature. It should
be noted that bubble nucleation did not occur in hydrophilic vials even at 65 mbar abs.
pressure (28 inHg rel.).
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drophobic (CM, CF and HT) vials.

From the temperature profiles of water in CM, CF, HT, and untreated vials, discussed
in the previous section, and the corresponding observed vapor bubble formation rates,
it can be inferred that the rate of evaporative cooling is directly related to the rate of
vacuum boiling. Since the vapor bubbles were forming in the hydrophobic vials, the
process resembles nucleate boiling. However, in the case of water in the hydrophilic vial, no
bubble nucleation occurred, hence it is analogous to the case of convective boiling. As it is
known, the heat flux is much higher in the case of nucleate boiling compared to convective
boiling; higher amounts of water were boiled in the hydrophobic vials compared to the
hydrophilic vial. As can be seen in Figure 4, the highest temperature drop was observed in
the HT vial followed by CF, CM, and untreated vials. This observation suggests that as the
hydrophobicity increases the rate of vacuum boiling, and the associated rate of evaporative
cooling increases. It should be mentioned here that accurate temperature measurements
of water using an RTD thermometer during vacuum nucleation is a critical challenge, as
the formation of bubbles on RTD surfaces may result in a decrease in water temperature,
especially in the case of the hydrophilic vial. Therefore, to address this challenge, a self-
adhesive RTD surface sensor was installed on the outer wall of the untreated vial to
prevent bubble nucleation in water. During the vacuum boiling (65 mbar abs.), the average
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temperature in the hydrophilic vial decreased to 16.2 ± 0.3 ◦C from ~21.2 ◦C, which is close
to the temperature observed with the RTD probe present inside the water.

Figure 5 shows the effect of contact angle on the onset pressure for bubble nucleation,
and water temperature during vacuum boiling. From Figure 5, it can be observed that the
onset nucleation pressure increases with hydrophobicity. In other words, the required level
of vacuum for bubble nucleation decreases with hydrophobicity. It should be noted that,
as mentioned above, no bubble nucleation was observed in hydrophilic vial even at the
highest (i.e., 28 inHg rel.) vacuum applied in this study. In addition, during the vacuum
boiling (at 65 mbar abs. pressure (28 inHg rel.)), the average temperatures of water decrease
with hydrophobicity due to an increase in the rate of evaporative cooling.
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4. Conclusions

This present study is carried out to investigate the effect of wettability on vacuum-
driven bubble nucleation, and the consequent rate of evaporative cooling. The salient
findings of this study are summarized below:

• The wettability of the container surface has a strong influence on the onset vacuum for
vapor/gas bubble nucleation, rate of vacuum boiling, and evaporative cooling.

• As the hydrophobicity increases the rate of vacuum boiling, and hence the rate of
evaporative cooling increases.

• At higher vacuum levels (stage III in Figure 4), a relatively higher decrease in the
temperature of the water was observed in the hydrophobic vials compared to the
hydrophilic vials due to an increase in the rate of evaporative cooling.

These findings will be useful for developing wettability-based vacuum boiling technologies.
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18. Može, M.; Vajc, V.; Zupančič, M.; Šulc, R.; Golobič, I. Pool boiling performance of water and self-rewetting fluids on hybrid
functionalized aluminum surfaces. Processes 2021, 9, 1058. [CrossRef]
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