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Boiling in nanopores through localized Joule heating: Transition between nucleate and film boiling
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The transition from nucleate to film boiling on micro/nanotextured surfaces is of crucial importance in a
number of practical applications, where it needs to be avoided to enable safe and efficient heat transfer. Previous
studies have focused on the transition process at the macroscale, where heat transfer and bubble generation are
activated on an array of micro/nanostructures. In the present study, we narrow down our investigation scale to
a single nanopore, where, through localized Joule heating within the pore volume, single-bubble nucleation and
transition are examined at nanosecond resolution using resistive pulse sensing and acoustic sensing. Akin to
macroscale boiling, where heterogeneous bubbles can nucleate and coalesce into a film, in the case of nanopores
also, patches of heterogeneous bubbles nucleating on the cylindrical pore surface can form a torus-shaped vapor
film blanketing the entire pore surface. In contrast to conventional pool boiling, nanopore boiling involves a
reverse transition mechanism, where, with increased heat generation, film boiling reverts to nucleate boiling.
With increasing bias voltage across the nanopore, the Joule heat production increases within the pore, leading to
destabilization and collapse of the torus-shaped vapor film.

DOLI: 10.1103/PhysRevResearch.4.043110

I. INTRODUCTION

Despite a century of research on vapor bubble dynam-
ics and its ramifications for boiling phenomena, a unified
understanding of bubble nucleation at the nanoscale and
growth/transition to macrobubbles has yet to be established.
Little attention has been paid to establishing fundamental con-
nections between boiling characteristics at the nanoscale and
macroscale, which may differ significantly owing to confine-
ment effects [1,2]. Closing this fundamental gap in knowledge
is of paramount importance for fully leveraging the benefits
of phase change heat transfer in high-heat-flux applications,
including, among others, electronic cooling [3], inkjet print-
ing [4], and spray quenching [5]. Starting with the work of
Nukiyama [6], who heated a liquid by running electricity
through a metal wire, early research in this field was devoted
to establishing a boiling curve consisting of five regions of
pool boiling [7]: natural convection, isolated nucleate boiling
followed by slug nucleate boiling, transition boiling termi-
nating at the Leidenfrost point, and ultimately film boiling.
Research has been focused on fundamental understanding of
pool boiling transitions with the aim of achieving practical
goals in engineering [3,8-10], such as enhancement of the
heat transfer coefficient [11] and prevention of early criti-
cal heat flux [3]. The latter is the limiting heat flux beyond
which the heat transfer to the liquid starts to decrease owing

“Corresponding author: daiguji @thml.t.u-tokyo.ac.jp

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2022/4(4)/043110(21) 043110-1

to lack of liquid contact with the heated surface because of
horizontal coalescence of nucleating bubbles. Other notable
fundamental studies include those of micro/macroscale boil-
ing on nano/microstructured surfaces, where high temporal
and spatial resolution x-ray imaging of the vapor interface
[12—15] has provided valuable insights into microscale boiling
transitions.

Recently, a study by Popov et al. [16] using small-angle
neutron scattering detected stable vapor nanobubbles of di-
mensions below the roughness scale on a hydrophilic boiling
surface. This highlights the need for studying subroughness
boiling, where the stability of vapor nanobubbles may hold
the key to enhancing boiling heat transfer. This is especially
challenging for two reasons: (i) heating must be focused
such that single-bubble nucleation can be achieved; (ii) the
nanoscale—nanosecond dynamics of the nanobubble post nu-
cleation must be captured experimentally. Because of these
inherent difficulties, at the nanoscale, engineering research
on boiling involving heat transfer enhancement [17,18] and
physics research on single-vapor bubble dynamics involv-
ing equilibrium and stability characteristics [19] have mostly
proceeded in parallel but separately. On the other hand, at
the macroscale, engineering studies of boiling and of single-
vapor-bubble dynamics have been performed simultaneously.
In this regard, we would highlight the work of Dhir and
coworkers [20] in which microgravity was used to confine
a macrobubble on a heater surface, thereby allowing a pro-
longed investigation of spherical thermal bubble dynamics.
Nam et al. [21] studied the nucleation and departure dy-
namics of nucleate bubbles from a single air-filled 15 um
cavity on a superhydrophilic surface. Lee ef al. [22] limited
boiling incipience to a single microscale cavity embedded
within a microchannel flow boiling apparatus. In both cases,
bubble nucleations were triggered at less than 10 K wall
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superheats, compared with the 100 K superheat needed for
100 nm cavities [23]. This is because the geometric confine-
ment effect becomes critical at sub-micrometer scales, where
boiling becomes more explosive owing to high surface tension
dominance. For example, Levine et al. [24] found an inertial
homogeneous bubble growth velocity of 50 m/s in a 107-nm
diameter pore, compared with the 0.5 m/s seen in a 16.4 um
cavity by Lee eral. [22]. Also, Nam et al. [21] reported that the
contact line of the nucleating bubble extended beyond the cav-
ity diameter, with bubble departure occurring at 1-mm length
scales. This also suggests that geometric confinement is less
significant at the microscale. It should be noted here that both
Nam et al. [21] and Lee et al. [22] observed bubbles at 100 um
length scales, which overshadowed the boiling characteristics
within the cavity. This is of course extremely difficult to re-
alize using traditional imaging and requires nonconventional
approaches.

Despite the obvious challenges, several studies have partly
addressed this question. For example, Wang et al. [25] gener-
ated plasmonic vapor bubbles on a nanoparticle array through
laser heating and imaged bubble growth post nucleation at
7.47 MHz using a high-speed camera. However, the minimum
bubble size imaged by their system was in the 5 um range,
which was outside the scope of nanoscale bubble growth
dynamics. In a similar vein, Hou et al. [26] also used a
laser to initiate plasmonic vapor bubble nucleation on a single
nanoparticle. By measuring the laser scattering using a pho-
todetector, they were able to obtain signals corresponding to
nanobubble growth speeds. However, probing the orientation
or shape of a bubble on a particle is quite difficult, since
the laser beam width is much larger than both the particle
and bubble. Nag et al. [27] used radiolysis to generate gas
nanobubbles in a liquid cell placed inside a transmission
electron microscope (TEM). Although interesting phenomena
related to nanobubble coalescence were observed, the growth
speed of the bubbles was much slower than that of vapor bub-
bles. Similar slow gas bubble dynamics were also observed
using scanning electrochemical cell microscopy [28], nano-
electrodes [29,30], and nanopipettes [31]. This highlights the
fact that compared with gas nanobubbles, vapor nanobubbles
are more difficult to measure, since their dynamics take place
at nanosecond time resolutions. To solve this problem, Fu
etal. [32] used 4D TEM to image vapor bubble nucleation and
growth on a single nanoparticle at high spatial and time reso-
lutions commensurate with nanoscale vapor bubble dynamics.
However, their system has a high setup and operational cost,
elevating the threshold for investigation by other groups.

To activate single-bubble nucleation, we utilize Joule heat-
ing, which directly converts electric energy to thermal energy
in confined liquid volumes, circumventing interfacial heat
transfer. Nagashima et al. [38] filled a concentrated electrolyte
solution in a nanopore connected with two large solution
reservoirs. An electric potential bias was imposed across a
membrane of thickness 71 nm via electrodes inserted in each
side of the reservoir. The electric field was focused around the
nanoaperture on the thin membrane, generating intense Joule
heating in the nanospace. Homogeneous thermal bubble gen-
eration in the liquid phase was successfully detected via ionic
current measurements in the gigahertz bandwidth of resistive
pulses, based on the volume exclusion effect of nonconductive

bubbles. This method of bubble generation and detection over-
comes both the scale and time limitations of traditional boiling
studies using heater surfaces and high-speed cameras, thereby
serving as an ideal platform for tracking single nanobubbles
in the initial stage of boiling. Using the same platform, Paul
et al. [39] demonstrated that solely homogeneous nucleation
occurs only in tiny apertures at the nanoscale. As the pore
diameter expands, heterogeneous bubbles originating from the
inner walls of nanopores become dominant. This transition
was attributed both to geometric confinement effects such
as contact line pinning and to a thermal confinement effect,
namely, a large temperature gradient within the nanopore.

In the present paper, we measure both ionic current
variations and stress waves created by a nanopore bubble
[Figs. 1(a) and 1(b)], focusing specifically on the transition
between nucleate and film boiling. Here, we should highlight
that although current blockage signals and pressure waves
have been used separately to study single-bubble nucleation
[28-31,38] and bubble dynamics at the microscale [36,37,40-
43], they have not previously been used simultaneously to
explain high-speed nanoscale boiling transitions postnucle-
ation. This could be very effective in discriminating boiling
structures within the pore. By intensifying the heating rate
through increasing the bias voltages across the nanopore, we
activate the transition from nucleate boiling to heterogeneous
film boiling on the rim of the nanopore. Owing to the cylin-
drical shape of the pore, the film bubble resembles a torus
in shape, as shown in Fig. 1(c) (Appendix A). A similar
observation has also been made by Medvedev et al. [44],
albeit at the macroscale. Nanobubbles on flat surfaces have al-
ready been shown to exhibit remarkable stability owing to the
contact line pinning effect [45,46], and here we demonstrate
that nanotorus thermal bubbles also exhibit stability owing
to similar pining effects within nanopores. Unlike nucleate
bubbles, which undergo rapid growth and collapse cycles
separated by significant reheating periods, the film bubble is
stable and relatively long lived, undergoing pinned volumetric
oscillations, which are captured by our sensors in the form
of pore current and hydrophone pressure oscillations. When
the bubble is moderately stable, the oscillations are weakly
nonlinear [47,48], and only the fundamental and second har-
monics are observed beyond the noise level of our sensors.
The 3D spectrogram analysis of the torus bubble presented in
Fig. 1(d) reveals two ridges at 6 MHz and 12 MHz, which
correspond to these two harmonics. These frequencies are an
order of magnitude higher than those recorded for oscillatory
boiling on microheaters [36], probably owing to the larger
bubble size compared with a nanopore bubble. Intriguingly,
our voltammetric studies reveal that for larger pore diameters,
with increasing voltage, the torus bubble gradually loses its
stability, ultimately leading to transition from film to nucleate
boiling.

