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Abstract: The effect of temperature and pressure on the nucleation of the vapor phase and the velocity
of the vapor front in the initial stage of activated boiling-up of n-pentane on the surface of a quartz
fiber was studied. Using a developed approach combining the “pump-probe” and laser Doppler
velocimetry methods, this velocity was tracked in the course of sequential change in the degree of
superheating with respect to the liquid–vapor equilibrium line. The studied interval according to
the degree of superheating was 40–100 ◦C (at atmospheric pressure). In order to spatiotemporally
localize the process, the activation of boiling-up at the end of the light guide was applied using a short
nanosecond laser pulse. A spatial locality of measurements was achieved in units of micrometers,
along with a time localization at the level of nanoseconds. An increase in temperature at a given
pressure was found to lead to an increase in the speed of the transition process with a coefficient of
about 0.2 m/s per degree, while an increase in pressure at a given temperature leads to a decrease in
the transition process speed with a coefficient of 25.8 m/s per megapascal. The advancement of the
vapor front velocity measurements to sub-microsecond intervals from the first signs of boiling-up
did not confirm the existence of a Rayleigh expansion stage with a constant velocity.

Keywords: pump-probe; superheated liquid; n-pentane; activation boiling-up; laser pulse

1. Introduction

The superheating of a liquid precedes and accompanies the liquid–vapor phase transi-
tion used in various technological applications [1–6]. Interest in the issue of boiling liquids
has received an additional impetus due to the development of mini- and micro-sized
devices [6,7]. An important component of this problem is the stage of the vapor phase
nucleation onset [8,9]. It is registered by some macroscopic response of the system, which
is monitored until the superheating is removed.

The practically significant case of nucleate boiling-up on a heated surface begins with
bubble nucleation in the near-wall layer of the superheated liquid. Boiling-up modes
are determined by the superheat value of the liquid with respect to the liquid–vapor
equilibrium line. Essentially, the initial stage of boiling represents an isothermal process
of a vapor-bubble expansion, which is limited by the rate at which a mechanical impulse
is transmitted to the surrounding liquid (inertial bubble growth). Since turbulence of the
liquid occurs near the heating surface, the growth rate of the vapor bubble determines
the hydrodynamic regime in the wall layer and the intensity of heat exchange [10,11]. In
connection with the development of microelectronics, it is timely to study heat transfer
from locally heated “hot spots” at the boundary with the coolant [12].

From the first experiments on the superheating of liquids, the attention of researchers
was attracted to the initial stage of the boiling-up relative to the liquid–vapor equilibrium
line [13]. By reducing the product Vliq·texp (where Vliq—volume of the superheated liquid;
texp—observation time of the superheated state), it was possible to break through the
background of the ready vaporization centers to achieve significant superheating. Due
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to the characteristic random nature of spontaneous boiling-up [14], it is difficult to study
the processes in detail. The use of recording equipment is complicated by a combination
of uncertainty in the waiting time for boiling-up and the relatively rapid transition to
the saturation line. This is due to the difficulty of identifying the site and moment of the
spontaneous boiling-up onset in a liquid at the necessary microsecond resolution for the
recording of rapid processes. A significant advance in this regard was achieved with the
use of low-inertia metal heaters comprised of thin wires [14,15] and films [16,17]. Due to
the relatively rapid heating of wires and films, it became possible to reduce the uncertainty
at the time of boiling-up. The superheating of liquid was achieved in a thin layer adjacent
to the surface of the heater during non-stationary heating. Consequently, the boiling site
turned out to be localized on the heating surface. Numerous experiments have been carried
out with oscillography and high-speed recording of the surface boiling processes [14–24];
extensive data have been obtained on the attainable superheating of liquids during their
pulsed heating [4–6]. However, there was uncertainty associated with the randomness
of the boiling site on the surface and the influence of the thickness of the heated layer
(the temperature gradient normal to the heating surface) on the dynamics of the observed
processes. In addition, the method was mainly applied at high superheating rates to reduce
the waiting time for boiling-up onset in light of the influence of surface treatment quality
over longer time intervals [17,18,25].

In pursuit of further localization in terms of the location and time of observation of
the initial stage of boiling-up, a technique was developed for the pulsed laser activation of
the liquid–vapor transition in a miniature bubble chamber [26]. The bubble chamber [4,14]
is characterized by the uniform superheating of the liquid in the capillary. Since, as a result,
there is no restriction on the thickness of the heated layer, the value of the superheating
temperature can be set more precisely. The development of the boiling-up process can be
traced by the reflection of a probing beam following the activation pulse. This approach,
when the first powerful pulse transfers the system under study to a nonequilibrium state,
and the subsequent probing serves to track the relaxation process of the system, is known
as the “pump-probe” method [27]. The advantage of this method lies in the strict synchro-
nization of the processes of normalized exposure and observation, which allows for the rate
of occurrence and repeatability of the observed phenomena to be assessed even at short
time intervals. The purpose of the present work is to demonstrate the capabilities of the
“pump-probe” laser method by identifying the features of the initial stage of activated liq-
uid boiling-up (on the example of n-pentane) under the conditions of uniform superheating
in a miniature bubble chamber.

