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Current studies use stiff micro/nano structure to augment boiling heat transfer, there is a superheating boundary
layer near the hard structure to dominate the boiling process. Here, comparative studies were performed for pool
boiling of ethanol on a hard copper surface and a ~100 pm soft Galinstan liquid metal surface. The latter behaves
significant heat transfer enhancement, which is more evident for saturated boiling, under which heat transfer
coefficients are raised by 60.5% compared to bare copper surface, maximally. The soft surface decreases bubble
departure size by half, and increases bubble departure frequency by ~7 times. These distinct characteristics of
bubble dynamics result in the decrease of wall superheating at onset of nucleate boiling from ~13 K on hard
copper surface to ~5 K on soft surface. Elastocapillary wave and dynamic wrinkles are observed to disturb the
near wall boundary layer for heat transfer enhancement, which are formed by the energy and force interactions
between departing bubbles and soft liquid metal. The easier bubble nucleation on soft surface agrees with the
bubble nucleation theory for a system including two immiscible liquids. Our study provides an alternative way

using self-activated elastocapillary wave to promote boiling heat transfer.

1. Introduction

For a long history, mankind observed that solid can be deformed
when compression is exerted on a soft material. Fundamental studies on
the deformation of soft materials have only been received attention in
the past two decades [1-3]. When the three phases of solid, liquid and
gas meet at the contact line, the well-known Young equation gives cos¢
= (ysy — ¥s1)/7w» Where 6 is the contact angle, y is the surface tension, the
subscripts of s, v and [ represent solid, vapor and liquid, respectively.
Even though the Young equation has been widely used, one notes that
the equation emphasizes the force balance along the surface plane, but
the vertical component of the surface tension is neglected. The latter
plays key role in deforming a soft solid near the three-phase contact line
[3-5]. The elastocapillary length is expressed as l,. = y/u, character-
izing the relative importance of surface tension of liquid and vapor
relative to the elasticity of soft solid u. The elastocapillary effect is
important when the characteristic length of soft solid is smaller than ..
Crease and wrinkle are two types of deformation [6-8]. The elastoca-
pillary induced deformation and instability are related to the wrapping
of a liquid drop by a thin elastic film [9], coalescence of thin wet fibers
[10,11], cavitation in soft hydrogel [12], formation of dynamic patterns
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on curved surface [13] to name a few.

The elastocapillary effect for droplet interacting with soft solid have
been widely investigated [1,3,9,14,15]. Bubbles are more active than
droplet, thus the elastocapillary effect with bubbles in the system is less
reported. Boiling is phase-change heat transfer process governed by the
bubble dynamics. The elastocapillary effect is also seldom considered in
boiling heat transfer. Currently, boiling on solid surface use stiff micro/
nano structures to promote the heat transfer performance [16-18],
including micro-pin-fin, nanoparticles and porous materials, etc. There
is a superheating liquid boundary layer on solid surface. Transient
conduction, microconvection and microlayer evaporation in the super-
heating boundary layer are the mechanisms for boiling [19].

As a soft material, liquid metal is introduced in boiling system in this
paper. In contrast to the three-phase system of solid, liquid and vapor,
boiling on a liquid metal surface involves two-phases of liquid and
vapor, but liquid contains two components including a deformable
liquid metal and a boiling liquid such as ethanol. We show that,
compared to hard copper surface, liquid metal obviously reduces wall
superheating at the onset of nucleate boiling (ONB). Most importantly,
bubble nucleation, growth and departure create dynamic wrinkles and
elastocapillary wave of liquid metal. In turn, this interface instability
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reduces the superheating boundary layer thickness of boiling liquid,
thus boiling heat transfer is augmented.

2. Experiment

Comparative experiments were performed on hard copper surface
(CS) and soft Galinstan liquid metal surface (SS) at atmospheric pres-
sure. The test surface was a circle with a diameter of 10.0 mm, pool
liquid temperatures were Ty, = 78 °C, 60 °C and 40 °C, and ethanol was

the boiling liquid. The details of test section, experiment setup, surface
characterization and data reduction are as follows.