In this paper, we showcase the similarities in bubble dy-
namics and thermodynamics between macroscale pool boiling
and nanopore boiling, while also highlighting the differences
in the thermofluidic mechanisms driving the transitions. The
remainder of the paper is organized as follows. In Sec. II,
a brief overview of our experimental system is presented.
Section III B explains the nucleate-to-film boiling transition
using current and hydrophone pressure spectrograms for a
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FIG. 1. (a) 3D schematic view and (b) cross-sectional schematic view of the acoustic and resistive pulse sensing experimental setup. The
insets in (a) show a schematic of the suspended membrane nanopore chip (a cylindrical hole of diameter D, on a silicon nitride thin layer
of thickness L) and an SEM image of the D, = 460 nm nanopore. (c) Nanopore current (blue) and hydrophone pressure (red) traces during
nanopore boiling during a 1468 us—7 V voltage pulse starting from t = O us. Before 46 us, when there is only superheating and no boiling,
both the current and pressure baselines are steady. This is followed by stochastic nucleate boiling, when two processes of bubble generation
are predominant: (i) homogeneous bubble nucleation at the pore center and (ii) patch heterogeneous bubble nucleation on the pore surface.
Here, discrete homogeneous and heterogeneous bubbles grow and shrink, nonperiodic current blockage signals are seen in the current trace,
and high-amplitude nonperiodic pressure waves are observed. For each of these discrete bubble events, a three-peak acoustic wave is created,
wherein the three peaks denote the inertial growth, condensation driven retardation and bubble collapse regimes respectively [33-35]. Also,
the baseline current is recovered after each blockage event, which indicates that the pore is bubble free, allowing Joule heating until the next
nucleation event after a waiting time. When nucleate boiling transitions to film boiling after ~16 us, a torus-shaped vapor bubble blankets
the nanopore wall surface (iii). This bubble then performs pinned volumetric oscillations in thermal resonance [36,37] with the Joule heat
generation inside the pore liquid. Owing to the stability of the torus bubble of volume comparable to the pore volume V;, the baseline current
steadily decreases by ~42% from I, to I, ,. The large shift in current baseline (Al,) for a pore with a high D, /L ratio (= 4.6) can be explained
by the existence of a torus bubble that has a volume V; scaling proportionally with the pore diameter. Owing to the high sensitivity of the
nanopore current to the insulating bubble, oscillations of the bubble volume about its mean value are represented by near-sinusoidal current
oscillations about the reduced baseline I, ,. Consequently, the hydrophone also picks up high-frequency and periodic pressure waves generated
as a result of bubble volume oscillations. (d) 3D spectrogram analysis of the nanopore current and hydrophone pressure. During nucleate
boiling with stochastic waiting times, the power spectrum is distributed across a wide frequency band, and hence no clear frequency ridges are
seen in the spectrograms. After the film boiling transition at ~62 us, when the torus bubble oscillates at a characteristic frequency, two ridges
are seen at f = 6 MHz and 12 MHz, signifying the first and second harmonics, respectively.
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420-nm pore, and Sec. IIIC elucidates the film-to nucleate
boiling transition in a 460-nm pore. Section IV A discusses the
effect on Joule heat generation during the different nanopore
boiling regimes for the two pore sizes. In macroscale film
boiling, the vapor film limits heat transfer from the heated
surface, whereas in nanopore boiling, the torus vapor film lim-
its Joule heat production through the volume exclusion effect.
In Sec. IV B, a theoretical model is developed to capture the
equilibrium size and temperature of the torus vapor film at
different applied voltages. In Sec. IV C, the stability of the
torus vapor film is analyzed by perturbation theory, and the
reverse transition phenomenon (film-to-nucleate boiling) is
explained based on this analysis. Conclusions are presented
in Sec. V.

II. EXPERIMENTAL METHODS

Circular nanopores as shown in the scanning electron mi-
croscope (SEM) image in Fig. 1(a) and in Fig. S1 of the
Supplemental Material [49] were made on silicon nitride chips
(Model No. 4088SN-BA) purchased from Alliance Biosys-
tems Inc., each comprising a 100-nm-thick silicon nitride
(Si3N4) membrane deposited on a 200-um-thick silicon sub-
strate with an approximately square 50 um x 50 um opening
at the center. The nanopores were etched at the center of
the free-standing part of the membrane using a focused Ga™
ion beam (SMI2050MS2, SII Nanotechnology). Post fabri-
cation, the nanopore chip was assembled between two fluid
tanks and wetted with ethanol before flushing with a 3M
aqueous solution of NaCl prepared by diluting 5SM NaCl
solution (Sigma-Aldrich) with deionized (DI) water. Voltage
pulses were applied through Ag/AgCl electrodes using a pulse
generator (Tektronix AFG3152C), and the ionic current flow-
ing through the nanopore was registered on a oscilloscope
(Tektronix MSO56) by measuring the voltage across a shunt
resistor through an active power rail probe at 20 MHz terminal
bandwidth (Tektronix TPR4000). In addition, a passive probe
set at 250 MHz terminal bandwidth was used to measure high-
frequency current oscillations across a second shunt resistor
in series. The active probe, which had a high signal-to-noise
ratio but also high capacitance, was used to track the baseline
and frequency shifts of the nanopore current, while the passive
probe measurements taken at high bandwidth were used to
measure the amplitude of current oscillations. A needle hy-
drophone (Precision Acoustics NH4000 with sensor diameter
4 mm, or Precision Acoustics NH1000 with sensor diameter
1 mm) encapsulated in a hollow quartz cell was also placed
vertically above the chip surface to collect the stress waves
from the nanopore bubbles at 20 MHz terminal bandwidth.
Unless otherwise mentioned, the acoustic results shown in this
paper were captured using the NH4000 hydrophone, which
has a higher sensitivity. The stress waves collected by the
piezoelectric sensor were converted into electrical signals by
a preamplifier and DC coupler, which were registered in the
oscilloscope concurrently with the current signals. To shield
the piezoelectric element of the hydrophone from the ionic
current, the hydrophone was encapsulated in a custom-made
glass shell filled with DI water. A 20-um-thick silicone film
(Wacker Asahikasei Silicone) [Fig. 1(b)] separated the DI
water from the salt solution, allowing acoustic signals to

pass. Hydrophobic tape (3M Microfluidic Diagnostic Tape
9965) was used to seal the junction of the silicone film and
quartz cell to prevent any electrolyte leakage. As a result
of hydrophone encapsulation, the clearance distance between
the piezoelectric sensor and the nanopore (s = s; + s7) had
two components, s; and s, [Fig. 1(b)]. The distance be-
tween sensor and silicone film s; was measured by an optical
microscope, while s, was measured first using a contact-
type distance sensor and this measurement was validated
based on the delay time between the current dip and the hy-
drophone peak signal for homogeneous bubble nucleation (see
Sec. S2 in the Supplemental Material [49]). To measure the
low-intensity stress waves emanating from torus bubble oscil-
lations at an acceptable signal-to-noise ratio, the net clearance
needed to be as small as possible. For the 460-nm pore ex-
periments detailed in Figs. 1 and 6, s = 500 & 20 um. Owing
to the large difference between sensor diameter and clearance
distance, the spatial averaging effect [50] distorted the actual
stress wave amplitude. Nonetheless, a qualitative analysis of
pressure amplitudes for varying voltages and varying bubble
frequencies still provides insight into the bubble dynamics.

The acoustic signals registered in the oscilloscope as volt-
age signals V},(¢) were then converted into pressure waveforms
using the following equation [51]:

ey

o(0) ZF_I{F{Vp(t)}}

M(f)

where F and the F~! operators denote the Fourier and inverse
Fourier transforms, respectively, and M (f) is the frequency
response of the hydrophone sensitivity as per plane wave
calibration measurements performed by the manufacturer,
Precision Acoustics. The uncertainty in M (f) was in the range
19-22%. The imaginary part of the acoustic pressure p(t)
obtained after inverse Fourier transform is neglected.

III. RESULTS

Single-bubble boiling is activated by localized Joule heat-
ing inside a submicrometer pore on a 100-nm-thick suspended
silicon nitride membrane [Fig. 1(a)]. The nanopore is sub-
merged inside a 3M NaCl electrolyte solution, which leads
to ionic current flow once bias voltages are applied across it
through Ag/AgCl electrodes. When homo- or heterogeneous
bubbles are nucleated beyond their respective superheating
limits, the ionic current is altered, and these changes are
measured by a high-bandwidth oscilloscope. In addition, an
encapsulated piezoelectric hydrophone on top of the nanopore
chip [Fig. 1(b)] absorbs the stress waves generated by bub-
ble motion and converts them into an electrical signal to
be recorded in the oscilloscope simultaneously. By studying
the amplitude and frequency variations of current and hy-
drophone pressure, we can track the boiling transition within
the pore. The current signals are most sensitive to bubble
dynamics within the pore, where minor changes in bubble
volume modulate the pore cross-section significantly. Mean-
while, the hydrophone sensor catches any stress waves in the
liquid generated by bubble expansion or shrinkage, irrespec-
tive of the bubble position relative to the pore.
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A. Bubble discrimination methodologies

Previous studies on microscale boiling [33,33,36,37,52]
have imaged microbubble dynamics at a length scale of 10 um
using sophisticated high-speed imaging equipment [53] at 10
million frames per second. Even then, the resulting image
is blurry, and limited information can be gleaned from such
imaging. This difficulty is compounded when we further re-
duce the length scale below the 1 um limit. Hence, we follow
a novel methodology to circumvent the spatial and temporal
resolution problems of optical imaging. Both current blockage
signals and acoustic signals can be acquired at nanosecond
resolutions in oscilloscopes. However, differentiating between
homogeneous bubble dynamics, patch heterogeneous bubble
dynamics, and torus film bubble oscillations on current signals
alone is complicated and has not yet been established com-
pletely. On the other hand, notable studies have benchmarked
acoustic signals for single-nucleate-microbubble dynamics
[33] and single-microbubble oscillation spectra [36,37,54]
against direct imaging. Accordingly, we compare the acous-
tic signal of nanobubbles with the existing literature, on the
basis of which we benchmark the current signals for nucleate
and film boiling at the nanoscale. Here, it should be noted
that current signals have a higher signal-to-noise ratio than
acoustic signals, making them more useful for distinguishing
boiling structures inside smaller nanopores.

1. Nucleate bubble dynamics

The growth and collapse cycle of a nucleate bubble has
been widely studied from the macroscale to the microscale.
Here, we should cite the paper of Lajoinie et al. [33], who
studied vaporization of a laser-irradiated 3 um capsule. A
three-peak pressure wave was observed and benchmarked
against high-speed imaging of a single heterogeneous nucleate
microbubble undergoing a growth and collapse cycle. Zhao
et al. [40] and Glod et al. [42] studied boiling on a 100 um
flat heater and a 10 um diameter Pt wire respectively and
correlated the three-peak acoustic wave with the explosive
growth and collapse cycle of a spherical vapor bubble after
a heating period. Versluis e al. [34] found that the growth
and collapse of a macroscale homogeneous cavitation bubble
also created a three-peak acoustic wave. On the basis of these
previous studies, it is safe to assume that a three-peak pressure
wave represents the spherical growth and collapse cycle of a
single bubble postnucleation.