2. Background

The action of the bubble chamber consists of transferring the liquid to the area of
superheated states by resetting the initial pressure in the liquid p0 below the equilibrium
pressure liquid/vapor ps (see Figure 1, A–C transition).

Thus, the degree of superheating was given by the final pressure value pexp < ps; the
parameter monitored in the experiment was the lifetime of the superheated state prior to its
decay by spontaneous boiling-up at given thermodynamic parameters. A practical basis for
the detailed verification of the theory of homogeneous nucleation [8], and the measurement
of different properties of substances in superheated states [4,28–30] including fuel-in-water
emulsions and fuel blends [31], consisted of the determination of the temperature, pressure,
and volume of the superheated liquid. To track the rapid boiling processes, a fiber optic
sensor is placed in the capillary of the bubble chamber [9,29,32,33]. As an example, Figure 2
shows records of the spontaneous boiling-up signals of hexane carried out using the fiber
optic sensor in previous works [9,32,33]. The change in signal voltage at the output of the
photodetector is associated with a change in the density of the medium surrounding the
fiber optic sensor. The letters indicating the stages of the process correspond to the states
and transitions noted in Figure 1.
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Figure 1. Liquid–vapor phase diagram designating the states of matter in the course of
experiments carried out in the bubble chamber. A—initial state (p0 > ps); C—superheated state (pexp
< ps); E—two-phase state on the saturation line; CP—critical point. Arrows B and D schematically
represent the pressure relief and boiling-up development processes. 1—saturation line;
2—attainable superheat line; 3—spinodal.

Figure 2. Voltage U of the fiber optic sensor photodetector against time in the course of
experiment to study the spontaneous boiling-up of n-hexane. А—initial state (p0 > ps);
В—depressurization; С—superheated (metastable) state (pexp < ps); D—boiling-up and transition to
the saturation line; Е—two-phase state on the saturation line.

Figure 1. Liquid–vapor phase diagram designating the states of matter in the course of experiments
carried out in the bubble chamber. A—initial state (p0 > ps); C—superheated state (pexp < ps); E—two-
phase state on the saturation line; CP—critical point. Arrows B and D schematically represent the
pressure relief and boiling-up development processes. 1—saturation line; 2—attainable superheat
line; 3—spinodal.
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Figure 2. Voltage U of the fiber optic sensor photodetector against time in the course of experiment
to study the spontaneous boiling-up of n-hexane. A—initial state (p0 > ps); B—depressurization;
C—superheated (metastable) state (pexp < ps); D—boiling-up and transition to the saturation line;
E—two-phase state on the saturation line.

The initial equilibrium state is indicated by A (at initial pressure p0 > ps and tempera-
ture T0 = Texp). Transition B denotes the pressure release to pexp < ps. In state C, the liquid
is superheated (metastable) until boiling-up occurs, followed by a two-phase transition, D.
The process terminates in equilibrium state E on the saturation line. The described cycle
can be repeated many times for a dataset to permit its statistical processing. In state C,
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spontaneous boiling can be expected or activated by some external action. The region of
vapor phase nucleation of interest to us is located at the transition from state C to state D
(marked with an arrow in Figure 2). Our approach to the boiling-up activation of n-pentane
in a bubble chamber is described in [26]. The activation by a short laser pulse at the end of
the light guide in the transparent liquid was found to have a threshold character in terms
of the intensity of the excitation pulse. Increasing the energy of the pulse by changing its
duration within wide limits (up to two orders of magnitude) with insufficient intensity did
not lead to boiling-up. The results of a study into the effects accompanying the nanosecond
excitation pulse suggest that the activation mechanism may be of a non-thermal nature. It is
likely that an electrostriction mechanism of the liquid is activated at a certain intensity of the
electromagnetic field of the laser pulse. Accordingly, the boiling-up activation is generated
by a mechanical impulse from electrostriction. On the basis of the detected phenomenon,
a method was developed for activating and studying transient the boiling-up processes
across a wide area of superheated states with a precisely defined superheating temperature
in the bubble chamber. The method of observing transient processes is described in [29,32].
A light guide in the bubble chamber was used to observe the liquid–vapor transition by
changing the reflection signal from the end of the light guide with changes in the density
of the medium [9,29,32]. Since the speed of the available photodetectors is measured in
hundreds of megahertz, it is possible to record processes at nanosecond resolution.