2.1. Test section

The copper block test section is shown in Fig. 1a. Four test sections
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were fabricated, one for boiling on copper surface, and the other three
for boiling on soft Galinstan surface. All cooper blocks had a 48 mm
height, having a footprint area of 47 mm x 50 mm. For each test section,
four cartridge heaters were inserted in 8.0 mm diameter holes at the
copper block bottom, each having a maximum power of 150 W at an AC
(alternative current) voltage of 220 V. The middle part of the copper
block had three 1.0 mm diameter holes. Three K-type thermocouples
were inserted in these miniature holes. The copper block had a circular
surface with a diameter of 10.0 mm, which was exposed in ethanol
liquid in experiment.

Before formal experiment, the test surface was sand polished, and
consecutively rinsed by dilute muriatic acid and acetone using ultra-
sonic vibration technique. After that, the copper surface was clean and
ready for experiment. For boiling experiment on soft liquid surface, a
Galinstan droplet was dripped on copper surface in pool ethanol liquid
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Fig. 1. Test section (a) and pool boiling experiment setup (all dimensions are in mm; 1: Gagg sIno; 5Sn10; 2: teflon; 3: copper block; 4: cartridge heater; 5: insulation
material; 6: auxiliary heater; 7: lamp; 8: power meter; 9: voltage transformer; 10: voltage stabilizer; 11: coiled-tube;12: air-cooled condenser; 13: tempered glass; 14:
high-speed camera)
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environment, preventing Galinstan from oxidation. Because copper is
hydrophilic to Galinstan, the liquid metal quickly spreads on the copper
surface to form a soft liquid film. During whole experiment, the liquid
metal was not exposed in air to prevent oxidation. The deposited liquid
mass of Galinstan was well controlled and determined by the weight
difference of the dripping tube before and after deposition. In our
experiment, three pool liquid temperatures of T, = 78 °C, 60 °C and
40 °C were used. For each T}, experiment, a fresh copper block test
section was used and deposited by soft liquid metal on top surface. The
thickness of the liquid metal was estimated as 101.3 pm, 101.9 pm and
101.5 pm for boiling experiments with T, = 78 °C, 60 °C and 40 °C,
respectively.

2.2. Experimental setup

Fig. 1b shows the experiment setup. The test surface and ethanol
were enclosed in a transparent glass chamber. There was a stainless-steel
plate on the bottom of the glass chamber. A circular hole was at the
stainless-steel plate center to fit the copper block. Teflon was adapted
between the stainless-steel plate and the copper block. Epoxy glue was
filled for seal. The heater surface was immersed by pool ethanol. The
main body of the copper block outside of the glass chamber was insu-
lated by a thermal insulation material. During experiment, the glass
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chamber was kept at atmospheric pressure. The power supply system
included a 220 V voltage stabilizer, a voltage transformer and a power-
meter. The latter gave the power reading. All temperatures were
recorded by a Hewlett-Packard data acquisition system. A high-speed
camera collected the boiling patterns. To observe the elastocapillary
wave propagation on the soft surface during boiling, high recording rate
such as 4000 images per second was used. The pool liquid temperature
was well controlled, by applying a vapor condenser outside of the glass
chamber, and a coiled copper tube and an auxiliary heater inside the
glass chamber. The tap water was flowing inside the capillary tube. In
such a way, the pool liquid temperature was controlled with an uncer-
tainty of 0.3 °C. The following experiment procedures were applied:

v Turn on cartridge heaters to boil ethanol for our hour to remove non-
condensable gas in liquid. Experiment started from a very small heat
flux such as g = 0.5 W/cm?2.

v Setup a desired pool liquid temperature Ty. If Ty, was smaller than the
desired value, the auxiliary heater was turned on, alternatively, the
auxiliary heater was turned off but the tap water flow rate was
adjusted, until the desired Ty, was reached.

v Collect data when steady experiment state was reached.

v Increase heat flux on heater surface and repeat the above procedures.

v Experiment was stopped when critical heat flux was reached.
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Fig. 2. The surface characterization and morphology (a: polished copper surface with contact angle of 11.6°% b: Galinstan surface measured by environmental
scanning electronic microscope ESEM (FEI, Quanta 200, USA), with contact angle of 4.8° measured by contact angle instrument (Dataphysics OCA15 plus, GER); c-f:
surface morphology measured by 3D optical microscope (Bruker, ContourGT-K, USA) with an uncertainty of 0.3 nm, ¢ & d are for copper surface, e & f are for liquid

metal surface.)
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2.3. Surface characterization and physical properties