We study nucleate boiling inside a 1134-nm diameter pore
under a 7-V voltage pulse using a hydrophone with 1 mm
sensor diameter placed at a large clearance of s = 7.9 mm
to accurately capture the sharp acoustic peaks [34] associ-
ated with explosive bubble growth and collapse [35]. A large
clearance and smaller hydrophone tip diameter were cho-
sen to avoid the spatial averaging effect [50], allowing the
distortion-free acoustic wave measurement needed for identi-
fying single-microbubble acoustic characteristics. Following
the onset of the voltage pulse, a current blockage event is
seen after a heating time during which a bubble nucleates
within the pore. In the hydrophone pressure trace, a three-peak
pressure wave is seen [Figs. 2(b) and 2(d)]. The heating time
and current blockage duration for the first bubble event in the
time sequence (onset of nucleate boiling, ONB) for multiple
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FIG. 2. Nucleate bubble dynamics. [(a),(c)] Schematic overview
of homogeneous and patch heterogeneous bubble dynamics. [(b),(d)]
Current and pressure signals for these bubbles as observed in a
1134-nm diameter pore under a 7-V voltage pulse.

voltage pulses are shown in Fig. S3 in the Supplemental
Material [49]. Out of 80 voltage pulses, 56 resulted in the
first blockage signal observed deterministically after a heating
time in the interval #,,,c = [61.2 us, 66.3 us], while for the re-
maining 24 voltage pulses, early stochastic nucleation was ob-
served in the interval #,,c = [3.0 us, 43.5 us] (Fig. S4a in the
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Supplemental Material [49]). Using Joule heating simulations
(Appendix A), we obtained the transient development of the
pore center and pore surface temperatures 7; and T, respec-
tively [Fig. S4(b)]. In our previous paper [39], we established
that nanopore Joule heating leads to either homogeneous or
patch heterogeneous nucleation, with the homogeneous nu-
cleations taking place at a considerably higher temperature of
~600 K [24,38,39] and the heterogeneous nucleation taking
place within a range of 472 + 35 K according to Witharana
et al. [23]. The deterministic nucleation events occurring at
thue = [61.2, 66.3] ps can thus be considered as homogeneous
nucleations, because they occurred when 7; reached 598 K
[Fig. S4(b)]. In Fig. S4(c), we segregate the two types of
bubble nucleations and plot their respective nucleation tem-
peratures. The box plot of heterogeneous nucleations on the
pore surface shows a stochastic but low nucleation tempera-
ture range (Th,e = [378 K, 516 K] in Fig. S4c), which largely
agrees with the range given in Witharana et al. [23] for a
90-nm-diameter cavity.

After differentiating between homogeneous and heteroge-
neous bubble nucleation events, we study their subsequent
dynamics by analyzing the acoustic waves that they create.
Figures 2(b) and 2(d) show the current and acoustic response
for typical homogeneous and heterogeneous nucleated bub-
bles. For both bubbles, a three-peak (P, P>, and P;) pressure
response signifying inertial growth, condensation retardation,
and bubble collapse [40] of a single spherical bubble is seen
to follow the current blockage signal after a constant delay
time #4. Using a 1D-moving boundary method, we have shown
in our previous paper [35] that the nanopore homogeneous
bubble undergoes a growth—collapse cycle with maximum
bubble radius in the 1-10 wm range. This has been also
established by previous studies of explosive boiling on micro-
to macroscale heater surfaces [33,40,42]. The presumed ho-
mogeneous and heterogeneous bubble dynamics are explained
in the schematics shown in Figs. 2(a) and 2(c), respectively.
Post-bubble nucleation, the bubble grows inertially at a speed
Ry that depends on the nucleation temperature according to

Ry = v %[PV(TnuC) — Py1/pw [19]. As the heterogeneous bub-
ble nucleates at a lower temperature (7, = 486 K) than
the homogeneous bubble (7, = 598 K), the inertial growth
speed will be lower for the heterogeneous bubble (Ry = 36
ms~!) than the homogeneous bubble (Ro = 89 ms~!). This
would lead to more explosive bubble growth for the homo-
geneous bubble, creating a higher inertial growth pressure
peak P;. It should be noted here that the static pressure at
the hydrophone tip is proportional to the square of the growth
velocity R and is given by P, = (pR/s)(2R*> + RR), where R
is the bubble radius and R is the bubble acceleration. In ac-
cordance with the theory, our experiments also show a higher
P; = 140.3 Pa for the homogeneous bubble [Fig. 2(b), inset]
compared with P; = 78.4 Pa for the heterogeneous bubble
[Fig. 2(d), inset].

In summary, discrete bubbles having three-peak pressure
waves can be defined as following single nucleate bubble
dynamics. For these bubbles, current blockage signals have
unequal waiting times, owing to the stochastic heterogeneous
nucleation temperatures [23] [Fig. S4(c)], and the baseline
current is recovered after each event owing to the collapse
of the bubble. Owing to the unequal waiting times, the
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FIG. 3. Fast Fourier transform (FFT) of current and pressure
signals during (a) stochastic/nonperiodic nucleate boiling (NB) and
(b) harmonic film boiling (FB) for the 460-nm pore under 7-V bias
voltage.

sensible heat stored prior to heterogeneous bubble nucleations
varies, which leads to nonuniform bubble sizes, lifetimes,
and blockage durations [Fig. S4(a)]. The stochastic nucleation
temperatures and bubble sizes also lead to nonuniform pres-
sure peaks for patch heterogeneous bubbles. This results in
nonharmonic current and hydrophone pressure spectra, which
can be taken as a distinguishing characteristic of nanoscale
nucleate boiling [Fig. 3(a)].

2. Film bubble oscillations

Nguyen et al. [37] studied film bubble oscillations on a
electric microheater. The bubbles underwent pinned volu-
metric contact angle oscillations in thermal resonance with
the incoming heat flux on the heater surface. These authors
found sinusoidal or harmonic oscillations in the acoustic
spectrograms, which were benchmarked against high-speed
camera imaging of a single hemispherical bubble undergoing
volumetric oscillations. Although the typical bubble had a
length scale (20 wm) two orders of magnitude greater than the
pore dimensions (100 nm) used by us, the same correlation
between harmonic spectrograms and volumetric oscillations
can be expected at the nanoscale as well. At the nanoscale,
Orrit and coworkers have correlated harmonic spectrograms
of photocurrent scattering with volumetric oscillations of the
vapor film on single nanoparticles [55,56]. Theoretically, it
was already established in Lauterborn and Kurtz’s review
paper [48] that single-bubble volumetric oscillations result in
harmonic spectrograms.

Figures 1(c) and 1(d) show harmonic oscillations in the
nanopore current and pressure starting from ~62 us. Previous
studies have suggested that these are caused by the oscillations
of a single bubble. In our nanopore system this can either be
(i) a spherical homogeneous bubble at the pore entrance or (ii)
a patch heterogeneous bubble pinned on the pore edges or (iii)
a torus-shaped vapor film pinned on the pore circumference.
Possibility (i) is represented by the recovery current waviness
and rebounding stress waves due to the rebounds [48,57] of
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FIG. 4. Boiling transition with increasing bias voltage for a D, = 420 nm pore. [(a),(b)] Nucleate homogeneous boiling at 6.3 V. [(c),(d)]
Transition to stable film boiling at 6.4 V. (a) and (c) are plots of the transient shift in baseline current during the voltage pulse, while (b) and
(d) are spectral bifurcation diagrams (spectrograms) of the current corresponding to the bubble oscillation frequency.

emitted homogeneous bubbles from the nanopore, as can be
seen in Figs. 1(c), 2(a), and 2(b), and in Fig. S2(a) in the
Supplemental Material [49]. The current amplitude is small,
probably because the bubble is out of the nanopore where
the pore current is less focused and is thus less affected by
the bubble size. The rebounds eventually die out from vis-
cous losses, since there is not enough Joule heating outside
the pore volume. On the other hand, steady-state oscillation
spectrograms are seen in our experiments [Fig. 1(d)], which
indicates that the bubble is pinned inside the pore, where the
Joule heating helps sustain the oscillations for thousands of
cycles. This is quite different from possibility (i).

Now, a patch hemispherical bubble is not likely to be in
stable equilibrium, since the bubble axis of symmetry is per-
pendicular to the pore axis [shown in yellow in Fig. 1(c)(ii)].
As the nanopore temperature distribution is symmetric about
the pore axis, this will cause an asymmetric temperature dis-
tribution on the bubble surface. In addition, the patch bubble,
owing to its higher curvature, will lose equilibrium easily
under a small perturbation, through a mechanism called the
Laplace pressure bubble catastrophe [58]. This causes it to
undergo out-of-equilibrium growth and collapse cycles, as is
evident from the three-peak response in Fig. 2(d). On the
other hand, the torus bubble has an axis of symmetry that
coincides with the pore axis [Fig. 1(c)(iii)], which allows the
possibility of thermal resonance with Joule heating. Also,
the torus bubble is pinned along the two contact lines on the
pore edges, making it more stable than the the patch bubble,
which is subject to only two-point pinning at the pore edges
[Fig. 1(c)(i1)]. In Fig. 3(b), we find that the first- and second-
harmonic frequencies (6 MHz and 12 MHz) of the nanopore
current and hydrophone pressure match each other, which
points toward harmonic oscillations of the bubble. Theoreti-
cally, Dockar et al. [59] showed that the adiabatic oscillation
frequency of a hemispherical bubble on a 100 nm flat sur-
face is in the region of 450 MHz. This, being almost two
orders of magnitude higher than the experimentally observed

first-harmonic frequency of 6 MHz [Fig. 3(b)], challenges the
possibility of patch bubble oscillations. In addition, we have
found that the permanently decreased baseline current during
oscillating current signals (Fig. S19¢ [49]) matches the simu-
lated steady-state current (Fig. S8b [49]) when a torus bubble
is inserted on the pore walls (further explanation provided in
Sec. IV B). This suggests the existence of a torus bubble inside
the pore during steady-state oscillations.

B. Nucleate-to-film boiling transition

Figure 4 shows the boiling structure of a D, = 420 nm
pore. The current-time traces in (a) and (c) show baseline
current changes, and the spectrograms (short-time averaged
fast Fourier transform) in (b) and (d) show frequency changes,
both providing phenomenological evidence of nucleate-to-
film boiling transition.

When a voltage pulse of 6-8 V is triggered, ionic current
flowing through the nanopore liberates Joule heat [60,61],
which transiently increases the nanopore temperature at a rate
of ~107 K/s from ambient conditions of 298 K [35]. As the
temperature rises, the ionic conductivity increases, allowing
more current flow and Joule heat generation in a feedback
loop. Unlike pool boiling, where the substrate temperature can
be controlled directly, in this case modulating the bias voltage
only allows us to control the heat generation rate, which can
reach ~ 10'® W/m? [35,62]. Owing to the rate of high heating
within the confined space, a temperature gradient of the order
of 1 K/nm develops within the pore, which allows bubbles of
different volumes and temperature to exist in thermal equilib-
rium within the pore liquid.

The current response to each pulse comprises an initial
heating zone (A) followed by a nucleate boiling zone (B),
ultimately leading to torus film boiling (C). At 6.3 V, except
for an outlier (see Fig. S19 in the Supplemental Material [49]),
only zones A and B are present during boiling [Figs. 4(a) and
4(b)]. However, with a 6.4-V voltage pulse, all three zones can
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be identified, as shown in Figs. 4(c) and 4(d). This scheme is
seen for multiple voltage pulses of the same magnitude. Thus,
there is an increasing probability of film boiling transition as
the voltage is increased from 6.3 V to 6.4 V.

