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High-speed laser interferometry is synchronized with a high-speed camera to
visualize the dynamic microlayer behavior during bubble growth in a pool boiling
under pressures from 0.1 to 0.3 MPa. An Indium–Tin-Oxide (ITO) film coated on
sapphire is employed as the heating unit to provide the nominal surface heat fluxes
in the range from 90 to 150 kW/m2. Based on the instantaneous microlayer
thickness and photographed bubble images, microlayer formation and
depletion and their relationship with bubble growth are analyzed. Appreciable
effects of pressure on microlayer dynamics and bubble growth have been
observed. At higher pressure, the microlayer existence time decreases and
consequently, the contribution of the microlayer evaporation becomes less
important. At elevated pressure, the effects of liquid subcooling and surface
heat flux on bubble growth become more pronounced. The dimensionless
instantaneous maximum microlayer thickness, δ max/

��
]t

√
, shows exponential

dependence on the ratio rd/rb,1 which increases linearly with time before the
microlayer depletion. A correlation is proposed to predict the instantaneous
maximum microlayer thickness synthesizing the two relations. The local heat
flux will be overestimated and the wall temperature profile is contrary to the
experimental observation when the flow inside themicrolayer is negligible. During
the bubble growth period, only part of the microlayer is evaporated and the
internal flow inside cannot be neglected.
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1 Introduction

During nucleate boiling, a thin liquid layer, i.e., the microlayer, is generated beneath the
bubble during the early stage of growth, as shown in Figure 1. Generation and extinction of
the microlayer has been investigated as an important mechanism contributing to nucleated
bubble growth and boiling heat transfer (Zhao et al., 2002; Colombo and Fairweather, 2015).
Early experimental investigation on the microlayer was indirect and mainly based on the
measurement of instantaneous surface temperature. Based on the observation of the
occasional drop in boiling surface temperature, Moore and Mesler (1961) proposed the
hypothesis of the microlayer. Based on the deduction of the measured instantaneous wall
temperature, Cooper and Lloyd (1969) obtained the microlayer thickness (6–30 μm) in
toluene and the contribution of microlayer evaporation to bubble growth. They concluded
that the influence of the microlayer evaporation was overwhelming in the saturated pool
boiling and became less important in the case of high subcooling. Cooper and Lloyd (1969)
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also derived the first correlation of the initial microlayer thickness
based on the theoretical analysis andmeasuredmicrolayer thickness.

Demiray and Kim (2004) investigated the FC-72 nucleating
bubble growth over a constant temperature microheater array at two
different subcoolings and concluded that the microlayer and contact
line heat transfer were not significant. Kenning et al. (2001);
Kenning and Bustnes (2007) employed liquid crystal
thermography to measure the surface temperature and found
that the microlayer beneath sliding bubbles can be as thick as
40–70 μm on the inclined surface in saturated water. They found
that heat transfer through a microlayer contributed less than 35% of
the heat required for the initial rapid growth of a bubble nucleated
on the plate. Myers et al. (2005) investigated the transient
temperature variation on a 10 × 10 array of constant heat flux
heaters with nucleate boiling of FC-72 and stated that the microlayer
evaporation contributes to no more than 23% of the total heat
transferred from the surface. Yabuki and Nakabeppu (2014)
employed the micro-electro-mechanical system (MEMS) sensor
to measure the instantaneous wall temperature beneath a
growing water bubble and found that about 50% of bubble
growth resulted from the microlayer evaporation in the saturated
pool boiling. Gerardi et al. (2010) employed a high-speed infrared
camera to visualize the temperature variation induced by nucleating
water bubbles on an Indium–Tin-Oxide (ITO) heater and analyzed
the influence of microlayer on bubble growth.

The laser extinction method and laser interferometry method
have been developed to directly measure the microlayer thickness.
Utaka et al. (2014) measured the local microlayer thickness beneath
the nucleated bubble in water and ethanol utilizing the laser
extinction method in which the microlayer thickness was
obtained based on the analysis of attenuated laser signal. They
stated that the contribution of microlayer evaporation to bubble
growth (15%–70%) increases linearly with the bubble inception wall
superheat.

Sharp (1964) pioneered the interferometry measurement of
microlayer thickness and obtained the interference fringe of the
microlayer beneath a nucleating bubble using monochromatic and
white light. Later, Voufsinos and Judd (1975) studied the growth and
evaporation of the microlayer under a bubble forming on a glass
heater surface with laser interferometry and high-speed
photography. They found that microlayer evaporation
contributed to 25% of the total nucleate boiling heat transfer
rate. Utilizing laser interferometry, Koffman and Plesset (1983)

studied the microlayer formation and evaporation for nucleate
boiling in water and ethanol under atmospheric pressure. They
found that the microlayer thickness in ethanol is 1.6 times of that for
water.