3. Method

The application of the pump-probe method is illustrated in Figure 3. A pump pulse
beam with a duration of 1–10 ns was generated by pulsed laser 1530 nm. A probe beam
was continuously generated by CW laser 1550 nm. Combining the emissions for the
transmission over a single fiber was achieved using the add-drop multiplexer. The pump
pulse beam acted on the end of the “optofiber” on the liquid superheated in the capillary
and, at a sufficient intensity, activated its boiling. The probe beam reflected from the
end was returned back through the add-drop multiplexer and optical circulator to the
photodetector. The intensity of the reflected signal depends on the density of the medium
at the end of the optofiber and increased as the density decreased. Therefore, the boiling
of the liquid was accompanied by a sharp increase in the reflected signal. In the course of
boiling, a two-phase system was formed near the end of the optofiber, as shown in Figure 3.
Then, the probe beam had a double reflection from the end and from the vapor–liquid
interface, followed by interference. Since this interface moved as the bubble grows, the
photodetector signal exhibited oscillations. The oscillation frequency is related to the speed
of the interface movement according to the Doppler effect.
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increase in the work of the bubble formation with a decrease in the superheating
temperature and with an increase in external pressure [4,5,14] predetermined an
increase in the intensity of the activating pulses. The development of the phase
transition was monitored by changing the intensity of the probe beam reflected from the
end of the light guide. Here, the measured intensity of the reflected radiation increased
with a decrease in the refractive index of the medium according to the Fresnel formula.
In turn, the refractive index decreased with a reduction in the density of the medium.
The dynamics of the changes in the density of the medium were assessed by tracking the
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signal following the activating pulse [26,34]. During the fiber-optic densitometry
experiments with superheated liquid following activation of boiling-up, high-frequency
oscillations were observed at the output of the high-speed photodetector of reflected
radiation. However, the observed oscillations are not associated with changes in the
density of the medium, appearing rather as a result of interference of the reflected rays.
The traveling interference pattern shown in Figure 4, which is characteristic of the
interferometers with a moving reflector, is due to the formation of an additional
reflected signal as a result of the superposition of the origin and propagation of the
phase interface with the reflected light waves from the stationary end of the fiber [34].
Each oscillation period in the recorded signal (Figure 4) corresponds to a shift of the
vapor front by half the wavelength of the probing radiation.

In this case, the frequency of the observed oscillations depended on the speed of the
movement of the reflector according to the Doppler effect. Thus, the speed of movement
of the reflecting phase interface can be determined by measuring the frequency of the
recorded oscillations. This laser measurement method is called laser Doppler
velocimetry [35]. In our experiments, the Doppler frequency shift increased in
accordance with an intensification of in the bubble growth rate due to the higher
superheating temperature of n-pentane at atmospheric pressure.
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To activate the boiling of n-pentane through the light guide at different temperatures
and pressures, pulses of laser radiation (pump beam pulses) were applied. The required
intensity and energy of the activating pulses increased with a decrease in the superheating
temperature and an increase in the residual pressure pexp [26]. An increase in the work of
the bubble formation with a decrease in the superheating temperature and with an increase
in external pressure [4,5,14] predetermined an increase in the intensity of the activating
pulses. The development of the phase transition was monitored by changing the intensity
of the probe beam reflected from the end of the light guide. Here, the measured intensity
of the reflected radiation increased with a decrease in the refractive index of the medium
according to the Fresnel formula. In turn, the refractive index decreased with a reduction in
the density of the medium. The dynamics of the changes in the density of the medium were
assessed by tracking the changes in the average intensity of the reflected radiation according
to the photodetector signal following the activating pulse [26,34]. During the fiber-optic
densitometry experiments with superheated liquid following activation of boiling-up,
high-frequency oscillations were observed at the output of the high-speed photodetector
of reflected radiation. However, the observed oscillations are not associated with changes
in the density of the medium, appearing rather as a result of interference of the reflected
rays. The traveling interference pattern shown in Figure 4, which is characteristic of the
interferometers with a moving reflector, is due to the formation of an additional reflected
signal as a result of the superposition of the origin and propagation of the phase interface
with the reflected light waves from the stationary end of the fiber [34]. Each oscillation
period in the recorded signal (Figure 4) corresponds to a shift of the vapor front by half the
wavelength of the probing radiation.
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a rapid decrease in the pressure (to atmospheric pressure) and the transfer of the liquid
to a superheated state (point C). An experimental setup implementing such a mode is
shown in Figure 5. The test liquid was used to fill a glass capillary with an internal
diameter of 1 mm and a heated section of 30 mm. Inside the capillary, the liquid
pressure could be set by the external pressure of nitrogen vapor on the separation
membrane. To achieve this, gas was supplied from the N2 gas tank to the gas–liquid
separation block via the pressure control block. The movable membrane, which
separated the nitrogen and the liquid under study while maintaining their hydraulic
connection, was installed inside the gas–liquid separation block. The mobility of the
membrane and the low compressibility of the liquid were necessary to ensure the
equality of the pressures in the capillary and in the gas cavity of the gas–liquid
separation block. Such a system allowed for two possible pressure values to be selected
for the liquid in the capillary: atmospheric and that provided from the N2 gas tank via
the pressure control block. The pressure control block is controlled from a PC.
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and the moving phase interface following the activation of boiling-up of n-pentane at 120 ◦C using a
laser pulse.

In this case, the frequency of the observed oscillations depended on the speed of the
movement of the reflector according to the Doppler effect. Thus, the speed of movement of
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the reflecting phase interface can be determined by measuring the frequency of the recorded
oscillations. This laser measurement method is called laser Doppler velocimetry [35]. In our
experiments, the Doppler frequency shift increased in accordance with an intensification
of in the bubble growth rate due to the higher superheating temperature of n-pentane at
atmospheric pressure.