In zone A, the Joule heat generation within the pore is bal-
anced by heat dissipation by the silicon nitride membrane and
surrounding electrolyte. No bubble-induced current blockage
signals are seen, and the spectrograms also show no effect
[Figs. 4(a) and 4(b)]. Zone A terminates with nucleation of
a homogeneous bubble at the pore center when the local tem-
perature reaches 7. ~ 590 % 10 K. This temperature estimate
was obtained through numerical simulations, by fitting the
experimental nanopore current [the red trace in Fig. 4(a)]
as described in Appendix B. Before this bubble nucleation,
although the pore surface temperature matches the patch het-
erogeneous nucleation temperature of 472 £ 35 K [23], these
bubbles are suppressed. Our previous paper [39] on this topic
showed that during Joule heating, unstable vapor clusters can
form homogeneously at the pore center with temperature 7
and heterogeneously on the pore surface with temperature
T.. Depending on the value of the cross-pore temperature
difference AT, = T. — T, a cluster ripening competition is
established between these two cluster groups at the two nucle-
ation sites. When AT, is higher, homogeneous cluster growth
requires less free energy to grow, and hence the heterogeneous
clusters are suppressed.

Figure 4(a) shows only the nucleate boiling regime (B)
involving quasiperiodic homogeneous bubble formation and
ejection at 6.3 V for a 420-nm pore. It should be noted that
unlike patch bubbles, which grow and collapse in a pinned
state [39,45,63] on the pore surface, the homogeneous bubbles
are ejected from the pore by the electric field force acting
on its negatively charged surface (the typical surface charge
is —23mCm? [31]). The homogeneous bubble is retained
near the pore access region, where it rebounds spherically
and volumetrically, emitting high-amplitude stress waves. Ad-
ditionally, owing to the limited influence of bubble volume
fluctuations on the ion current in the pore access region, low-
amplitude current waviness is seen in the reheating current
trace [Fig. 1(c)] after the first growth cycle post nucleation
[48]. This phenomenon is illustrated in Fig. 2(b) and in Fig. S2
of the Supplemental Material [49]. On the other hand, the
short-duration bubble nucleating at 58 us [Fig. 1(c)] shows no
waviness in the current recovery trace post blockage spike.
This is characteristic of a patch heterogeneous bubble nucle-
ating on the pore surface and incapable of departure owing to
the strong contact line pinning force at the nanoscale. This
is markedly different from pool boiling, where macroscale
heterogeneous bubbles easily depart from the nucleation site
owing to buoyancy.

The transition from nucleate to film boiling is seen in
Fig. 4(c). Following zone B, zone C-i starts, during which the
baseline current decreases but does not stabilize. In addition,
the spectrograms in Fig. 4(d) show unstable frequency bands
in this zone. Compared with zone B, the frequency bands are
discrete but unsteady, indicating that a single unstable torus
bubble is oscillating within the pore. In this regime, the torus
bubble is not in thermal equilibrium with the Joule heating,
which leads to rapid variations in the mean bubble size, in
addition to highly nonlinear volumetric pinned oscillations
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FIG. 5. Fast Fourier transform (FFT) of current signals during
(a) steady-state harmonic torus bubble oscillations at 6.4 V and
(b) nonlinear oscillations with subharmonic frequencies at 6.75 V
for the 420-nm pore. Insets show eighth order Fourier-series fitted
(at R-squared of ~87%) to the oscillating current traces. fy and Ty
denote the resonant frequency and time period, while fy/,, and Ty,
denote the sub-harmonic frequency and time period.

about the mean size. Eventually, the torus bubble reaches the
equilibrium size corresponding to the applied voltage, and the
current oscillations stabilize about a stable mean value. This
marks the beginning of the stable oscillatory torus boiling
regime (C-ii). In this regime, the baseline current stabilizes,
and the current and pressure spectrograms show steady and
narrow frequency bands. This regime continues until the end
of the voltage pulse. For the 420-nm pore [Fig. 4(d)], there
is a stable oscillation frequency of 8.9 MHz, whereas for the
460-nm pore [Fig. 6(b)], there is a pseudostable oscillation
frequency of 4.3 MHz. Even in this regime, low-power fre-
quency bands at secondary harmonics are also seen, indicating
that the oscillations are weakly nonlinear [47]. For the 420-nm
pore, we also performed a boiling structure analysis at 6.5 V
and 6.75 V. We found that the stable oscillation zone (C-ii)
essentially disappeared and was replaced by low-frequency
(~5MHz) nonlinear oscillations indicative of an unstable
torus bubble (C-i) (Fig. S21 [49]). In Fig. 5, we can see that the
6.4 V torus bubble shows weakly nonlinear oscillations with
small-amplitude first harmonic at 8.83 MHz, I,; = 6.55 uA,
which is 4.5 times the second harmonic at I, = 1.44 pA.
In comparison, the 6.75 V torus bubble shows oscillations
with large amplitude at the first harmonic of 5.3 MHz, I,; =
11.87 uA, along with a subharmonic detected at 2.6 MHz and
4.82 uA. The emergence of subharmonics and the shifting of
the first-harmonic (main resonance) peak to a lower frequency
are indications of nonlinear oscillations [47,48,64—66]. This
gradual loss of torus stability with voltage is more prominent
for the 460-nm pore and is discussed in Sec. III C. A similar
observation was also made by Li et al. [36] for laser-powered
heaters, where, with increasing laser power, the oscillations
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FIG. 6. Boiling transition with increasing bias voltage for a D, =460 nm pore. (a) Transient current, (b) current spectrogram, and
(c) hydrophone pressure spectrogram during stable oscillatory film boiling at 6.6 V. (d) Transient current, (e) current spectrogram, and (f)
hydrophone pressure spectrogram during transition boiling at 7 V. (g) Transient current of the whole voltage pulse and (h) a zoomed view
during nucleate boiling at 8 V. (i) Current spectrogram at 8 V. Owing to stochastic nucleation, no clear band is seen, but high oscillation power

can be seen in the 0—-5 MHz range.

of a hemispherical microbubble became nonlinear and even-
tually unstable.

C. Film-to-nucleate boiling transition

As the torus bubble forms on the pore circumference
[Fig. 1(c)(iii)], its volume scales linearly with the pore di-
ameter, V;, o« D, while the cylindrical pore volume where
the Joule heat is generated scales quadratically, V,, « Dg.
Thus, for torus bubbles forming on the same pore length L
[Fig. 1(c)(iii)], with increasing Dy, more Joule heat will be
liberated within the pore volume than can be blocked by the
bubble through the volume exclusion effect. Hence, according
to our hypothesis, the torus bubble will be forced to bulge
outward, triggering instability and eventually a reverse transi-
tion. Through our experiments, we have found this transition
to manifest in the pore diameter range of 400-500 nm. We
therefore chose the 460-nm pore results to showcase the boil-
ing structure during this process.

First, compared with the 420-nm pore at 6.3 V, which has a
700 us duration of homogeneous nucleate boiling, the 460-nm
pore at 6.6 V has a much shorter nucleate boiling zone of less
than 100 ps [zone B in Fig. 6(a)]. Additionally, for the 460-nm
pore, a much higher rate of patch heterogeneous nucleation
is observed, owing to the lower cross-pore temperature dif-
ference AT, corresponding to a given wall temperature 7T,.
With increasing pore diameter, the specific Joule heat density
within the pore volume decreases as the pore volume offers

less electrical resistance than the access region [67]. This
decreases the temperature gradient from the pore center to the
pore walls [39], resulting in a lower AT,

Owing to uncertainty in the heterogeneous nucleation
temperature [23], the waiting times between bubble nucle-
ations are stochastic, leading to nonperiodic bubble signals
in the nucleate boiling regime, as shown in Fig. 1(c). Con-
sequently, in zone B, a wide or nonspecific frequency band
(0-5 MHz) is noticeable in the current and pressure spectro-
grams [Fig. 6(b)]. Each blockage signal in this zone indicates
a separate bubble event comprising bubble nucleation, iner-
tial and evaporation-induced growth to several micrometers,
and eventual collapse back to the liquid phase owing to the
lack of sufficient sensible heat supply. The baseline current
is recovered after each bubble collapse. Owing to the abun-
dant heterogeneous nucleation inside the 460-nm pore, the
probability of eventual coalescence of patch nuclei toward
formation of a film-like torus bubble on the pore surface is
increased compared with the 420-nm pore. As a result, zone
B is short lived, and is followed by zone C-i at 6.6 V.

The film-to-nucleate boiling transition is activated at higher
bias voltages and is best captured at 7 V. As the voltage is
increased from 6.6 V to 7 V, a steady and pseudostable os-
cillating torus bubble is never seen, as is evident from the
continuously varying baseline current [Fig. 6(d)]. Also, the
spectrograms reveal intermittent narrow frequency bands (C-
ii) separated by unstable torus oscillations (C-i) and nucleate
boiling (B) [Fig. 6(e)]. This signifies that the torus bubble is
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only temporarily stable, and boiling switches chaotically [68]
between nucleate boiling and film boiling multiple times. This
effect is similar to the intermittent film boiling seen during
transition pool boiling before the Leidenfrost point. From the
first work by Nukiyama onward, much attention has been paid
to intermittent film boiling, but an overall model has yet to be
established [69]. Actually, for many years, the sudden dip in
the boiling curve from the critical heat flux (CHF) until the
Leidenfrost point was generally represented by a dashed and
broken line rather than a well-characterized continuous curve
[7]. In this paper, we show that by precisely controlling the
bias voltage and capturing fast current transitions with a high-
bandwidth oscilloscope, this region can now be characterized
in minute detail.

A further increase in the bias voltage to 8 V reveals
the strange phenomenon of nanopore boiling reverting to
completely nucleate boiling. Figures 6(g) and 6(h) reveal a
recovery in the baseline current between discrete blockage
signals, and the spectrogram in Fig. 6(i) reveals wide-band os-
cillation power at 0—5 MHz range akin to the nucleate boiling
regime (A) in Figs. 6(b) and 6(e). The reverse transition (film-
to-nucleate) with increasing bias voltage is because of a higher
Joule heat generation rate, which destabilizes the torus bubble,
causing it to collapse. It should be noted that thermal/vapor
bubbles are always in unstable equilibrium [19], and oscilla-
tions are stable only for small-amplitude driving forces [70].

As the total Joule heat generation within the pore also
scales with the pore diameter, it can be expected that at a
given voltage, the torus bubble will be more stable for smaller
pore diameters. This can be observed by comparing the spec-
trograms for the 460-nm pore at 7 V [Fig. 6(e)] with those
for the 340-nm pore at 7 V (Fig. S16c in the Supplemental
Material [49]). While the 460-nm pore exhibits intermittent
boiling at this voltage, the 340-nm pore exhibits stable film
boiling at ~15MHz for more than 2 ms. Also, we can com-
pare Fig. S13(b) [49], which shows the spectrogram for an
expanded 250-nm pore under 7 V. Steady frequency bands
in the 10 MHz range are observed. Because the experiments
were repeated multiple times, the pore expanded from its
initial size of 250 nm to the 300-400 nm range owing to
erosion caused by nanobubble vibrations.