Gao et al. (2013) employed a He-Ne laser to generate
interference fringe for the microlayer beneath a growing ethanol
bubble on an ITO heater under atmospheric pressure and obtained a
dynamic change of microlayer volume and micro-contact angle.
Chen et al. (2017) studied the microlayer beneath a water bubble
nucleated on a glass heated with a nitrogen jet from the opposite
side. They found a crest-like structure at the edge of the microlayer
in the late stage. Based on the same methodology, Utaka et al. (2018)
found that the microlayer evaporation contributed to the total
evaporation, approximately 39% for ethanol and 14%–44% for
water.

Jung and Kim (2018); Jung and Kim (2019) employed laser
interferometry for microlayer thickness measurement and a high-
speed infrared camera for surface temperature measurement. They
found that the heat flux through the microlayer can be reasonably
derived based on heat conduction and that the initial microlayer
thickness in the outer region decreases because of microlayer
evaporation. More recently, Narayan and Srivastava (2021)
synchronized laser interferometry and rainbow schlieren
deflectometry to measure the microlayer thickness and thermal
field around a nucleated bubble in a saturated water pool. They
concluded that the contribution of microlayer evaporation to bubble
volume is less than 15%.

In the above-mentioned experiment, the microlayer beneath the
nucleated bubble under atmospheric pressure or even lower pressure
has been investigated. The pressure effects onmicrolayer dynamics have
not been well investigated (2020, 2021) (Kossolapov et al., 2020;
Kossolapov et al., 2021). During the actual reactor operation, the
pressure reaches 15.5 MPa and it is difficult to carry out visual
experiments at such high pressure. The method of the dimensionless
parameter is used to reduce the high-pressure working condition to low
pressure for the experiment. The similarity criterion is the
dimensionless number, such as Re, Bo. It can not only ensure the
accuracy of the results but also reduce the difficulty of the experiment.
The bubble size in wall boiling and the microlayer contribution to the
bubble growth are both greatly affected by the physical properties,
especially the pressure. In order to reveal the growth mechanism of
bubbles under different pressures, the laser interferometry and high-
speed camera are synchronized to simultaneously visualize the
microlayer dynamics and bubble growth behavior in a water pool
boiling at different pressures in this paper. The effects of pressure,
subcooling, and surface heat flux on the microlayer formation,
depletion, and bubble growth will be discussed.

2 Experiment methodology

2.1 Experiment setup

As shown in Figure 2, the experimental apparatus is a cubic
stainless vessel with an inner dimension of 200 mm × 200 mm ×
200 mm. Four vertical 450 W Joule heating rods are utilized to adjust
the subcooling of the water pool. Eight thermocouples are located at
four elevations to measure water temperature. A pressure gauge is

FIGURE 1
Structure of the microlayer.
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installed on the top of the vessel to monitor the pressure in the vessel.
The uncertainty of the thermocouple is ± 0.5°C. Illumination and
photograph windows are fabricated on the opposite vertical walls of
the vessel. The illumination light source is a LED panel. The bubble
growth process is photographed using a Phantom V710 high-speed
camera (HSC) with a frame rate of 7,500 Hz at the full resolution,
i.e., 800 × 1280 px2. The bubble diameter or radius is determined
based on the pixel analysis of high-speed images. Blurring leads to an
uncertainty of 5 pixels while positioning the bubble surface in the
bubble images, which is equivalent to the uncertainty of 0.1 mm in
the bubble radius.

In order to facilitate visualization of interference fringe from the
bottom of the heating surface, the transparent indium tin oxide
(ITO) film, 650 nm in thickness, is deposited onto a cylindrical
sapphire substrate, as shown in Figure 3. The deposited ITO film is
etched into the H shape to assure the high heat flux appears in the
center of the plate. Consequently, early bubble nucleation occurred
over the narrow band of the ITO film. The static contact angle of the
ITO surface is about 101.5 under the working condition of the
atmospheric pressure of 20°C, as shown in Figure 3C. A gold film,
100 nm in thickness, is sputtered onto the ITO film to serve as the

two terminals of the heating element. The substrate is 30 mm in
diameter and 1.1 mm in thickness. The transparent heating unit is
installed on a Teflon platformwhich is mounted over the hole on the
bottom of the stainless vessel. A high-accuracy DC power unit is
employed to adjust the heating power of the ITO film. The heating
power supplied to the ITO heater is determined based on the current
and voltage. The relative error of current and voltage measurement
is ±0.1 A and ±0.01V, respectively. Assuming the uniform current
density through the narrow band of ITO film, the nominal heat flux
is defined and utilized in this paper. Before the experiment, the
deionized water is degassed via argon injection and pre-boiling. The
subcooling of the liquid is measured by two K-type thermocouples,
which are arranged closer to the heating surface.