Before boiling experiment, the test surfaces were prepared and
characterized (see Fig. 2). The sand polished copper surface and Galin-
stan surface were characterized by an environmental scanning elec-
tronic microscope ESEM (FEI, Quanta 200, USA), with a magnifying
factor of 40,000 and a resolution of 3.7 nm. The surface morphology was
measured by a 3D optical microscope (Bruker, ContourGT-K, USA) with
an uncertainty of 0.3 nm. Contact angles on the two surfaces were
measured by Dataphysics (OCA15 plus, GER), with an uncertain of 0.1°.
For contact angle measurement, we dripped an ethanol droplet with a ~
2 mm diameter on the surface, and recorded the droplet morphology by
a microscope. Processing the recorded image file with a digital image
processing software obtains the contact angle value.

To characterize Before formal experiment, the test surface was sand
polished, an xy plane was selected covering x = 0.06-0.18 mm and y =
0.05-0.18 mm. The roughness was characterized in z coordinate, which
is perpendicular to the xy plane. The average roughness Ra is defined as

Ra = i f(l)’ |2(x) |dx, where Iy = 0.18 mm here. Another parameter is the

peak-valley roughness Rt = Rp + Rv, where Rp and Ry are the peak value
and valley value, respectively. Above the average roughness, the peak

value is Rp; = max[z(x)]|, Rp = @, where n is the number of peaks.
Alternatively, below the average roughness, the valley value is Ry; =

|min[z(x)]|, Rv = @, where m is the number of valleys. In the
present study, the sand polished copper surface (CS) had an average
roughness Ra = 13.8 nm and a peak-valley roughness Rt = 1954 nm,
with a contact angle of 6cs = 11.6°, which is hydrophilic to ethanol.
Alternatively, compared to copper surface, the soft Galinstan surface
(SS) had Ra = 9.7 nm and Rt = 121 nm, with a contact angle of 0ss =
4.8°, which is more hydrophilic to ethanol. Except the surface parameter
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2.4. Data reduction and uncertainty analysis

The three jacket thermocouples shown in the cylinder part of Fig. 1a
were marked as T;, T; and Ts. The distance between two neighboring
thermocouples was 5.0 mm. One-dimensional heat conduction was
assumed for the cylinder part of the copper block. The heat flux is

dar

q= - kculTZ (@)
where k¢, is the thermal conductivity of copper, z is the coordinate
normal to the copper surface. A least square correlation of temperatures
versus g was written as T = ag + a1z, where ag, and a; are coefficients
correlated based on Ti, Ts, and T3. The wall superheating degree AT is
defined as AT = Ty, — T, where Ty, is the wall temperature on the copper
surface, Ts is the saturation temperature of ethanol at atmospheric
pressure.

In Eq.1, the temperature gradient is replaced by

dT 3T, —4T, +T;

-t =7 2
dz 2Az 2
where Az is the distance between two neighboring thermocouples.
Heat transfer coefficient was calculated as
q
h= 3
T, —-T, ®

where Ty, is the bulk liquid temperature. Using the error propagation
theory [22], the relative errors of heat flux q and heat transfer co-
efficients h are as follows:

A Ake\?  [3ATi ke  [(4AToke\®  [(ATske\> /(A
TG ) - () () + (O
q keu Azq Azq Az Az

of roughness and wettability, the involved physical properties of liquid
metal and ethanol are list in Tables 1 and 2. Galinstan is a eutectic alloy
containing the elements of gallium (Ga), indium (In) and stannum (Sn).
The melting temperature of Galinstan is 10.5 °C [20]. The experiment
was performed at a room temperature of about 26 °C, which is signifi-
cantly higher than the melting temperature to ensure the liquid state of
Galinstan. The boiling temperature of Galinstan is larger than 1300 °C
[21]. Hence, it is impossible to boil or evaporate the Galinstan in the
present experiment.