The values of the velocity of movement of the phase interface were determined by the
Doppler velocimetry ratio:

V(t) = FD(t)·λ/2n(t), (1)

where FD—current Doppler frequency shift (MHz); λ—wavelength of the laser diode
radiation (1.55 microns); and n(t)—current refractive index of the medium:

n(t) = nliq − (nliq — nvap)·[U(t) − Umin]/(Umax − Umin), (2)

where nliq, nvap—refractive indices of the liquid and vapor phases on the saturation line at
the experimental temperature, respectively; Umin; Umax—minimum and maximum average
values of the photodetector output signal corresponding to the values of nliq, nvap; and
U(t)—current average value of the output signal of the photodetector.

Since the oscillations developed during decompression to the vapor phase, in most
cases, n(t) => 1.

4. Installation

According to the phase diagram (Figure 1), two stages are necessary to obtain a
superheated state in the bubble chamber. At the first stage, the sample is heated and held
in a stable liquid state (point A) at elevated pressure. At the second stage, there was a
rapid decrease in the pressure (to atmospheric pressure) and the transfer of the liquid to a
superheated state (point C). An experimental setup implementing such a mode is shown
in Figure 5. The test liquid was used to fill a glass capillary with an internal diameter of
1 mm and a heated section of 30 mm. Inside the capillary, the liquid pressure could be set
by the external pressure of nitrogen vapor on the separation membrane. To achieve this,
gas was supplied from the N2 gas tank to the gas–liquid separation block via the pressure
control block. The movable membrane, which separated the nitrogen and the liquid under
study while maintaining their hydraulic connection, was installed inside the gas–liquid
separation block. The mobility of the membrane and the low compressibility of the liquid
were necessary to ensure the equality of the pressures in the capillary and in the gas cavity
of the gas–liquid separation block. Such a system allowed for two possible pressure values
to be selected for the liquid in the capillary: atmospheric and that provided from the N2
gas tank via the pressure control block. The pressure control block is controlled from a PC.

In order to heat the sample, the glass capillary was immersed in a transparent ther-
mostat (heat carrier) with a coolant fluid (thermostat liquid). The coolant fluid was heated
using an electric heater.

A precision temperature sensor was installed to monitor the temperature near the
capillary. The sensor was a type K thermocouple with measurement error of 0.1 ◦C.
To increase the accuracy of measurements, the calibration curve of thermocouples was
obtained on a special bench by comparing it with the indications of a platinum thermometer.
The thermostat control block maintained the set temperature of the coolant by reading the
sensor indications and adjusting the electric power level of the heater. This temperature
was regulated directly on the unit or via software (PC).
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A fiber optic probe was installed inside the capillary to supply the activation effect
to the superheated liquid. The probe was a standard single-mode quartz fiber light guide,
which was previously cleaned from the outer shell, and whose free end was located in
the capillary. The outer diameter of the light guide was 125 microns; the diameter of the
fiber core was 10 microns. The probe was connected to the electronic radiation supply
and reception units via a fiber optic device. This scheme implemented the “pump-probe”
principle. For the pump, a pulsed laser of 1530 nm, having an adjustable power of up to
30 W and a variable pulse duration on a scale from 1 ns to 100 ns, was used. The probing
beam was generated by a permanent laser (CW laser 1550 nm) having a wavelength of
1550 nm and a power of 2.5 mW. Both kinds of radiation—pumping and probing—were
combined and fed into the fiber probe using fiber elements comprising an adder and an
optical circulator, which make up the fiber optic device. The probing radiation reflected
from the free end of the light guide was separated, filtered, and then fed to the photodetector.
The output of the photodetector generated an electrical signal, which was recorded using
a high-speed oscilloscope. The recorded waveform files were transferred to the PC for
processing. The photodetector received signals in the frequency range 0–100 MHz with a
sensitivity to optical power of 0.1 V/µW. The Doppler frequency measurements using a
photodetector and a Rigol 5354 oscilloscope have an uncertainty of 5% over the frequency
range 10–40 MHz.

Due to the synchronous activation of the boiling-up with the pumping pulse and the
subsequent growth of the vapor bubble, it was possible to capture the stages of bubble
growth on a microsecond time scale using the stroboscopic video method. For this purpose,
a video camera with a frame rate of 60 Hz in stroboscopic mode was used. The mode was
provided by the operation of a pulsed light source, with the generation of a short (from
0.1 µs to 0.5 µs) light pulse (strobe) delayed relative to the pump pulse for a specified time.
By changing the pause time between the strobe and the pump pulse, various stages of
bubble growth could be recorded in a series of experiments (Figure 6).
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the light guide (125 μm) after 3 µs at a value of about 60 μm (average growth rate is 20
m/s). It is noteworthy that, for a short period of time, the surface tension forces hold the
bubble at the end of the fiber. The subsequent development of the process was less
predictable with the increasing influence of hydrodynamic disturbances.