2.2 Laser interferometry

The principle of laser interferometry for microlayer thickness
measurement is shown in Figure 4. Reflection of incident laser
occurs at the ITO top surface and the liquid microlayer surface. The
two reflected laser beams interfere with each other. The phase

FIGURE 2
Schematic of the experimental system.

FIGURE 3
Schematic diagram of the heating unit.
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difference of the laser beams is determined by the microlayer
thickness. Hence, variation of microlayer thickness in the order
of laser wavelength can be deduced based on the interval of
interference fringe. At the center of dark fringes, the two
reflected laser beams are in opposite phases with the
corresponding microlayer thickness

δ0 � λ

2n
m − 1

2
( ) m � 1, 2, 3 . . . (1)

where λ is the laser wavelength in the air; n is the reflective index of
the microlayer, n = 1.32 is utilized in this study; m is the order of the
dark fringe from center to the periphery, m = 0 is defined for the
central dark spot which corresponds to the dry patch. At bright
fringes, the two laser beams are in phase with the corresponding
microlayer thickness

δ0 � λ

2n
m m � 1, 2, 3 . . . (2)

where m is the order of the bright fringe from the center to the
periphery, and m = 1 is defined for the first inner fringe.

The CAVILUX pulsed diode laser with the wavelength λ =
640 nm is employed for illumination. As shown in Figure 2, the laser
head is installed beneath the heating unit to illuminate from the
bottom. In the experiment, the laser pulse duration is 100 ns at a

FIGURE 4
Principle of film thickness measurement with laser interferometry.

FIGURE 5
Synchronization time sequence.

FIGURE 6
An example of fringe image processing.
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frequency of 10 kHz. A beam splitter is placed between the laser
head and the heating unit. The bottom-view high-speed camera
(Phantom V710) with a microscopic lens is installed horizontally.
The magnification factor of the microscopic lens is 7, which allows
for high-resolution measurement of interference fringe. A
synchronizer is utilized to synchronize the laser and the two
HSCs. The synchronization time sequence is shown in Figure 5.

In order to enhance the accuracy of microlayer thickness
measurement, the background noise is subtracted from the
original bottom HSC images. The centers of dark and bright
fringes are localized in the enhanced images based on the grey
scale.With the position of dark and bright fringes, the distribution of
microlayer thickness can be determined based on Eqs 1, 2. Figure 6A
shows the fringes of one frame of the post-processed images.
Correspondingly, the profiles of bright fringes indicating the
microlayer thickness along AB

��→
are illustrated in Figure 6bB.

The relative error of the microlayer thickness results mainly
from the error of laser wavelength and the error in fringe position
determination which was a result of image processing. The
wavelength error of the CAVILUX pulsed diode laser is ±10 nm.
According to Eqs 1, 2, the relative error of microlayer thickness
equals that of laser wavelength, i.e., ±1.56%. The relative error in
positioning the dark and bright fringe center is in the order
of ±1 pixel in the image of the bottom HSC, which is equivalent
to ±3 μm.

The defects on the edges of the etching pattern are natural
nucleation points. Although the growth process of a single bubble is
selected to be studied under the condition of low heat flux, without
bubble overlap there can also be some interaction between the center
bubble and the edge bubble. When the center bubble grows, the edge
can generate bubbles at the same time. The edge bubble size is small
since it mostly grows at the edge of the ITO and the heat flux is
lower. Through the comparison of the images, it is found that in the
initial stage of the growth of the central bubble, the edge bubble does
not influence it due to the small volume of both of them. In the late
stage of the growth of the central bubble, its volume is larger and it
will interact with the small edge bubbles and the shape will be
deformed. However, the interaction process often occurs in the
center bubble departure period, and the microlayer has been
evaporated totally. That is to say the small edge bubbles have no
effect on the microlayer behavior but have some effect on the bubble

departure morphology. Its influence on the deformed bubble is
approximately 8% by analyzing the shape of the center bubble.

3 Result and discussion

3.1 Synchronized visualization

The measurement is carried out under eight test conditions, as
shown in Table 1, which allows for the investigation of pressure,
subcooling, and surface heat flux effect. The test pressure ranges
from 0.1 to 0.3 MPa, while the subcooling ranges from 2°C to 7°C.
The microlayer depletion time, tml, i.e., the time period between
microlayer inception and extinction, and the bubble growth time, tg,
i.e., the time period between bubble nucleation and departure from
the heating surface are also seen in Table 1. The increase in pressure
significantly reduces the microlayer depletion time and the bubble
growth time, as well as the time ratio tml/tg. Small tml/tg in high-
pressure cases implies that the evaporation of microlayer contributes
to less portions of bubble growth. The effects of subcooling and
surface heat flux are minor compared to that of pressure.