At atmospheric pressure and 20 °C, Galinstan has a low Prandtl
number of 0.053, behaving faster heat diffusion compared to viscosity
diffusion. This liquid metal has a thermal conductivity of 16.5 W/mK,
which is 27.5 times of water at similar condition. A ~ 100 pm liquid
metal was adhered on copper substrate. At heat flux ¢ = 100 W/cm?, the
temperature difference across such liquid metal thickness is 3.9 K
assuming heat conduction. The real temperature difference is much
smaller than 3.9 K due to strong convection in liquid metal.

))2} @

Ah Ag\? AT, \* AT, \?
7\/(7> +(TW—T/,) .-, 2

Where 5(A2) is the uncertainty of the distance of two neighboring
thermocouples (Az), here 5(4z) = 0.02 mm. The temperature measure-
ments involved the uncertainty of 0.3 °C. Finally, we reached the un-
certainties of heat flux and heat transfer coefficient of 4.50% and 4.66%,
respectively.

3. Results and discussions
3.1. Boiling curves and heat transfer performance
Fig. 3 shows the comparison of boiling heat transfer performance on

CS and SS. Following conclusions can be drawn: (i) At ONB, wall
superheating AT = T,,-Ts is ~5 K for SS and ~ 13 K for CS, indicating

Table 1
Physical properties of liquid metal Galinstan(GagyInyg sSni2 s)and water at 20 °C and 101.325 kPa.
fluids p T T, hy ot 2 ux 10° o x 10° Pr
kg/m® °C °C kJ/kg J/(kg-K) W/(m-K) K N/m T
Water 998 0 100 2256.47 4184 0.6 1.002 72.8 7.008
Galinstan 6440 10.5 >1300 24.00 366 16.5 2.400 533.0 0.053
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Table 2
Physical properties of ethanol at atmosphere pressure and 20 °C.
T, p hg ol 2 v x 10° ux 10% ¢ % 10° Pr
°c kg/m> kJ/kg kJ/(kg-K) W/(m-K) m%/s Pa-s N/m
Liquid 78.23 789.42 / 2.40 0.16 1.507 1.19 22.3 17.39
Vapor 1.65 849.63 1.72 0.02 6.061 0.010 / 0.861
The key CHF mechanism is that vapor goes up vigorously at high heat
180 (@ T,: o o 78°C redforSS — flux, narrowing the liquid “channel” to supply liquid towards heater
160 s & gooc black for CS CHF % f—» surface. Zuber assumed that CHF can be triggered, when the distance of
o o 40°C I I—» % neighboring vapor columns reaches the Kelvin-Helmholtz wavelength
1401 [23]. For present application, the elastocapillary wavelength is 269 pm,
120+ which is far away from the Kelvin-Helmholtz wavelength, explaining the
weak effect of SS on CHF.
& 100+
5
= 80 3.2. Heat transfer enhancement mechanisms
-
60 Fig. 4a shows the wrinkles structure on SS at g = 1.74 W/cm? and Ty,
40 = 78 °C (see Movie 1 in supplementary material). The intensity of sur-
face wave is stronger when bubble is departing from SS than before and
201 after the bubble departure. The wavelength is 269 pm and the wave
01 propagation speed is 0.42 mm/s. The surface wave can be explained by
both the energy analysis and force analysis. The former is considered
-10 first. Before departure, a bubble has a crown shape with a flat bottom
45 interface contacting with heater surface, but after bubble departure, the

(b) red for SS I
35 black for CS }/1

h (kW/m?K)

ol ‘ ‘ ‘ ‘ : ‘ ,
0 20 40 60 80 100 120 140 160
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Fig. 3. Boiling curves (a) and heat transfer coefficients (b) on copper surface CS
and soft surface SS. (The wall superheating at ONB on CS are 11.8 K, 13.9 K and
12.6 K for T, = 78 °C, 60 °C and 40 °C, respectively. The wall superheating at
ONB on SS are 4.6 K, 5.2 K and 5.2 K for T}, = 78 °C, 60 °C and 40 °C,
respectively.)

easier triggering of boiling on SS, where T, is the wall temperature and
T is the saturation temperature of ethanol, noting that T, is defined at
the copper surface for boiling on both copper surface and soft surface.
(ii) SS significantly enhances boiling heat transfer, increasing heat
transfer coefficients h by 60.5% for saturated boiling with T, = 78 °C,
36.6% for subcooled boiling with Ty, = 60 °C and 30.5% with Ty, = 40 °C,
maximally. (iii) The difference of critical heat fluxes (CHFs) on CS and
SS is weak on similar operating condition.