Figure 6. A vapor bubble at the end of the light guide in n-pentane at a delay of 50 µs from the
moment of activation and an experimental temperature of 123 ◦C. The duration of illumination
(strobe) was 0.5 µs.

5. Results

The experiments in the bubble chamber were carried out in a wide area of superheated
states created by the pressure drop in a heated liquid. The mean “lifetime” of n-pentane
before spontaneous boiling-up under the given conditions (pexp < ps, Texp > Ts) ranged from
units of seconds to tens of minutes. This time was sufficient to establish thermodynamic
equilibrium following the pressure drop [14]. The activation of boiling was carried out by a
single nanosecond pulse pump pulse (1–10 ns) with an intensity exceeding the activation
threshold by ~10%. The values of the intensity and the duration of the pulse were selected
experimentally from the condition of the absence of their influence on the recorded data.
Figure 7 shows frames from the video footage obtained using the stroboscopic method.
The duration of synchronous illumination with the pump pulse was 0.5 µs. The delay
from the pump pulse increased by 1 microsecond for each subsequent frame. The video
sequence shows the regular growth of the vapor film at the end of the light guide over time
and the formation of a bubble after 3 µs at a temperature of 130 ◦C and at atmospheric
pressure. Despite the image distortion due to light refraction, it is possible to estimate
the size of the vapor cavity relative to the size of the light guide (125 µm) after 3 µs at a
value of about 60 µm (average growth rate is 20 m/s). It is noteworthy that, for a short
period of time, the surface tension forces hold the bubble at the end of the fiber. The
subsequent development of the process was less predictable with the increasing influence
of hydrodynamic disturbances.

An example of the recorded dependences of the voltage in the photodetector on time
is shown in Figure 8. The waveforms of signals for n-pentane temperature values of 80 ◦C,
95 ◦C, and 130 ◦C are shown (superheating Texp − Ts is 43, 58, and 93 degrees, respectively).
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Figure 8. Measured reflection signals from the end of the light guide following activation of n-pentane
boiling at different temperatures and atmospheric pressure on a general (a) and enlarged (b) scale with
different frequency of Doppler shift at an activated phase transition with different conversion rates.

A change in the dynamics of signal growth following the activation of the boiling-up
is shown in Figure 8a, while Figure 8b depicts the change in the frequency of the Doppler
shift depending on temperature. The transition process to the steady-state average value
occurred over a time from 1 µs for 130 ◦C to 6 µs for 80 ◦C. The frequency of Doppler
oscillations varied accordingly from 12 to 25 MHz. The change in the oscillation frequency
of up to 10% observed at intervals of estimating the rate of processes was associated with a



Energies 2023, 16, 6966 10 of 14

known decrease in the bubble growth rate over time [11]. For the subsequent calculations,
averaged values were used.

Figure 9 shows the dependences calculated from the frequency of oscillations of the
vapor front velocity on time at different temperatures Texp. Since a determination of the
frequency of oscillations and velocity was possible only when a sufficient amplitude of the
signal was reached, there is a delay in the beginning of measurements in Figure 9.
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amplitude of the recorded signal at the beginning of the process.

The developed Doppler velocimetry technique was validated for measuring the veloc-
ity of the evaporation front on samples of pure n-pentane at various degrees of superheating
relative to the liquid–vapor equilibrium temperature when the pressure drops to atmo-
spheric values was carried out (Figure 10a). In particular, for a temperature of 130 ◦C,
the average growth rate of 19.2 m/s agrees quite well with the photographic estimate of
20 m/s (see Figure 7). Figure 10b shows the effect of the final pressure pexp in the course of
its release at a given temperature Texp.
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6. Discussion

Boiling-up is commonly defined as the process of separation of the liquid and vapor
phases inside a superheated liquid. For our case of relatively high superheating (40–100 ◦C
for pentane), the formation of a vapor film on the surface of the fiber end face was observed
(see Figure 7). The dynamics of the appearance and growth of a vapor film at the boundary
of a solid surface and a highly superheated liquid significantly determine the intensity of
heat transfer at the liquid boiling-up onset [36]. The approach combining pump-probe and
laser Doppler velocimetry made it possible to track the vapor front velocity at the initial
stage of n-pentane boiling in a miniature bubble chamber with a successive change in the
degree of superheat.

The first obtained result consists of the possibility of such a local impact occurring in
which the subsequent boiling process proceeds independently of the pump pulse parame-
ters. In this case, a fairly accurate replication of the video frames and waveforms is capable
of being repeatedly reproduced. The values of the initial growth rate of the vapor phase at
the end of the fiber calculated from the measured Doppler frequencies differ significantly
(by about 2 times) from those calculated using the Rayleigh formula for the inertial stage.
Rayleigh’s formula for inertial bubble growth [11] assumes the constancy of the growth
rate

.
R for bubbles with a radius R of more than 1 µm in a superheated under the conditions

of our experiments liquid:
.
R =

√
2∆p
3ρ

(3)

where ∆p is the difference between the pressure in the bubble and the pressure in the liquid,
and ρ is the density of the liquid.