Shown in Figure 7 are the synchronized images of microlayer
interference fringe and bubble side view obtained in case No. 1. As
can be seen in Figure 7A, the inception of bubble nucleation is
accompanied by the formation of the microlayer. At the same time, a
dry spot or patch, i.e., the bright spot, appears in the center of the
interference fringe. In the early stage of bubble growth, the bubble is
semi-elliptical, and the interference fringes are concentric rings
expanding rapidly in the radial direction, as shown in Figure 7B.
As the fringes expand outwards, the spacing between neighboring
fringes becomes non-uniform, i.e., the inner fringe spacing is dense,
while the outer fringes distribute coarsely. Good concentricity of
inner fringes indicates the effect of force balance at the triple-phase
line. The outer fringes distort appreciably. Such distortion is a result
of the asymmetricity of bubble growth which is weak and can hardly
be observed from the side-view image. The dry spot grows relatively
slowly. Finally, all the microlayer-covered surface becomes dry as the
microlayer depletes. The dry spot remains at the maximum radius
for a certain period during which the bubble starts to rise away from
the surface. In the final stage, the dry patch shrinks as the bubble
departs from the surface.

TABLE 1 Parameter configuration of the test matrix.

Case no. Pressure (MPa) Subcooling (°C) Nominal heat flux (kW/m2) tml (ms) tg (ms) tml/tg rml, max (mm)

1 0.1 2 119.3 11.07 24 0.461 1.302

2 2 147.2 11.60 23.06 0.503 1.329

3 7 147.2 10.80 22.74 0.475 1.386

4 0.2 2 91.3 2.8 10.91 0.257 0.3

5 5 91.3 1.87 12.0 0.156 0.274

6 5 147.2 2.13 11.6 0.184 0.336

7 0.3 5 91.3 1.33 5.85 0.227 0.213

8 5 147.2 0.53 2.79 0.190 0.129
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In Figure 8, the bubble radius, dry spot radius, and contact
radius are quantitatively compared for the test cases at p =
0.1 MPa. In order to facilitate the comparison, in the abscissa

of Figure 8, the time scale is normalized by the microlayer
depletion time, i.e., tml, which is given in Table 1. We can see
a significant effect of pressure on tml. The contact and dry spot

FIGURE 7
Interference fringes (left) and bubble side views (right) in case No. 1.
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radius do not show significant discrepancy for case No. 1 through
3, while a slight effect of bulk subcooling and surface heat flux can
be observed in Figure 8. In the early stage of bubble growth,
drb,1/dt is large and the bubble grows rapidly. Large growth rate
leads to a significant bubble growth force which pushes the
bubble towards the heating surface. Consequently, the initial
bubble is approximately hemispherical, as shown in the snapshot
at t = 1.33 ms in Figure 7. Another indication of the
hemispherical bubble shape is the coincidence of the bubble
radius and the contact radius when t/tml <0.1, as can be seen
in Figure 8. As the bubble growth continues, the expansion of the
bubble contact area soon falls behind the bubble growth.
Consequently, the bubble center starts to rise away vertically.
At t/tml ≈0.5, the contact radius reaches its maximum and stays
constant before decreasing when the bubble starts to depart. The
bubble radius reaches its maximum at t/tml ≈1.0, i.e., when the

microlayer depletes. It indicates that the depletion of the
microlayer is highly correlated with bubble growth. As shown
in Figure 9, the ratio rc/rb,1 decreases linearly with t/tml. The
profile at the early stage is discrete, while in the second half, the
values tend to be the same for different pressures. At the same
time, the increase of the dry spot radius is also approximately
linear, and the profiles are affected by the pressure, as shown in
Figure 10, which can be correlated with

rd
rb,1

� c1
t
tml

+ c2 (3)

The coefficients c1 and c2 show dependence on pressure and are
seen in Table 2.

Similar observations were reported by Duan et al. (2013) for
saturated water pool boiling with surface heat flux of 28.7 kW/m2, by
Jung and Kim (2014) for water pool boiling (ΔTsub = 3°C) with surface
heat flux of 53 kW/m2, and by Liu et al. (2019) who investigated the
ethanol boiling (ΔTsub = 5°C) over a surface with heat flux of 50.4 kW/
m2. Jung and Kim (2014) showed a smaller and earlier occurrence of
maximum contact radius than that of our experiments, which results
from the appreciably lower surface heat flux than in our experiment.
Another interesting difference is that in the present, in Duan et al.’s
(2013) and Jung and Kim’s (2014) experiments, the dry spot or
contact radius is stable for a certain time before shrinking, while an
immediate shrinking of the dry spot was observed by Liu et al. (2019).
An acute dynamic contact angle of the heating surface was reported by
Liu et al., 2019, which can be attributed to immediate surface
rewetting and, consequently, quick dry spot shrinking.

FIGURE 8
The evolution of dry spot radius, contact radius, and bubble
radius.

FIGURE 9
The profile of ratio rc/rb,1 under different pressures.

FIGURE 10
The profile of ratio rd/rb,1 under different pressures.