In the Supplemental Material [49], we examine the long-
term stability of the torus bubble inside the 460-nm pore at
6.3 V and 6.5 V (see Figs. S17 and S18, respectively). We
find that the 6.3 V torus bubble underwent highly nonlinear
oscillations, with many subharmonic and superharmonic fre-
quency bands. In the case of 6.5 V, the torus bubble oscillated
weakly nonlinearly for ~400 us, before returning to nonspe-
cific frequency bands indicative of its instability. Although
we do not exactly understand the nonlinear behavior of these
bubbles, we can still safely infer that for the 460-nm pore,
the torus bubble is either pseudostable or unstable. Comparing
the baseline current dip ratio Al /I, during stable film boiling
[Fig. 7(b)], we find that the 340-nm pore has a larger ratio
than the 420-nm pore, while the 460-nm pores have nearly
the same ratio as the 420-nm pore. This can be explained
by comparing the volume exclusion ratios f, of the torus
bubble inside the three pore diameters. As the dip in baseline
current is proportional to the volume exclusion effect posed by
the torus bubble, we can expect that f, o« AL /I,. As shown

T T T T 1
e & @ 50 60 70 80 90
0 (deg)

FIG. 7. (a) Schematic showing a torus bubble within a nanopore
for pore diameters of 340 nm, 420 nm, and 460 nm. (b) Current
baseline dip ratio Al /I, and (c) first-harmonic frequency of stable
or pseudostable torus bubble oscillations as seen in experiments for
the three pore diameters. (d) Variation of the volume exclusion ratio
fv =V /V, with contact angle for the three pore diameters. V;, is the
volume of the torus bubble and V,, is the cylindrical pore volume as
shown in Fig. 9(a).

in Fig. 7(d), f,(340nm) > £,(420nm) =~ f, (460 nm). This is
responsible for the current dip ratio trend shown in Fig. 7(b).
Also, the fundamental frequency of the bubble is observed
to increase with decreasing pore diameter [Fig. 7(c)]. As the
oscillating bubble takes a torus shape, its volume V;, will be di-
rectly proportional to the pore diameter, which will cause the
frequency f to vary inversely with diameter, since frequency
scales inversely to volume according to [59]. The scaling
relationship of f, with D, also supports our hypothesis that
the steady-state oscillations seen in the current and pressure
spectrograms are due to a torus bubble instead of a patch
bubble. In Sec. IV B, we discuss the underlying mechanism of
torus bubble instability under a confined heating and pinning
effect using a theoretical model. The effects of pore diameter
and bias voltage on stability are also elucidated.

IV. DISCUSSION
A. Heat generation during nanopore boiling

In the previous section, nucleate boiling, transition boil-
ing, and film boiling were categorized and analyzed minutely
within each voltage pulse by deciphering changes in baseline
current and oscillation frequency. As the bubble volume, pore
volume, and heating volume are all comparable, the presence
of a bubble inside the pore severely restricts Joule heat gen-
eration. In this section, we report the effect of the nanopore
boiling regime on the heat generation rate. This effect is
similar to pool boiling, where the transition to film boiling
reduces the heat flux at the solid surface by cutting off liquid
contact from the solid wall. However, the critical advantage
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TABLE 1. Variation of Joule heat generation during boiling regimes.

Zone A Zone B Zone C-i Zone C-ii
D, (nm) Vapp (V) t, (us) H (uW) 1, (us) H (uW) t; (us) H (uW) 1, (us) H (uW)
420 6.3 261 758 239 710 0 0 0 0
6.4 205 772 116 669 65 484 114 517
460 6.6 263 1187 50 900 627 725 525 777
7.0 44 1389 614 984 510 822 297 789

of studying nanopore boiling is that it allows us to focus on
a single nucleation site, which is not possible in the case
of pool boiling, where heat transfer properties are spatially
averaged over multiple nucleation spots. Another advantage of
nanopore boiling is that it allows us to investigate the transient
effect of boiling transitions, thus highlighting the nonequi-
librium states lying between nucleate boiling and stable film
boiling. This property is specifically useful in understanding
intermittent film boiling during transition boiling, an area of
profound scientific interest since the work of Nukiyama.

Table I shows the average Joule heating rate H = Vy,pl/
in different boiling zones for a single-voltage pulse of du-
ration f,. t, denotes the total duration of each zone during
the pulse. For the 420-nm and 460-nm pores, #, is taken as
500 us and 1468 s, respectively. The 420-nm and 460-nm
pore results were captured using the passive and active probes,
respectively.

Some clear trends can be seen in Table I. For example, the
duration of the initial heating zone (A) becomes shorter with
higher voltage, signifying a more rapid temperature rise to
nucleation conditions. Compared with the regime in zone A,
H decreases during the nucleate boiling (B) and film boiling
(C) regimes, with the latter exhibiting a greater decrease. For
the 420-nm pore, during nucleate boiling (B), H is higher at
6.3 V than at 6.4 V. This is because the periodicity of bubble
nucleation increases, i.e., the waiting times decrease, with in-
creasing bias voltage, leading to more ionic current blockages.
In the case of the 460-nm pore, we find that the duration of the
nucleate boiling zone (B) is significantly longer at 7 V than at
6.6 V, because nucleate boiling regimes (B) appear repeatedly,
suggesting the start of transition boiling. For the same reason,
the duration of stable film boiling (C-ii) becomes shorter with
increasing voltage. H increases by 17% in zone A, but by only
1.5% in zone C-ii. This is due to the volume exclusion effect
imposed by the torus bubble.

B. Nanotorus bubble at quasi-equilibrium

In Sec. III B, we showed that in zone C-ii, steady-state cur-
rent oscillations are seen with respect to a stable yet reduced
baseline. The reduction in baseline current was attributed to
the formation of a pseudostable torus bubble with oscillation
amplitude proportional to the volumetric oscillation amplitude
of the bubble. The bubble volume oscillations are due to
contact angle oscillations about a mean contact angle, which
are described in Appendix D. We assume the bubble to exist
in a pinned state, as a result of which decreasing the contact
angle causes an increase in bubble volume, and vice versa
[Fig. 7(d)]. In this subsection, we model the mean torus bubble
size inside the 420-nm pore by matching the experimental

steady-state current in zone C-ii with steady-state Joule heat-
ing simulations.

‘When a torus bubble is introduced on the cylindrical silicon
nitride pore surface as shown in Figs. 8 and 9(a), the Joule
heat density in the liquid increases, while the total Joule heat
production decreases, because of the volume exclusion effect.
The torus bubble shape is calculated (Appendix A) assuming
that it has a constant mean surface curvature (CMC) and
that it remains pinned on the two pore edges as shown in
Fig. 8. The vapor molecules inside the torus bubble transport
heat between the liquid/vapor and solid/vapor interfaces (the
axisymmetric view in Fig. 8), and this takes place ballis-
tically, with no or minor intermolecular collisions [71,72].
The ballistic heat flux for a given temperature drop is much
stronger and faster than continuum heat transport in the liquid
[Egs. (B6) in Appendix B]. Hence, the torus bubble offers no
thermal resistance to heat transfer between the liquid/vapor
and solid/vapor interfaces. We solve the energy conserva-
tion equations [Eqgs. (B1) in Appendix B] in the electrolyte
and the silicon nitride membrane, taking into account the
Joule heat source term J - E ~ ¢ |E|?, where o, J, and E
are the electrical conductivity, ion flux density, and electric
field, respectively. When the heat generation inside the pore
and the heat diffusion through the membrane are balanced
[Egs. (BS) and Fig. 8], the steady-state nanopore and bubble

3D view

Axisymmetric view
3M aq. NaCl

Continuum heat
transport in silicon
nitride: k;, VT

Knudsen bubble

‘@ | Ballistic heat
o » transport within
bubble: gy,

Continuum heat transport
from liquid: k., VT
v { 3

Two-line pinning -e iH, = ﬁj;] -E dec

at pore edge

FIG. 8. Schematic explanation of the heat transfer mechanism
through the torus bubble sandwiched between the Joule heated liquid
and the silicon nitride membrane, which acts like a heat sink. The ion
flux J through the unrestricted pore volume generates Joule heat H,,
part of which is transferred through the torus bubble to the silicon
nitride walls. Continuum heat transport takes place in the liquid and
solid, while ballistic heat transport takes place through the bubble,
where the mean free path of vapor molecules is of the same order of
magnitude as the bubble height 4.
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FIG. 9. (a) Steady-state Joule heat density and (b) contour plot
of the steady-state temperature distribution for a 420-nm pore under
6.3 V with a 6 = 69° torus bubble sitting on top of L = 100 nm
thick silicon nitride membrane walls. The temperature distribution
along the bubble midline r, is shown on the left of (b). (c) Variation
of bubble temperature with contact angle under thermal steady-
state conditions (lines with markers). The solid-blue line shows the
variation of bubble temperature under mechanical (Laplace) equilib-
rium conditions. Solution of the thermal and mechanical equilibrium
conditions give the overall equilibrium bubble contact angle 6.
(d) Variation of the net Joule heat generation H,, the Joule heat
generation H, inside V, ., and the heat transfer coefficients of the
membrane h,,, when a torus bubble with equilibrium contact angle 6.
occupies the pore volume.

temperatures are obtained [Fig. 9(b)]. In this configuration, the
bubble has a vapor temperature 7, = 450.2 K. The net Joule
heat production, H, is the sum total of the heat generation
in the cylindrical pore region around the bubble [H. inside
Vp.c» shown in Fig. 9(a)] and the heat generation in the access
region away from the bubble (H,), i.e., H, = H. + H,. For
0. = 69°, as shown in Fig. 9(b), H, = 499 uW, H, = 214 uW,
and H, = 283 uW. H, is balanced by the diffusive heat flux
through the liquid surrounding the pore (H, = 52 uW) and
the diffusive heat flux through the silicon nitride membrane
(Hym = 162 uW). It should be noted that the majority of
the Joule heat (v = Hy,/H, = 0.76 or 76%) produced within
the cylindrical pore region is consumed by the bubble and
transferred to the silicon nitride surface on top of which it
sits. Also, Hyy = hm2m R,L(T, — Ty), which can be solved
to obtain the heat transfer coefficient of the membrane at
Vapp = 6.3 V, namely, hy, = 8.06 MW m~2 K~! [Fig. 9(d)].
Figure 9(c) shows the variation of torus bubble temperature
with contact angle according to mechanical equilibrium (blue
line) and thermal steady-state conditions (lines with markers)
for different voltages. The vapor temperature for mechani-
cal equilibrium has been obtained according to Eq. (C1) in
Appendix C, assuming saturated vapor pressure inside the

bubble, which is balanced by the Laplace pressure. In the
thermal steady state, there is no heat accumulation in the bub-
ble, and also there exists no temperature drop across the in-
terface to cause a net evaporation flux [Eqs. (B5)]. We can
see that for a given voltage, there is only one solution for
the contact angle at which both mechanical equilibrium and
steady-state conditions are simultaneously satisfied, namely,
B = 69° when V,pp, = 6.3 V. This steady-state size and tem-
perature of the bubble can also be termed a quasi-equilibrium
state [71]. It should be noted here that the growth—collapse cy-
cle of nucleate bubble (either homogeneous or heterogeneous)
is a highly transient and out-of equilibrium process [35], and
the torus film bubble can reach a quasi-equilibrium state that
is experimentally observed to be stable for longer than 100 ps.
This is due to the high volume of the torus bubble, which
restricts Joule heat production within the pore and arrests the
transient liquid temperature rise, enabling a thermal steady
state to exist. It is interesting to note that at 6. = 69°, the
nanopore current from the simulations (Fig. S8b [49]) and the
mean oscillation current observed experimentally (/, 5., in
Fig. S19c [49]) are in agreement with each other. This justifies
the attribution of the baseline current dip to the amount of
volume occlusion in the pore volume provided by the torus
bubble.