Despite the advance of measurements of the vapor front velocity to sub-microsecond
intervals from the beginning of boiling-up, we were not able to identify a region of ex-
pansion with a constant velocity as predicted by Rayleigh’s formula. Figure 8a shows a
gradual increase in the signal with time at the output of the fiber-optic densitometer, which
corresponds to the gradual density decrease in the medium near the end of the fiber. The
dependences of the vapor cavity growth rate on time and temperature turned out to be
more consistent with thermally controlled bubble growth (see Figures 9 and 10). Despite the
process occurring near the hot surface of the end of the fiber, the obtained results confirm
the assumptions made earlier [37] about a lower vapor pressure and the probable cooling
of the vapor film already at the initial stage of growth. The obtained dependencies of the
initial velocity of the phase boundary displacement on temperature and pressure are close
to linear (see Figure 10). The opposite effects of the experimental temperature and pressure
are consistent with the change in the degree of superheating of the liquid (see Figure 1). An
increase in temperature increased the speed of the boundary displacement by a factor of
about 0.2 m/s per degree, while an increase in pressure reduced this speed by a factor of
~25.8 m/s per megapascal.

7. Conclusions

A method for measuring the velocity of the vapor front in the course of the activation
of liquid boiling-up at the end of a light guide due to a short laser pulse has been developed
and tested. The experiments were carried out in a miniature bubble chamber of the type
traditionally used to determine the dependencies of the mean “lifetime” of a liquid and
rate of nucleation on the temperature of superheating under strictly controlled conditions.
The main novelty of our approach consists of the achievement of spatial localization in
the units of micrometers with localization in time at the level of units of nanoseconds.
The combination of a fiber-optic sensor with a bubble chamber according to the pump-
probe method has opened up new opportunities for studying the fast-flowing processes
during initial stages of liquid–vapor phase transitions using densitometric and velocimetric
techniques. The obtained results, which do not fit into the Rayleigh scheme, can be
interpreted as confirming the assumption of a lower vapor pressure and cooling of the
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vapor film already at the early stage of vapor phase growth. By applying this approach to
the study of the initial velocity of the vapor front, it becomes possible to test theoretical
ideas about the development of a phase transition at the interface between a liquid and a
solid surface depending on the degree of superheating of the liquid.

Activation by nanosecond pulses was used to involve a wide area of moderately
superheated states in the study, which were previously considered difficult to access due
to the long waiting times for spontaneous boiling-up. Further research will be carried out
in the field of relatively low superheating, which has significance for various practical
applications, such as alternative fuel technologies based on rapid secondary atomization of
composite droplets and modern minimally invasive medical tools, see references [31,34]
and bibliography therein.
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Abbreviations

Definition
Subscripts
D Doppler
exp Experimental
liq Liquid
max Maximum
min Minimum
s Saturation
vap Vapour
Variables and functions
∆p Difference between the pressure in the bubble and in the liquid
λ Wavelength of the probing radiation
ρ Density of the liquid
FD(t) Doppler frequency shift
n(t) Current refractive index of the medium
nliq Refractive index of the liquid phases
nvap Refractive index of the vapor phases
p0 Initial pressure in the liquid
ps Equilibrium pressure liquid/vapor
.
R Bubbles growth rate
T0 Initial liquid temperature
Texp Experimental temperature
Ts Equilibrium temperature liquid/vapor
texp Observation time of the superheated state
U Voltage of the fiber optic sensor photodetector
U(t) Current value of the output signal of the photodetector
Umax Maximum average values of the photodetector output signal
Umin Minimum average values of the photodetector output signal
Vliq Volume of the superheated liquid
V(t) Velocity of movement of the phase interface
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Abbreviations
CW Continuous wave
CP Critical point
States
A Initial state (p0 > ps)
B Depressurization
C Superheated state (pexp < ps)
D Boiling-up and transition to the saturation line
E Two-phase state on the saturation line

References
1. Berthoud, G. Vapor Explosions. Annu. Rev. Fluid Mech. 2000, 32, 573–611. [CrossRef]
2. Sazhin, S.S. Droplets and Sprays: Simple Models of Complex Processes; Springer: Cham, Switzerland, 2022.
3. Antonov, D.V.; Fedorenko, R.M.; Yanovskiy, L.S.; Strizhak, P.A. Physical and Mathematical Models of Micro-Explosions: Achieve-

ments and Directions of Improvement. Energies 2023, 16, 6034. [CrossRef]
4. Skripov, V.P.; Sinitsyn, E.N.; Pavlov, P.A.; Ermakov, G.V.; Muratov, G.N.; Bulanov, N.V.; Baidakov, V.G. Thermophysical Properties of

Liquids in the Metastable (Superheated) State; Gordon and Breach Science Publishers: London, UK, 1988.
5. Debenedetti, P.G. Metastable Liquids: Concepts and Principles; Princeton University Press: Princeton, NJ, USA, 1996. [CrossRef]
6. Ching, E.J.; Avedisian, C.T.; Cavicchi, R.C.; Chung, D.H.; Rah, K.J.; Carrier, M.J. Rapid Evaporation at the Superheat Limit of