TABLE 2 Coefficients in correlations of the dry spot radius and the microlayer
thickness.

Pressure (MPa) c1 c2 c3 c4

0.1 0.35 0.13 0.34 2.45

0.2 0.28 0.19 0.225 1.96

0.3 0.27 0.24 0.16 1.89

Frontiers in Energy Research frontiersin.org07

Wang et al. 10.3389/fenrg.2023.1130459

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1130459


3.2 Microlayer dynamic behavior

The instantaneous profiles of microlayer thickness obtained in
case No.1 are shown in Figure 11. The maximum microlayer
thickness, δ max ≈5.7μm, appears at t ≈ 1.2 ms. Until t = 2.8 ms,
the maximum thickness is retained as the microlayer expands
outwards. A similar phenomenon has also been reported by
Chen et al. (2017). Since the dry spot expands slower than the
microlayer, the slope of the microlayer reduces, especially near the
outer edge. After the contact radius, rc, reaches its maximum, the
merging of neighboring interference fringes is observed in the
peripheral microlayer region. A similar fringe merging
phenomenon has been reported by Chen et al. (2017) who
proposed that fringe merging was a consequence of bulged
microlayer surface. When the bulge shrinks, the interference
fringes move toward the bulge peak, which results in fringe
merging. Hence, the decrease in the microlayer thickness with
the radius is expected at the peripheral zone, when the fringe
merging is observed, e.g., t = 6.4 ms and 8 ms in Figure 11.

The initial microlayer thickness, δ0(r), defined as the initially
measured microlayer thickness at radial position r has been
employed to characterize the shape of the microlayer by Cooper
and Lloyd (1969). The initial microlayer thickness obtained in the
present experiment, as well as that measured by Chen et al. (2017)
and Jung and Kim (2018) in water and that measured by Gao et al.
(2013), Utaka et al. (2018), and Liu et al. (2019) in ethanol, are
plotted in Figure 12, where the initial microlayer thickness is
normalized with its maximum value and the radial position is
normalized with the radial position where δ0, max first occurs,
i.e., rml, max. As can be seen in Figure 11, in case
No.1 δ0, max � 5.7μm, rml,max � 1.3mm occurs at t = 1.2 ms. We
can observe a fairly good similarity of the initial microlayer thickness
profile in the radial direction by different authors, when
rml/rml,max < 1. During the very early phase of bubble nucleation,
the formation of the microlayer is as a result of the inertial growth of
the bubble, and hence the microlayer shape is mainly affected by the
fluid property, e.g., the surface tension and the viscosity. The profile
of the initial microlayer thickness can be correlated as

δ0
δ0,max

� −0.9 rml

rml,max
( )2

+ 1.9
rml

rml,max
,

rml

rml,max
< 1 (4)

When rml/rml,max > 1, the above similarity is not valid anymore,
which indicates that other factors, e.g., the surface wettability, the
heat flux, and the liquid subcooling, prevail.

As shown in Figure 12A, we can see that at atmospheric
pressure, the profile of the normalized initial microlayer
thickness is in a consistent form and our data correlated well
with other experimental data collected from the studies shown in
Table 3. However, the data of ethanol have little difference from
water. The maximum radius is smaller and the initial thickness
decreases more after reaching the maximum value. For water, the
initial thickness distribution is consistent, despite the different
working conditions of each experiment.

Previous experimental studies for the initial microlayer
thickness are summarized in Table 3. The studies used different

FIGURE 11
Microlayer thickness in the growth period in case No. 1

FIGURE 12
Normalized initial microlayer thickness in the pool boiling at
atmospheric pressure.
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technologies and covered different fluids, i.e., water and ethanol,
heat fluxes, and subcooling, but all of these were carried out at
atmospheric pressure. Various initial microlayer thickness models
were proposed. The comparison between the initial thickness
distribution in the present study and these models is shown in
Figure 13. In these models’ prediction results, the result of Koffman
and Plesset (1983) are all smaller than those of others. For the
present data, when r < 1.25 mm, the data are in good agreement with
the predicted results of Yabuki and Nakabeppu (2014) and Utaka
et al. (2014). However, when 1.25 < r < 2.0, the experimental values
are lower than the predicted values. Besides, when r > 1.8 mm, the
experimental values even decrease. This is due to the rapid growth of
the bubble and the small amount of evaporation inside in the initial
stage. As the bubble size increases, internal evaporation becomes
stronger. Due to the depletion of the microlayer by evaporation, the
initial thickness is lower than predicted by the linear model in the
late period. Yabuki and Nakabeppu (2014) also suggested that the
increase rate of the initial microlayer thickness is gradually slowed

down, which is consistent with the observations of this experiment.
However, the model of Yabuki and Nakabeppu (2014) still
overestimates the initial microlayer thickness. δ max(t), the
instantaneous maximum microlayer thickness is normalized by��
]t

√
, which is usually employed to characterize the hydrodynamic

formation of the microlayer (Cooper and Lloyd, 1969). In Figure 14,
the ratio δ max/

��
]t

√
is plotted against the ratio of rd/rb,1 for the test

cases under different pressures. The data set obtained under
different pressure show good consistency and can be correlated with

δ max��
νt

√ � 0.85 exp −7 · rd
rb,1

( ) (5)

Substituting Eq. 3 into Eq. 5, the maximum thickness can be
correlated as

δ max��
νt

√ � c3e
−c4 t

tml (6)

TABLE 3 Previous experimental studies for the initial microlayer thickness.