We explain the effect T}, on boiling heat transfer first. For saturated
boiling, there is no condensation between growing bubble and pool
liquid, generating enhanced disturbance of bubbles on liquid metal
sublayer. In turn, the elastocapillary wave is enhanced to promote
boiling heat transfer. The increase of pool liquid subcooling decreases
bubble growth rate to weaken the intensity of elastocapillary wave,
explaining larger heat transfer enhancement for saturated boiling than
subcooled boiling. One is interest to the weak influence of SS on CHF.

bubble turns to be sphere to minimize the surface energy. The surface
energy of bubble is larger before departure than after departure. Part of
the residual surface energy is converted into the elastic potential energy
of liquid metal. Solid has the concept of elasticity but liquid metal does
not have such concept [24]. Even though the liquid metal is immersed in
ethanol, weak oxidization of liquid metal exists to form a nanoscale shell
to enclose liquid metal, absorbing the residual surface energy during
bubble departure. The energy transfer from bubble to liquid metal is the
energy source to drive the interface motion of liquid metal. The force
analysis to deform liquid metal will be presented latter.

The interface wave generated by liquid metal enhances boiling heat
transfer according to following mechanisms. First, the interface oscil-
lating promotes the microconvection of thermal boundary layer of
boiling liquid. In Fig. 4b-c, 1 cs and &t s refer to the thermal boundary
layer of ethanol on copper surface and soft surface, respectively. Second,
the interface oscillating ensures liquid renewal along horizontal plane.
Third, the dynamic wrinkles of liquid metal provide larger surface area
to enhance heat transfer between liquid metal and ethanol, acting as the
fin effect. All these mechanisms are reflected by the decreased thermal
boundary layer of ethanol. One notes that heat transfer coefficient h
relates to thermal boundary layer as [25]:

5 =3221/h (6)

where 1 is the thermal conductivity of ethanol. Now that h is experi-
mentally determined in Fig. 3, § is decided and plotted in Fig. 4c with log
presentation, indicating obvious decrease of § using soft liquid metal.

3.3. Elastocapillary wave and bubble dynamics

We need bubble dynamics parameters to identify the difference for
the boiling on smooth copper surface and soft liquid metal surface.
Boiling patterns are captured by a high-speed camera (MotionPro Y4,
IDT, USA). The spatial resolution is 2.8 pm for each pixel. The visuali-
zation zone contains 1016 pixels by 1016 pixels, corresponding to an
area of 2.85 mm by 2.85 mm. The recording rate of images was 4000
frames per second. Hence, the uncertainty for the bubble size mea-
surement is 2.8 pm, and the bubble lifetime from nucleation to complete
departure is 0.25 ms. For the statistical analysis of departure diameters
of bubbles, about 12,000 frames of images were used, corresponding to a
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Fig. 4. Surface wave decreases thermal boundary layer thickness of ethanol (a: observation of surface wave at ¢ = 1.74 W/cm?, T, = 78 °C and AT = 6.2 °C; b:
bubble growth in superheating thermal boundary layer on CS and SS; c: thermal boundary layer thickness versus heat fluxes on CS and SS for saturation boiling).

physical time of 3.0 s. Fig. 5 shows bubble dynamics at g = 3-4 W/cm?2.
The similar heat flux corresponds to wall superheating A7 = 13.4 K on
CS but 7.7 K on SS. We record the bubble lifetime before departure as ¢
and the diameter at departing state as D. The probability distributions of
the two parameters are similar in shape on the two surfaces, but the
quantitative data are quite different. For maximum probability, the
copper surface holds 7 = 41.05 ms and D = 1.02 mm, but the soft surface
holds 7 = 6.07 ms and D = 0.53 mm. SS not only increases bubble de-
parture frequency by ~7 times, but also decreases bubble size by half
(see Movies 2-3 corresponding to Fig. 5a-b and Fig. 5¢-d respectively in
supplementary material).