It should also be noted that with increasing voltage, the
equilibrium temperature of the bubble 7, . remains almost
constant, while the pinned bubble grows (i.e., 8, decreases)
significantly. Because of the negative curvature of the pore
surface and the pinning effect, the curvature of the torus
bubble is less sensitive to decreasing contact angle (pinned
expansion, see Fig. S5c [49]), as a result of which the va-
por temperature as given by the Laplace equation remains
quasi-uniform. Also, the heat transfer capacity of the silicon
nitride membrane is limited, which forces the bubble to grow
to the limit H, such that a thermal steady state can be estab-
lished. This can be explicitly observed in Fig. 9(d), where for
0 = 6., the net Joule heat generation H, decreases while H,
increases slightly with increasing bias voltage. Qualitatively,
this finding supports our experimental results presented in
Table I, where increasing the voltage from 6.6 V to 7 V caused
H to rise by only 1.5% in zone C-ii. This analysis shows
that, similar to vapor films in pool boiling, which impede the
solid-to-liquid heat flux, nanopore torus bubbles also exert a
limiting effect, but on Joule heat generation in the bulk liquid,
through volume exclusion. As Joule heating is restricted by
the torus bubble, the pore center temperature is unable to rise
to 600 K, thereby preventing homogeneous nucleation.

C. Stability of nanotorus bubble

Using nanopore Joule heating, we reduced the boiling
scale to the 100-nm range, thus entering the domain of
single-bubble dynamics. At this scale, buoyancy become in-
significant, while surface tension dominates, as characterized
by the very low Bond number Bo = p,gR?/y = O(107°).
Also, hydrodynamic instabilities can be ruled out at this scale,
since the critical wavelengths for surface waves according to
Rayleigh-Taylor (A, = 14 cm) and Kelvin—Helmholtz (A, =
2.3 mm) instabilities [73] are four orders of magnitude larger
than the dimensions of the bubble. For Kelvin—Helmholtz
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instability, we have assumed zero vapor velocity (1, = 0)
because of the pinning effect, while we have assumed the
velocity of the liquid surrounding the bubble to be equal to
the typical electro-osmotic flow velocity inside the nanopore,
w = 5m/s [74].

Instead, oscillations of the contact angle of the bubble
under contact-line pinning are assumed to explain the steady-
state spectrograms seen in experiments. This assumption is
based on Lohse and Zhang’s analytical model [45,75] and
the molecular dynamics simulations by Liu et al. [76], where
it was postulated that contact line (/ = constant) pinned
nanobubbles with contact angle oscillations are in stable equi-
librium, while unpinned nanobubbles at fixed contact angle
(6 = constant) are in unstable equilibrium. However, the dy-
namic equilibrium theory [77,78] suggests that a combination
of contact angle motion and contact line motion [77-79] under
partial pinning can also lead to stabilization. However, exper-
imentally, there are conflicting reports on the magnitude and
direction of contact line tension [79-81], and the exact 06—/
correlation and its driving mechanism is still an open question.
Although these complex mechanisms are possible, we model
our bubble behaviors based on the simplest case of a fully
pinned contact line on the pore edge (I = L = constant). This
is supported by several studies [36,37,43] that have visual-
ized contact angle oscillations of microscale thermal bubbles,
pinned at the edge of the heater surface.

We judge the stability of thermal bubble equilibrium from
first principles, by perturbing the bubble slightly and checking
whether there is a positive restoring force [70,82]. Hence,
when a thermal bubble initially in quasi-equilibrium is radi-
ally perturbed (AR), the restoring force F' can be written as

F = SyA(P, — Py — Ky) = —kAR. 2)

Here, K and S, are the curvature and liquid/vapor interfacial
surface area of the bubble, respectively (Fig. S5 [49]). «k is
the mechanical stiffness, which must satisfy « > 0 for stable
equilibrium. P, and y are the vapor pressure and surface ten-
sion, respectively, of water at saturation temperature. P,, is the
atmospheric pressure. It should be noted that submicrometer-
scale thermal spherical bubbles are regarded to be in unstable
equilibrium [19]. For a spherical vapor bubble with radius R,
and temperature 7, in mechanical and thermal equilibrium in
an infinite reservoir, the linear oscillation model, Eq. (2), can

be written as [82]
hggp ) 2y
s [ 22 (3)
pwewTy \ 2Dy, Re

with k = Mw?, where M = 41 prz is the reduced mass of
radial oscillations of a spherical bubble [83,84]. There exists
a real solution for w only when R, > 14 um. This is due to
the inverse relation between curvature and bubble radius, K =
2/R, which causes the surface tension force to dominate for
smaller bubbles, leading to ¥ < 0 and preventing stable equi-
librium. This analysis, however, begs the question: how does
a O(100 nm) torus bubble attain stability within the nanopore,
making stable film boiling possible in the first place.

Next, we judge the thermal stability of the torus bubble
equilibrium. Assuming that thermal equilibrium is maintained

prewz =

at the liquid—vapor and solid—vapor interfaces, (7,=Ty=Ty,)
and that the vapor temperature varies along the saturation line
(AP, /AT, = hggpy/T,) [70], Eq. (2) can also be written as

2(h dK
= S N vy —
v\ T, dVy

Do Oy )
=S§<nz— f;” %)=M(ee>w2. @)

Here, M (6,) is the reduced mass of contact angle oscillations
of the pinned torus bubble with quasi-equilibrium contact
angle 6.. A detailed derivation is provided in Appendix D
[Egs. (D1)—~(D10)]. hg, and p, are the latent heat and va-
por density, respectively, assuming saturation conditions. For
linear oscillations of the bubble volume W, and tempera-
ture 7, given by Vp, = Voo + Vhaexp(jot) and T, =T, o +
T, explj(wt +8)], with j=/—1, ¥ = V,,/Ty.. denotes
the volume expansion coefficient (i.e., the ratio of volume and
temperature amplitudes) and § (—90° < § < 90°) denotes the
phase difference between them. 1, is the curvature coefficient
capturing the variation of bubble curvature with contact angle
for a given pore size, as shown in Fig. S6 [49].

Thus, for stable equilibrium, the mechanical stiffness of the
bubble must satisfy ¥ > 0, which necessitates that there be a
positive restoring force responsible for returning the bubble
back to equilibrium conditions after it has been perturbed.
As the bubble expands, the Joule heat density inside the pore
increases (d fzc /d6 < 01in Fig. S8c [49]). This rise in heat gen-
eration is balanced by the internal energy rise of the system,
the latent heat of evaporation into the bubble, the P-V work
done by the bubble, and the rise in heat flux from the bubble
to the silicon nitride membrane [Eq. (D3) in Appendix D].
Thus, by perturbing the energy balance of the bubble, ¢ and
8 are obtained. Excess heat generation leads to ¢ > 0. On the
other hand, if the bubble expansion consumes more heat than
is being generated, then ¥ < 0.

Figure 10 summarizes the four stability parameters 1,, ¥,
8, and « for the equilibrium torus bubble inside the 420-nm
pore. Owing to the pinning effect, the curvature perturbation
n = 0 for 6. > 90°, which causes « to increase [Eq. (4)],
providing a positive restoring force following volume per-
turbation. In this 6 range, at the high-frequency limit where
¥ < 0, temperature perturbations will also tend to increase
k, thus lending an extra stabilization effect. Owing to the
dual effect of curvature stability (7, > 0) and thermal stability
(¥ < 0), nanotorus film bubbles inside a nanopore can exist
in stable equilibrium. This behavior is, however, not possible
for spherical bubbles at the same scale.

However, when i > 0 [Fig. 10(b)] and |§| < 90° in the
low-frequency range [Fig. 10(c)], the thermal perturbation

higpy COS S
T, ¢

becomes negative and can overpower the curvature stability,
triggering destabilization. This can be seen for the « trace
[Fig. 10(d)] at 6.0 V, which enters the stable equilibrium zone
(¢ > 0) only beyond a critical frequency (3 MHz). In the
stable equilibrium zone, the solution for x according to Eq. (4)
(solid line) and k = Mw? [dashed line in Fig. 10(d)] gives a
resonant frequency f = 20.8 MHz for the 93°torus bubble at
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FIG. 10. Variation of torus bubble stability parameters with os-
cillation frequency f under different bias voltages V,p,: (a) curvature
coefficient 7,; (b) volume expansion coefficient i; (c) phase differ-
ence & between bubble temperature and volume; and (d) mechanical
stiffness « for the 420 nm pore.

6.0 V and f = 8.8 MHz for the 90° torus bubble at 6.025 V.
Here, w = 27 f is the angular frequency and M = 2.23 x
10717 kg is the reduced mass for the 93° torus bubble inside
the 420-nm pore. The method for calculating the reduced
mass numerically is described in Appendix E [Eq. (E3)]. B
comparison, in experiments, we observed a stable oscillation
frequency of 8.9 MHz for the 420-nm pore at 6.3 V. Compared
with the 93° torus, the curvature coefficient 7, is smaller
for the 90° torus, leading to a smaller stiffness and resonant
frequency. Again, for 8 < 90°, n, decreases, leading to bubble
instability. Hence, we can say that f = 8.8 MHz is the mini-
mum frequency for stable torus oscillations. It should also be
noted that at 8, = 90°, the curves of Kk = Mw? and Eq. (4) are
tangent to each other. Also, at this limit where the modeled
and experimental resonant frequencies match, the error of
~0.3 V is acceptable given the approximations in our model.
We should also cite the analytical model by Dockar et al. [59],
which was formulated for adiabatic bubble oscillations on a
flat surface. According to that model, the natural frequency
of a 90°patch heterogeneous bubble pinned on a 100-nm flat
surface is in the region of 450 MHz. The one order smaller
frequency for the torus bubble observed here is due to (i) a
larger volume compared with a patch bubble, which leads to
a larger reduced mass M, and (ii) lower stiffness and smaller
volume expansion coefficient magnitude || owing to Joule
heat density amplification with bubble enlargement.
However, with increasing bias voltage, the equilibrium
bubble volume increases (i.e., 6. decreases), which causes the
bubble to enter the 1, < 0 zone, where the surface tension
force tends to reduce «. This can be observed in Fig. 10(a),
where for 6.0 V, 1, > 0, but for 6.3 Vand 6.75 V, n, < 0. In
this range, even for ¥ < 0 and § — 0°, a positive k is not ob-
tained, and thus the torus bubble equilibrium is unstable. This

trend is supported by our experiments, where with increasing
voltage, the stable torus bubble zone (C-ii) decreases in extent
and eventually disappears, paving the way toward transition
back to nucleate boiling.