Author Fluid Pressure
(MPa)

Heat fluxes
(kW/m2)

Subcooling
(°C)

Measurement
method

Correlations

Koffman and
Plesset (1983)

Water 0.1 26.5–204 5.7–21.7 Laser interferometry δ0 � 0.00188r0.6

Yabuki and
Nakabeppu (2014)

Water 30–39 0 MEMS sensor δ0 � 0.00434r0.69

Utaka et al.(2014) Water 102–135 0 Laser extinction Ethanol: δ0 � 10.2 × 10−3rL

Ethanol 50–103 Water: δ0 � 4.46 × 10−3rL

Gao et al.(2013 Ethanol 32.4 6.1 Laser interferometry δ(Rb,t)��
υt

√ � 0.051 t
td
+ 0.2 (td represents dry spot

occurrence time)

Jung and Kim
(2018)

Water 53–209 0–3 Laser interferometry δ0 � 0.53 ×
�����������������������������

2]t
( 8
a3
+1)(1−n)+ 2

a3
(1n−1)(n−2)+a20.66n+ 4σ

a3ρc4 n2 t4n−3

√
Chen et al. (2017 Water 41–86 0 Laser interferometry —

Liu et al. (2019) Ethanol 50.4 5 Laser interferometry —

FIGURE 13
Comparison of experimental data with the models. FIGURE 14

Relation between maximum thickness and ratio rd/rb,1.
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The coefficients c3 and c4 varies with pressure and are shown in
Table 2. In order to verify the accuracy of the above correlation, we
selected the experimental data sets of Gao et al. (2013); Jung and Kim
(2014); Jung and Kim (2018), and Liu et al. (2019) for comparison, as
shown in Figure 15. Since these experiments are all carried out at
atmospheric pressure, the first correlation is used to analyze the
accuracy of the prediction. The working fluid of Gao et al. (2013)
and Liu et al. (2019) is ethanol, while water is used by Jung and Kim
(2014); Jung and Kim (2018). The predicted results are in good
agreement with Gao and Liu, but a relatively large error appears in
Jung’s data prediction. However, the prediction error of most of the
data falls within 35%.

In order to intuitively study the influence of pressure on the
microlayer thickness, the distribution of the dimensionless thickness
under different pressure is compared and shown in Figure 16, where

the microlayer thickness is normalized with its maximum value, and
the radial position is normalized with the maximum contact radius,
e.g., rc,max. Due to a relatively short microlayer depletion time at the
pressure 0.3 MPa, the first appearance of the interference fringe is
t/tml ≈ 0.1. Hence, the initial profile of the microlayer is not shown
for the case of 0.3 MPa. At different pressures, the normalized
microlayer thickness distribution is consistent in general. The
root of each group was located at the same position, which
indicates that the dimensionless evaporation rate of the

FIGURE 15
Comparison between the experimental data and the prediction
with Eq. 6.

FIGURE 16
Comparison of microlayer under different pressures.

FIGURE 17
Axis ratio rb,1/rb,2 under different pressures.
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microlayer is independent of the pressure. However, in the early
stage, the distribution is linear, that is, the microlayer thickness is
directly proportional to the bubble radius.

3.3 Bubble growth

3/6/2023 In order to investigate the bubble shape during
bubble growth, the ratio rb,1/rb,2 is plotted in Figure 17 for the
test cases under different pressure from the nucleation
inception to bubble departure. We can see that for all the
test cases the ratio rb,1/rb,2 does not show appreciable
variation during bubble growth. We should clarify that rb,2 is
measured based on the upper part of the bubble. As the bubble
approaches the departure state, the lower part of the bubble is of
an inverted cone shape. Hence, the ratio rb,1/rb,2 indicates the
upper-part shape of the bubble. At the atmospheric pressure,
rb,1/rb,2 ≈1.2. At a higher pressure, i.e., 0.2 MPa and 0.3 MPa, the
ratio approaches unity, i.e., the bubble is approximately
spherical, i.e., rb,1/rb,2 ≈1.