Methanol, Ethanol, Butanol and n-Heptane on Platinum Films Supported by Low-Stress SiN Membranes. Int. J. Heat Mass Transf.
2016, 101, 707–718. [CrossRef] [PubMed]

7. Khan, S.; Atieh, M.; Koç, M. Micro-Nano Scale Surface Coating for Nucleate Boiling Heat Transfer: A Critical Review. Energies
2018, 11, 3189. [CrossRef]

8. Ermakov, G.V.; Lipnyagov, E.V.; Perminov, S.A. Classical Theory of Homogeneous Nucleation in Superheated Liquids and Its
Experimental Verification. Thermophys. Aeromechanics 2012, 19, 667–678. [CrossRef]

9. Gurashkin, A.L.; Starostin, A.A.; Ermakov, G.V.; Skripov, P.V. Communication: High Speed Optical Investigations of a Character
of Boiling-up Onset. J. Chem. Phys. 2012, 136, 021102. [CrossRef] [PubMed]

10. Pavlenko, A.N. Life Devoted to Science. Thermophys. Aeromechanics 2014, 21, 265–278. [CrossRef]
11. Avdeev, A.A. Thermally Controlled Bubble Growth. In Bubble Systems.; Avdeev, A.A., Ed.; Springer International: Cham,

Switzerland, 2016; Volume 4, pp. 99–132.
12. Khandekar, S.; Sahu, G.; Muralidhar, K.; Gatapova, E.Y.; Kabov, O.A.; Hu, R.; Luo, X.; Zhao, L. Cooling of High-Power LEDs by

Liquid Sprays: Challenges and Prospects. Appl. Therm. Eng. 2021, 184, 115640. [CrossRef]
13. Wismer, K.L. The Pressure-Volume Relation of Super-Heated Liquids. J. Phys. Chem. 1922, 26, 301–315. [CrossRef]
14. Skripov, V.P. Metastable Liquids; Halsted Press: Sydney, Australia; John Wiley & Sons: New York, NY, USA, 1974.
15. Glod, S.; Poulikakos, D.; Zhao, Z.; Yadigaroglu, G. An Investigation of Microscale Explosive Vaporization of Water on an Ultrathin

Pt Wire. Int. J. Heat Mass Transf. 2002, 45, 367–379. [CrossRef]
16. Asai, A. Bubble Dynamics in Boiling Under High Heat Flux Pulse Heating. J. Heat Transf. 1991, 113, 973–979. [CrossRef]
17. Iida, Y.; Okuyama, K.; Sakurai, K. Boiling Nucleation on a Very Small Film Heater Subjected to Extremely Rapid Heating. Intern.

J. Heat Mass Transf. 1994, 37, 2771–2780. [CrossRef]
18. Nikitin, E.D. Mechanisms of Vaporization in Superheated Water; Ural Polytechnical Institute: Sverdlovsk, Russia, 1981.
19. Strenge, P.H.; Orell, A.; Westwater, J.W. Microscopic Study of Bubble Growth during Nucleate Boiling. AIChE J. 1961, 7, 578–583.

[CrossRef]
20. Hong, Y.; Ashgriz, N.; Andrews, J. Experimental Study of Bubble Dynamics on a Micro Heater Induced by Pulse Heating. J. Heat

Transf. 2004, 126, 259–271. [CrossRef]
21. Kuznetsov, V.V.; Oreshkin, V.I.; Zhigalin, A.S.; Kozulin, I.A.; Chaikovsky, S.A.; Rousskikh, A.G. Metastable States and Their

Disintegration at Pulse Liquid Heating and Electrical Explosion of Conductors. J. Eng. Thermophys. 2011, 20, 240–248. [CrossRef]
22. Skripov, P.V.; Puchinskis, S.E.; Begishev, V.P.; Lipchak, A.I.; Pavlov, P.A. Heat Pulse Monitoring of Curing and Polymer–Gas

Systems. J. Appl. Polym. Sci. 1994, 51, 1607–1619. [CrossRef]
23. Avedisian, C.T.; Cavicchi, R.E.; Tarlov, M.J. New Technique for Visualizing Microboiling Phenomena and Its Application to Water

Pulse Heated by a Thin Metal Film. Rev. Sci. Instr. 2006, 77, 063706. [CrossRef]
24. Serdyukov, V.; Malakhov, I.; Surtaev, A. The Influence of Pressure on Local Heat Transfer Rate under the Vapor Bubbles during

Pool Boiling. Energies 2023, 16, 3918. [CrossRef]
25. Skripov, P.V.; Bar-Kohany, T.; Antonov, D.V.; Strizhak, P.A.; Sazhin, S.S. Approximations for the Nucleation Temperature of Water.