This theory also explains the higher stability of torus bub-
ble films with decreasing pore size. As shown in Fig. 10(a), for
the 340-nm pore, a bias voltage of 6.4 V results in an equilib-
rium torus bubble contact angle in the 6, > 90°range, where
curvature perturbation enhances bubble stability (17, > 0). As
the heat transfer capacity of the silicon nitride membrane (%)
is limited, the bubble volume will increase to the limit H.
with increasing voltage, and so a thermal steady state will
be achieved. Therefore, smaller pore diameters, which have
a higher bubble volume exclusion ratio [f, in Fig. 7(d)] for
the same 6, allow a thermal steady state to be established at
6. — 90°r 6, > 90°. This indicates that stable film boiling
will persist to higher voltages as the pore diameter is de-
creased. Our experiments also support this hypothesis, where
stable film boiling exists for 6.7 V and 7 V for the 340-nm
pore, whereas for the 420-nm pore, loss of stable film boiling
is triggered at 6.5 V.

It should be noted that this model only checks stability in
the quasi-equilibrium state of the bubble. To avoid the zone
of curvature instability (6. < 90°), the mean bubble size may
exist in an out-of-equilibrium state, with 6. & 90°, where it
can be quasistable with nonlinear and large-amplitude os-
cillations as seen in experimental spectrograms. The linear
model described here is also not able to capture the complex
out-of-equilibrium behavior of the torus bubble, when the
bubble destabilizes probably through Laplace pressure bub-
ble catastrophe [58] or loss of contact line pinning [75] and
a complete multiphase computational fluid dynamics (CFD)
treatment may be necessary.

V. CONCLUSIONS

In summary, we have presented a consolidated picture of
boiling inside a cylindrical nanopore, which differs signif-
icantly from traditional pool boiling owing to the confined
nature of Joule heat generation and bubble dynamics. Mea-
suring the ionic current flow reduction with bubble formation
within the nanopore volume and stress waves generated by
bubble motion enable investigation of vapor nanobubbles at
nanosecond resolution. Two contrasting modes of boiling are
detected: (i) nucleate boiling inside the nanopore, involv-
ing discrete homogeneous and patch heterogeneous bubble
nucleation with explosive growth and collapse cycles, and
(i1) oscillatory film boiling, involving a torus bubble that
can undergo steady-state oscillations in resonance with Joule
heating, while preventing nucleate boiling at the same time.
Interestingly, with increasing bias voltage, a reverse transition
from film to nucleate boiling is observed. The dynamics of
the torus bubble are explained with the help of theoretical
models. Owing to the pinning effect, the torus bubble, albeit
at the nanoscale, is able to attain a stable equilibrium in
the low-bias-voltage range. However, with increasing voltage,
the labile vapor bubble expands in a pinned state to limit
Joule heat generation and establish quasithermal equilibrium.
However, the mechanical stiffness of the bubble decreases
with increasing volume, and beyond a critical voltage, the
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stiffness becomes negative, making the equilibrium unstable
and ultimately destabilizing the torus bubble.
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APPENDIX A: TORUS BUBBLE SHAPE CALCULATIONS

Assuming that the torus bubble has uniform mean curva-
ture K, this can be expressed as [85]

P b sinv + bcos v b’ — 2% — b?
(@4 beosvWBE+ b2 (B2 + b2V b2

where b is the radial distance from the first-principal center
of curvature, which varies with v. Thus, ¥’ = db/dv. From
symmetry, we know that ¥ = 0 when v = 180°. Let the value
of b at v =180° be b,. Now, for a given value of K, we
can solve for b”, which we can use to incrementally obtain
b and b for decreasing values of v from v = 180° to v = 0°,
thus tracing the constant-mean-curvature (CMC) torus bubble
interface. Mathematically,

b+ Av)=bw)+b'(v)Av,
b(v+ Av) =b(v) + b (v + Av)Av, (A2)

where Av = —0.0018°. We find that only when K = (a —
2b.) /b (a — by)] is the torus bubble surface free of pertur-
bations and the surface area is minimized. Now, for different
values of [a, b, ], [K, [, 6] are calculated. Here, [ is the bubble
length on the pore surface and 6 is the contact angle, as shown
in Fig. S5(a) in the Supplemental Material [49]. The values of
[a, b, ] that satisfy the pinning condition / = L are selected,
and geometric properties such as the bubble volume V;, and
surface area Sy, are obtained by numerical integration over the
tracer points (R, Z) used to construct the surface (Figs. S5e
and S5f in the Supplemental Material [49]).

(A1)

APPENDIX B: JOULE HEATING MODEL

To obtain the temperature distribution responsible for the
bubble behavior, numerical simulations are employed to solve
the energy-conservation equations in the liquid and the silicon
nitride membrane,

aT 10 aT d oT
wClpw . — T4 kw . . kw_ E27
Puce. ot r8r< rar)J“az( 32>+6| |

oT 19 aT 0 aT
mCm—— = — —| kmr— —\ kn— ). B1
fm¢ ot r8r< rar)+3z< 8Z> B

Here, py, cpw, and ky, are the temperature-dependent water
density, specific heat, and thermal conductivity, respectively
[24,86], and ¢ is time. py,, ¢y, and ky, are the density, specific
heat, and thermal conductivity of the silicon nitride mem-
brane. o is the electrical conductivity of the electrolyte, which
is captured using an empirical relation first established by

Levine et al. [24],
T =Ty
ﬂ b
where m = 0.391 Sm—' K~!, b = 0.391 S/m, f = 5.6x10%,
and Ty = 293.15 K. « is the only fitting parameter that is
varied to fit the preboiling baseline current /;, of the nanopore.
o =1{2.7,2.65,2.7} for the 340-nm, 460-nm, and 1134-nm
diameter pores, respectively. The electric field inside the liq-

uid is obtained by combining the ion flux balance (V -J =
dpe/dt) and Poisson’s equation (V - €E = p./gy),

oc=mT —b (B2)

d
[eoV - (eU)],

(B3)
where J = oE is the ionic flux, and U, p., &y, and € are
the electric potential, induced charge, dielectric permittivity
of free space, and temperature-dependent dielectric constant
of water, respectively [24,39]. The boundary conditions for
T and J applied on the simulation boundaries are shown in
Figs. S9(a) and S9(b) in the Supplemental Material [49].

In an axisymmetric reference frame with origin at the cen-
ter of the nanopore, r represents the radial coordinate and z the
axial coordinate. Equations (B1) are solved on a finite-volume
mesh with appropriate boundary conditions and numerical
discretizations [87] (Sec. S3 of the Supplemental Material
[49]). As the nanopore temperature increases, so too does the
electrolyte conductivity, allowing greater current flow for the
same voltage,

RP
I, = 271/ oE -Zrdr,
0

Lo =27 / oE -2rdr, (B4)

0

where I, denotes the baseline current development before the
onset of bubble nucleation as shown by the red dashed line
in Fig. S19(a) [49]. As can be seen, the experimental and
simulation current development match reasonably well except
for the initial 20 usec, when membrane capacitive charging
affects the nanopore current [39,88]. At the point of first
homogeneous bubble nucleation, the temperature at the pore
center reaches 584 K, which is the range of theoretical homo-
geneous nucleation temperatures [89].

Next, we apply the same model to a steady-state nanopore—
bubble system where a torus bubble blankets the cylindrical
pore surface, as shown in Fig. 9(b). We assume that the liquid
and silicon nitride are in thermal equilibrium with the bubble
temperature, i.e.,

I, =Tls,=Tls,

/kWVT~ﬁdS=/ knVT -0 dS, (B5)
Sb S,

where fi is the normal vector to the surface concerned,
Sy denotes the liquid—vapor interface, and S, = 27 R,L the
vapor-solid interface. Equations (BS) signify that the vapor
inside the bubble has a uniform temperature from the liq-
uid/vapor interface to the vapor/solid interface and that the

heat flux from the liquid to the bubble is balanced by the
heat flux from the bubble to the silicon nitride wall on top
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of which it sits. Hence, for the steady-state size, there is no
heat accumulation within the bubble and no evaporative mass
transfer across the interface.

The above assumptions are valid when the vapor inside the
bubble is assumed to be a Knudsen gas (i.e., the Knudsen
number Kn > 1) [71,90]. According to Craig [91], bubbles
smaller than 100 nm typically satisfy the Knudsen gas def-
inition. The Knudsen number is given by Kn = A/h, where
A =kgT,/ ﬁaAPV is the mean free path of vapor molecules
and £ is the distance between the liquid/vapor and vapor/solid
interfaces, as shown in Fig. 8. o is the molecular cross-
sectional area and kg is Boltzmann’s constant. Taking the
diameter of a water molecule to be dy, = 2.7 A and o =
ndy?, . = 20.6 nm. For the bubble shown in Fig. 8,7 ~ R, —
ry = 69 nm, which leads to a Knudsen number Kn = 0.299,
which falls in the transition regime (0.1 < Kn < 10). On the
other hand, the collision length of liquid water molecules in
the pore is 0.13 nm, which is much smaller than the pore
diameter (340-460 nm). In this situation, the heat transfer in
the pore liquid is governed by continuum transport. On the
other hand, the heat flux through the bubble can be assumed
to be governed by the ballistic heat flux according to kinetic
theory (gp), which is given by [71]

_ 2k 3
db = QcPw,n 7(7]\, - Ty ) (B6)

Here, «. is the accommodation coefficient, which can be
assumed to be 1 [92]. m is the mass of one water molecule.
Pw.n 18 the liquid molecule number density on the liquid/vapor
interface. Tj, and Ty, are the temperatures on the liquid/vapor
and solid/vapor interfaces. For a Knudsen gas at 7}, = 450 K
and Ty, = 445 K, g, = 1982.4MWm?. On the other hand,
the heat flux on the solid/vapor interface, &, VT, in Fig. 9(b)
comes out to be 1227 MWm?. These calculations show that a
mere 5-K temperature drop between the two interfaces can
account for the huge heat flux through the bubble. Phys-
ically, this high heat transfer rate is possible when vapor
molecules evaporating from the liquid/vapor interface at high
temperature travel to and collide with the solid/vapor interface
at a lower temperature without interacting with other vapor
molecules inside the bubble, thereby transporting heat without
creating a temperature gradient. Also, according to kinetic
theory, the root-mean-square velocity of vapor molecules
within the bubble, u, = /3kgT,/m = 788 ms~!' when the
vapor temperature 7, = 450 K. On the other hand, the time
scale of thermal relaxation in the water in the pore volume
can be obtained as 7, ~ Dg/om1 = (O(100) ns, where oy, =
kw/(pwCp,w) is the thermal diffusivity of water. This is of the
same order as 1,,, while the lifetime of the stable torus bubble
has been observed for more than 100 ps. This fits well with our
theory that the nanopore temperature distribution approaches
a steady state for the mean torus bubble size.