The mechanism of microlayer depletion results from the
evaporation and hydrodynamic flow of the microlayer. If we
assume the frozen state of the microlayer, evaporation is the sole
mechanism for microlayer depletion; the local microlayer
evaporation rate can be estimated based on the reduction of the

microlayer thickness. The evaporated microlayer volume during the
time interval between frame i and i+1, (dV)i, can be calculated with

dV( )i � 2π ∫rc,i

rd,i

δi r( )rdr − ∫rc,i

rd,i+1
δi+1 r( )rdr[ ] (7)

where rd,i and rd,i+1 are the dry spot radius at frames i and i+1, rc,i is
the contact radius at frame i, δi(r), and δi+1(r) are the microlayer
thickness at radial position r in the frame i and i+1. Hence, the
contributed bubble volume corresponding to microlayer
evaporation can be calculated with

Vb,ml tj( ) � ρl
ρv
∑j

i�0 dV( )i (8)

In order to evaluate the instantaneous bubble volume, the
coordinates of the bubble edge (xe, ye) is obtained based on
pixel analysis. Here, we define the origin of the x-y plane at the
center of the dry spot. Based on the assumption of axisymmetric
shape, the volume can be calculated with

Vb,hsc tj( ) � ∫ye,max tj( )
0

πxe tj( )2dye (9)

FIGURE 18
The relation between microlayer evaporation and bubble
growth.

FIGURE 19
Profile of microlayer thickness depletion in cases No. 1 and 4
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In Figure 18, the bubble volume calculated with Eq. 9 and the
bubble volume corresponding to the microlayer evaporation
estimated with Eq. 8 are compared for the test cases at the
pressure of 0.1 and 0.2 MPa. Besides, the appreciable effect of
pressure on the bubble size and the contribution ratio of
microlayer evaporation to bubble growth is sensitive to pressure.
At atmospheric pressure, the microlayer shows an overwhelming
impact on bubble growth. As we can see, at the very beginning of
bubble nucleation, the estimated bubble size with Eq. 8 is larger than
the bubble size measured, i.e., Vb,ml >Vb,hsc. The overestimation is
not due to the condensation at the bubble top which is not taken into
consideration here. It should be noted that the bubble size is small in
the early stage and the tip of the bubble is within the superheated
liquid layer. Hence, Vb,ml >Vb,hsc implies that there can be other
mechanisms, e.g., outward flow in the microlayer contributing to
microlayer depletion. As can be seen from Figure 18B, the
evaporation of the microlayer becomes less important for bubble
growth at elevated pressure. The low significance of the microlayer at
a higher pressure can be attributed to a smaller bubble growth rate,
as will be discussed later. Another factor leading to such low
significance is the small tml/tg at a higher pressure, as shown in
Table 1.

The dominance of heat flux on bubble growth is observed during
the initial phase of bubble growth for all pressures. For example,
similar bubble growth is observed in cases No. 1 and 2 and No. 4 and
5, when t/tml < 0.2. In the later phase, the effects of subcooling on the
bubble growth manifest. In case No. 3, a slight decrease in bubble
volume is observed after microlayer depletion, which indicates that
condensation plays a more significant role in the late period of
bubble growth. In contrast, bubble growth always continues at a
higher pressure. As a consequence of the significant influence of
microlayer evaporation on bubble growth, bubble growth is less
sensitive to heat flux and subcooling at low pressure. At elevated
pressure, low subcooling and high heat flux appreciably promote
bubble growth. Both factors affect the thermal boundary layer near
the heating surface and, consequently, change the evaporation in the
superheated sublayer.

In Figure 19, the instantaneous microlayer thickness at
selected radial positions is shown for cases No. 1 and 4. It is
found that at the same radial position, the microlayer depletes
linearly. When moving outwards, the magnitude of dδ/dt
decreases. Assuming the microlayer depletion only results
from evaporation, the corresponding local heat flux can be
calculated with

q r( ) � ρlhf g
dδ r( )
dt

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ (10)

where hfg is the latent heat of vaporization. In Figure 20, the derived
local heat fluxes in case No. 1 are plotted. The maximum derived
heat flux (3.91 MW/m2) locates near the center of the dry spot. Jung
and Kim (2014) derived the surface heat flux based on heat
conduction analysis with the measured surface temperature in
water pool boiling. One of Jung and Kim’s data sets is also
shown in Figure 20. We can see that the derivation based on Eq.
(10) can significantly overestimate the instantaneous heat flux,
which implies that the hydrodynamic flow is a significant
mechanism of microlayer depletion.