Int. J. Heat Mass Transf. 2023, 207, 123970. [CrossRef]
26. Kotov, A.N.; Gurashkin, A.L.; Starostin, A.A.; Skripov, P.V. Low-energy activation of superheated n-pentane boiling-up by laser

pulse at the fiber-liquid interface. Interf. Phen. Heat Transf. 2022, 10, 15–23. [CrossRef]
27. Kotov, A.N.; Starostin, A.A.; Gorbatov, V.I.; Skripov, P.V. Thermo-Optical Measurements and Simulation in a Fibre-Optic Circuit

Using an Extrinsic Fabry–Pérot Interferometer under Pulsed Laser Heating. Axioms 2023, 12, 568. [CrossRef]

https://doi.org/10.1146/annurev.fluid.32.1.573
https://doi.org/10.3390/en16166034
https://doi.org/10.1515/9780691213941
https://doi.org/10.1016/j.ijheatmasstransfer.2016.04.008
https://www.ncbi.nlm.nih.gov/pubmed/28065997
https://doi.org/10.3390/en11113189
https://doi.org/10.1134/S0869864312040154
https://doi.org/10.1063/1.3678831
https://www.ncbi.nlm.nih.gov/pubmed/22260557
https://doi.org/10.1134/S0869864314030019
https://doi.org/10.1016/j.applthermaleng.2020.115640
https://doi.org/10.1021/j150220a001
https://doi.org/10.1016/S0017-9310(01)00158-2
https://doi.org/10.1115/1.2911230
https://doi.org/10.1016/0017-9310(94)90394-8
https://doi.org/10.1002/aic.690070410
https://doi.org/10.1115/1.1650388
https://doi.org/10.1134/S1810232811030027
https://doi.org/10.1002/app.1994.070510911
https://doi.org/10.1063/1.2206560
https://doi.org/10.3390/en16093918
https://doi.org/10.1016/j.ijheatmasstransfer.2023.123970
https://doi.org/10.1615/InterfacPhenomHeatTransfer.2022046233
https://doi.org/10.3390/axioms12060568


Energies 2023, 16, 6966 14 of 14

28. Skripov, P.V.; Skripov, A.P. The Phenomenon of Superheat of Liquids: In Memory of Vladimir P. Skripov. Int. J. Thermophys. 2010,
31, 816–830. [CrossRef]

29. Gurashkin, A.L.; Starostin, A.A.; Uimin, A.A.; Yampol’skiy, A.D.; Ermakov, G.V.; Skripov, P.V. Experimental Determination of
Superheated Liquid Density by the Optical Fiber Method. J. Eng. Thermophys. 2013, 22, 194–202. [CrossRef]

30. Lipnyagov, E.V.; Parshakova, M.A. Investigation of the Kinetics of Spontaneous Boiling-up of Superheated n-Pentane in a Glass
Tube with Defects of the Inner Surface. I. Monitoring the Liquid-Vapor Surface Tension. Int. J. Heat Mass Transf. 2022, 196, 123254.
[CrossRef]

31. Antonov, D.V.; Fedorenko, R.M.; Strizhak, P.A. Micro-Explosion Phenomenon: Conditions and Benefits. Energies 2022, 15, 7670.
[CrossRef]

32. Davitt, K.; Arvengas, A.; Caupin, F. Water at the Cavitation Limit: Density of the Metastable Liquid and Size of the Critical Bubble.
Europhys. Lett. 2010, 90, 16002. [CrossRef]

33. Gurashkin, A.L.; Yampol’skii, A.D.; Starostin, A.A.; Skripov, P.V. Optical Studies of the Initial Stage of Spontaneous Boiling-Up.
Tech. Phys. Lett. 2013, 39, 751–754. [CrossRef]

34. Zubalic, E.; Vella, D.; Babnik, A.; Jezeršek, M. Interferometric Fiber Optic Probe for Measurements of Cavitation Bubble Expansion
Velocity and Bubble Oscillation Time. Sensors 2023, 23, 771. [CrossRef]

35. McMillan, C.F.; Goosman, D.R.; Parker, N.L.; Steinmetz, L.L.; Chau, H.H.; Huen, T.; Whipkey, R.K.; Perry, S.J. Velocimetry of Fast
Surfaces Using Fabry–Perot Interferometry. Rev. Sci. Instr. 1988, 59, 1–21. [CrossRef]

36. Surtaev, A.S.; Serdyukov, V.S.; Zhou, J.; Pavlenko, A.N.; Tumanov, V.V. An experimental study of vapor bubbles dynamics at
water and ethanol pool boiling at low and high heat fluxes. Int. J. Heat Mass Transf. 2018, 126, 297–311. [CrossRef]

37. Vinogradov, V.E.; Pavlov, P.A. Rate of Bubble Growth at Limiting Superheats of a Stretched Liquid. Heat Transf. Res. 2007, 38,
389–398. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s10765-010-0738-4
https://doi.org/10.1134/S181023281303003X
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123254
https://doi.org/10.3390/en15207670
https://doi.org/10.1209/0295-5075/90/16002
https://doi.org/10.1134/S1063785013080208
https://doi.org/10.3390/s23020771
https://doi.org/10.1063/1.1140014
https://doi.org/10.1016/j.ijheatmasstransfer.2018.06.001
https://doi.org/10.1615/HeatTransRes.v38.i5.10

	Introduction 
	Background 
	Method 
	Installation 
	Results 
	Discussion 
	Conclusions 
	References