However, in a real situation, the heat transport through the
bubble will be a combination of both diffusive and ballistic
transport, since the Knudsen number of the bubble is close
to the Kn = 1 limit. In our model, for the sake of simplicity,
we have neglected continuum diffusive transport through the
bubble, assuming that the heat flux in the liquid surrounding
the bubble can be balanced by the ballistic heat flux without

incurring a huge temperature drop within the bubble. Thus,
the vapor temperature within the bubble remains uniform and
the heat flux is balanced, ensuring thermal quasi-equilibrium
of the bubble. It should be noted that when this assumption
is adopted, the steady-state liquid temperature distribution
within the pore is such that the corresponding steady-state
current I, , (Fig. S8b [49]) obtained according to the sec-
ond of Egs. (B4) in Appendix B matches the experimental
mean current for a steady-state torus bubble (Fig. S19c¢ in the
Supplemental Material [49]), thus justifying our model.

APPENDIX C: BUBBLE MECHANICAL EQUILIBRIUM

For net equilibrium, the torus bubble should be in mechan-
ical equilibrium in addition to a thermal steady state, which
can be quantified by the Young—Laplace equation

P, =P, + yK, ChH

where K is the curvature of the torus bubble surface and y is
the temperature-dependent surface tension of water. Assum-
ing chemical equilibrium between liquid and vapor, the vapor
pressure of the bubble, P, is related to the saturation vapor
pressure Py, and the vapor temperature 7, according to P, =
Piar expl(Py — Psat )My / (Na pwksTy)], where Py is evaluated
at T, assuming saturation conditions. Here, M,,, N, and kg
are the molecular weight of water, Avogadro’s number, and
Boltzmann’s constant, respectively.

APPENDIX D: LINEAR MODEL
FOR BUBBLE OSCILLATIONS

To model the thermal contact angle oscillation frequency
of the torus bubble, we adopt and extend the linear and
approximate model described in Hao and Prosperetti [70]
and originally proposed by Alekseev [93]. We assume that
the bubble contains saturated vapor and is in thermal equi-
librium with the surrounding liquid and the silicon nitride
membrane surface on which it sits, T, = Ty, = Tp,. Also, for
small-amplitude oscillations in contact angle, the vapor pres-
sure inside the bubble is assumed to vary along the saturation
line. So, for a change in bubble volume of AV, corresponding
to a contact angle change of A#, the bubble mass can be
expanded by applying the chain rule,

A AVy + VoA Mo Ng 4+ 220 AT,

my, = pyAVy + W Pv-Pde +dev Vs
where p, is the saturation vapor density. Here we have re-
placed volume perturbation by contact angle perturbation
as follows: AV, = (dW,/dO)AO, with dW,/dO being ob-
tained from Fig. 7(d). This linear expansion is accurate for
small-amplitude contact angle oscillations. When there is no
external heating, the increase in bubble mass is caused by
the evaporation of liquid on the interface, the latent heat of
which causes a reduction in interface liquid temperature by
AT,. Therefore,

D

2Dy,
w

_Sb prwATw = hngmba (DZ)
where S, is the liquid/vapor surface area of the torus bub-

ble. Here, hg and D = ky,/(pwcw) are the latent heat and
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thermal diffusion coefficient, respectively. ky, pw, and cy
are the thermal conductivity, density, and specific heat ca-
pacity of water as functions of the liquid temperature. For
low-amplitude oscillations at low frequencies, it is valid to
assume that the thermal equilibrium at the bubble/liquid and
bubble/membrane interfaces is not lost: AT, = AT, = AT,,.
In our experiments, we find the torus film bubble to oscillate at
time periods in the range of 7, = O(100) ns. In comparison,
the ballistic heat transport through a vapor nanobubble has
a time scale of 7, ~ h/u, = O(0.1) ns. As 7, > 1, it is
assumed that thermal equilibrium is maintained at the bubble
interfaces during oscillations. The term /2Dy, /w [19] repre-
sents the thermal relaxation length over which the temperature
decrease AT, is observed. Here, w is the angular frequency of
bubble oscillation. Now, in the presence of Joule heating, this
energy balance equation needs to be modified to account for
the additional Joule heat generation due to bubble expansion,
AV, which tends to increase the temperature in the thermal
relaxation length. Thus,

dhe . [2Dg
Sp
d Vb w

AVy — himSpAT,

AV,
= (hgpy + PV>A—;’

2Dth 2Dm
+ S PwCw + Sp —— PmCm
w w

dpy \AT,
hieVo—— |——,
+ g dev> At

(D3)

where S, = 27 R, L is the cylindrical nanopore surface area of

the silicon nitride membrane and fzc = H./V, is the average
Joule heat density over the cylindrical pore volume V,, .. H,
is calculated by simulating the steady-state Joule heat and
temperature distributions in the presence of the torus bubble
following the model described in Eqs. (B1)-(BS5). V,, . is the
cylindrical pore volume, which extends for 1.66L across the
pore midline (z = 0), enclosing the torus volume V;, [Figs. 9(a)
and 9(b)]. Dy, = kim/(pmcm) is the thermal diffusivity of the
silicon nitride membrane. As discussed in Appendix B, in
the equilibrium bubble position, the net Joule heat production
rate in V,, . is balanced by the heat dissipation through the
surrounding liquid and the bubble, thereby rendering a steady-
state temperature distribution.

Using Joule heating simulations, we have calculated the
increase in Joule heat density he for different contact angles
0. of the torus bubble during pinned expansion (Fig. S8c
in the Supplemental Material [49]) and have found that for
large 6., when the bubble expands to constrict the pore vol-
ume, the Joule heat density increases in the cylindrical pore
region: dh, /dVy, > 0. This increase in heat generation is in
turn balanced by a change in heat transfer through the mem-
brane (hmSpAT,), latent heat consumption by the bubble
(hggpyAVp/At), P-V work done by the bubble, and sensible
heat rise in the thermal relaxation length in the liquid and the
silicon nitride. Here, the internal energy rise of the bubble
is neglected because of its comparatively lower heat capacity
than the liquid layers surrounding it. Thus, in short, Eq. (D3)

accounts for the energy balance of the bubble and the thermal
boundary layers on its interfaces.

As the Eq. (D3) contains time-derivative terms, the solution
for T, oscillations will not be in the same phase as that for V,
oscillations. We can write

0 = 0. — O exp(jwt),
Vo = Voo + Woaexp(jor),
I, = Tv,e + Tv,a CXP[j(wt + 5)]a

(D4)

where j = +/—1. Here, the oscillation amplitudes of contact
angle, bubble volume, and bubble temperature are taken to be
positive by convention, i.e., 6, > 0, V,, > 0,and T, , > 0. §
is the phase difference between volume expansion and vapor
bubble temperature rise. Substituting Eq. (D4) into Eq. (D3),

we obtain
Vo,a(B — jA) =T, ,exp(jé)(D + jC), (D5)

where

B dﬁ“s,/zDﬂ‘ A = w(hpy + Py
= ’ =w { v v/
avi b ® fg O
2D dpy
D =hwS,, C= CU(Sb\/ Tth PwCw + hngbd—Tv>~

Equating the real parts and imaginary parts of Eq. (D5), we
arrive at

AD + BC
tand = ————,
AC — BD
5= BD — AC D)
COS o = - |-
D? 4 C?

Because A > 0, B > 0, C > 0, and D > 0, for small positive
values of §, tand > 0 will be satisfied only when AC > BD.
Here ¥ = W, ,/T, 4. Now, the ratio of bubble volume ampli-
tude and bubble temperature amplitude can be solved for from
Eq. (D6) as

D? 4 C? ] 7
V(AC —BD)> + (AD + BC® ]

V= —Sign(S)[

It is interesting to note that when this ratio is negative, with
increasing bubble volume, the vapor temperature will fall, and
thus the vapor pressure inside the bubble is also expected to
decrease along the saturation line AP, = (dP/dT ) AT, =
hggpy /T, AT,. Hence, a resisting force opposing bubble expan-
sion F is developed,

AW,

F =S5AP, — Py, —Ky)=—kAR = —KS—,
b

(D8)

ie.,

htg oy dK dy AV
S AT, — v S8 A — K AT ) = —c 22,
"( T, Yav ot T R *

where AR = AV,/Sy is the expansion in bubble size. Now,
substituting AV, =V, exp(jot), AT, = T, , explj(wt + 8)],
and ¥ = W, ,/T, , into Eq. (D9) and solving for the real part,
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we obtain
h dK d 8
K =—82 Y o8 — Y—— = v &
¥T, dVp ar, ¢
hge py COS S cosé
=8 - —= ) D10
b(’72 T, v +m v ) (D10)

The imaginary part of Eq. (D9) would correspond to the
damping term associated with temperature being out of phase
with volume perturbation. Here, « is the mechanical stiffness
of the torus bubble and y is the temperature-dependent surface
tension of water. n; and 1, are the curvature coefficients,
which depend on the bubble curvature and in turn on contact
the angle and pore size, as shown in Fig. S6 in the Supple-
mental Material [49]. It should be noted that ¥, is an order
of magnitude higher than 7, and so variations in 7; can be
neglected for the sake of this discussion. It should be noted
that we ignore the recoil force applied on the bubble interface
due to evaporation/condensation. The recoil pressure, which
is given by |ri1)*(1/py — 1/pw) &~ pyw> AR?, is proportional to
the square of the bubble radius perturbation and thus can be
neglected for small-amplitude oscillations.

APPENDIX E: REDUCED MASS OF PINNED
TORUS BUBBLE

Under the constraint of pinning, as a torus bubble with
contact angle 6 oscillates with a contact angle velocity 6, the
liquid surrounding the bubble also develops a velocity accord-
ing to the continuity equation. According to the definitions of
the reduced or effective mass of bubble oscillations, the ki-
netic energy of the liquid can be expressed as [19,83,84,94,95]

E = IMO)R*, (El)

where M(0) is the reduced mass of the pinned torus bubble
for contact angle oscillations [Fig. 7(a)] and R is the velocity

of the bubble interface, which can be approximated by

1 dVi .
=0y
Sy db

For radial oscillations of a spherical bubble of radius R, M
can be determined analytically to be M = 47 p,R>. However,
for a torus bubble, we need to calculate M numerically, by
implementing potential flow theory [96] on a finite element
method (FEM) grid in MATLAB [97].

First, at a given 0, dV,,/d6 is calculated from the slope of
W versus 6 in Fig. S5(f) [49]. The continuity equation is in-
voked in the liquid surrounding the bubble in an axisymmetric
coordinate system,

Vg =0, (E2)

where ¢ is the velocity potential. For a contact angle velocity
0, we calculate the radial (AR/At) and axial (AZ/At) veloc-
ities of the tracer points on the bubble surface (Fig. S10b in
the Supplemental Material [49]). These velocities are interpo-
lated on the mesh points of the bubble surface, which act as
boundary conditions. A far-field boundary condition ¢ = ¢
is applied on the liquid boundary far from the bubble. On the
remaining boundary surfaces, zero-flux boundary conditions
are applied, d¢/dn = 0, where n is the normal direction to
the surface. The solution for the velocity potential is used to
obtain the radial liquid velocity u, = d¢/dr and axial liquid
velocity u, = d¢/dz, which are integrated over the mesh tri-
angles to obtain the total liquid kinetic energy [94,95]

1
Ex = f pwz(uf +uZ)dv. (E3)
\%4

Here, the density of the liquid is taken as p, = 1000 kg/m?.
From Egs. (E1) and (E3), M(0) is obtained.
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