The equivalent bubble radius is calculated based on the bubble
volume and shown in Figure 21 for the cases at the pressure of
0.1 and 0.2 MPa. The cases at the pressure of 0.3 MPa are not
included here due to comparably large relative uncertainty. The
bubble growth rate resulting from microlayer evaporation is
formulated by Cooper and Lloyd (1969).

drb
dt

( )
ml

� 1
c
Prl

−0.5Jaml
λl

ρlCp,l
( )0.5

t−0.5 (11)

where c = 0.8 is taken and the microlayer Jakob number is defined by

Jaml � ρlCp,lΔTw

ρghf g
(12)

Forster and Zuber (1954) model was proposed to consider
bubble growth by the evaporation of superheated fluid around
the bubble. The corresponding growth rate is defined by

drb
dt

( )
sup

�
��
π

√
2

Jasup
λl

ρlCp,l
( )0.5

t−0.5 (13)

FIGURE 20
Derived local heat flux assuming that evaporation is the only
mechanism for microlayer depletion.

FIGURE 21
Evaluation of bubble growth models.
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In the superheated layer, the characteristic temperature is taken
as (Tw + Tsat)/2. The Jakob number in the superheated layer is
defined by

Jasup � ρlCp,lΔTw

2ρghf g
(14)

According to Gerardi et al. (2010), Duan et al. (2013), Yabuki
and Nakabeppu (2014), and Sato and Niceno (2015), it is fair to take
ΔTw � 10 °C. Integrating Eqs 12, 14, we can estimate the bubble
volume as a function of time. From Figure 21, we can see that with
the Cooper-Lloydmodel and the Zuber model a rough estimation on
bubble growth rate can be given. According to the two models, the
ratio of microlayer and superheated layer contribution to bubble
growth is

drb
dt( )

ml
drb
dt( )

sup

� 2
c

��
π

√ Pr−0.5
Jaml

Jasup
(15)

With Eqs 13, 15, the above equation can be further written as

drb
dt( )

ml
drb
dt( )

sup

� 4
c

��
π

√ Pr−0.5 (16)

Increasing pressure reduces the Prandtl number and,
consequently, increases the ratio of the microlayer and
superheated layer contribution to bubble growth. Based on the
Cooper-Lloyd model and the Zuber model, the microlayer
evaporation contributes to 68.1% and 70.1% of bubble growth, at
0.1 and 0.2 MPa, respectively, which is not consistent with what is
shown in Figure 18. Another fact demanding caution in bubble
growth modeling is that the microlayer evaporation contributes to
bubble growth in the early phase, while the superheated layer
evaporation becomes important in a later phase. The current
models do not seem capable to account for such a fact. Hence,
more extensive investigation on microlayer evaporation under
diverse conditions is still desired to achieve mechanistic
prediction of bubble growth.

4 Conclusion

The laser interferometry and high-speed camera are
synchronously employed to measure the microlayer behavior and
bubble growth in pool boiling under pressure from 0.1 to 0.3 MPa.
Based on the comprehensive analysis of the formation and depletion
of the microlayer and the bubble growth, the following conclusions
are reached.

• Pressure shows a significant influence on microlayer
formation and depletion, as well as bubble growth. At
higher pressure, the duration with the microlayer is
comparably short and, consequently, the contribution of
microlayer evaporation becomes less important. Compared
with heat flux, the subcooling shows a more appreciable effect
on bubble growth. The effect of liquid subcooling and surface
heat flux on bubble growth is more pronounced at elevated
pressure.

• The analysis of microlayer depletion shows that the
dimensionless instantaneous maximum microlayer
thickness, δ max/

��
]t

√
, shows exponential dependence on the

ratio rd/rb,1, which increases linearly with time before
microlayer depletion. A correlation is proposed to predict
the instantaneous maximum microlayer thickness
synthesizing the two relations.

• The local microlayer thickness decreases linearly with time.
The assumption of the negligible hydrodynamic flow of the
microlayer leads to an overestimation of surface heat flux
based on the sole depletion mechanism, i.e., evaporation.
The hydrodynamic flow of the microlayer cannot be
neglected and not all the microlayer is evaporated for the
bubble growth.

• Combining the Cooper-Lloyd model and the Zuber model, the
measured bubble growth can be roughly predicted, though the
contribution portion of the microlayer and superheated layer
to bubble growth predicted by the models is not consistent
with the experimental observation.
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Nomenclature

c1, c2, c3, c4 coefficients vary with pressure

cp specific heat

D diameter

f frequency of camera

Ja jakob number

m fringe order

n refractive index

Pr prandtl number

r radius

rL distance between bubble site and measurement position

rml,max distance from bubble inception site when microlayer first
reached its maximum value

t time

tg bubble growth time

tml microlayer depletion time

V volume

xe bubble edge

ye bubble edge

△T the wall superheat

Greek symbols

hf g latent heat of vaporization

δ0 initial microlayer thickness

θ angle

λ wavelength of laser

ρ the density of fluid or gas

δ microlayer thickness

υ kinematic viscosity of the liquid

Subscripts

0 initial

b bubble

b,1 the horizontal radius

b,2 the vertical radius

c contact

d dry spot

f fluid

g gas

i,j time

max the maximum value

mic-gas the microlayer evaporation amount

ml microlayer

sup superheat

total the total amount

w wall
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