Various forces are applied on a bubble to influence its departure,
among which buoyancy force F,, Marangoni force Fy,, surface tension
force F; and others are the important ones [26]. For horizontally posi-
tioned surface, Fj, is the driving force to separate a bubble from heater
surface, but F; resists a bubble departure. Because surface tension de-
pends on temperatures, the temperature gradient in pool liquid produces
Fn, having downward direction to act as a resistance force. Now,
attention is paid on F;. A bubble on flat surface is treated first (see
Fig. 6a-b). The vertical component of surface tension force is:

F,, = nDy,sin’0 7)

where D, y}y and 0 are bubble diameter, surface tension between liquid
and vapor of ethanol, and contact angle, respectively. Galinstan de-
creases 6 for ethanol from 11.6° to 4.8°. Assuming identical D, F,; , for SS
is only 17.3% to CS, indicating significantly decreased resistance force
for bubble departure. Bubble departs at a smaller size when enhancing
surface wettability, agreeing with the contact angle effect reported in

ref. [27].

Fig. 6¢-f considers the practical condition under which contact point
C is located on wrinkle surface, where a is the inclined angle of tangent
line at point C with respect to horizontal position. Considering contact
angle g, the surface tension force vector Fj is neither along the wrinkle
surface, nor normal to the wrinkle surface. For a bubble on the inner side
of wrinkle, the vertical component of surface tension force is:

F,, = F,sin(a+ Os5) ®

It has downward direction. When C is moving from wrinkle valley to
apex, F;; y decreases because a decreases from larger value to zero at apex
(see Fig. 6d-e). When C arrives at the outer side of wrinkle, F;; y switches
the direction from downward to upward (see Fig. 6f). In one word,
during the contact point traveling from inner side to outer side of
wrinkle, the curved wrinkle switches the surface tension force in vertical
component from the resistance role to the driving role, helping the
bubble to depart from soft surface. Thus, bubble departs at smaller size
and high frequency. One shall pay attention to the force interaction
between bubble and liquid metal. During C moving from wrinkle valley
to apex, as a counterforce, the vertical component of surface tension
elevates liquid metal to increase wrinkle height, but it will collapse after
bubble departure. Such disturbance propagates along horizontal plane
to generate elastocapillary wave such as shown in Movie 1 in supple-
mentary material.

We note that our present analysis regarding the bubble interaction
with the soft liquid metal surface is based on the characteristic contact
angle which is measured on plain surfaces. It is a complicated phe-
nomenon for the contract angle concept in a boiling system. Recently,
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Fig. 5. Bubble dynamics near ONB (a: bubble images near ONB on CS; b: probabilities for bubble lifetime and departure diameter on CS; c: bubble images near ONB
on SS; d: probabilities for bubble lifetime and departure diameter on SS).
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Fig. 6. The competition between buoyancy force, Marangoni force and surface tension to dominate bubble departure (a: bubble on CS; b: bubble on plain liquid
metal surface; c: bubble on waved liquid metal surface; d, e & f: surface tension force on the three locations of wrinkle).

several articles referred to the concepts of macro contact angle and
micro contact angle [28-30]. The characteristic contact angle just like
used in Fig. 6 is actually the macro contact angle. In these studies
[28-30], micro contact angle is supposed to occur neat the contact line
of three phases of vapor-liquid-solid. When bubble nucleation just takes
place, strong liquid evaporation near the contact line results in a micro
contact angle which is larger than 90°. Following then, the micro contact
angle will decrease and may approach the macro contact angle, due to
the energy minimization of the bubble system. During bubble growth,
macro contact angle may also change due to the hysteresis phenomenon:
it decreases when liquid recedes and increases when liquid advances. It
is noted that micro contact angle is just a hypothesis during bubble
growth, which has not been verified by experiment. In this study, boiling
is treated on a liquid metal surface, not on a solid wall surface. Hence,
the micro contact angle analysis is not incorporated in this study, but
will be paid attention in the future.

Finally, we discuss bubble nucleation on soft surface. It is observed
that following a larger bubble (for example, ~0.5 mm in diameter)
departure, consecutive miniature bubbles quickly nucleate and depart
from the surface, which are evidenced by bubbles a and b in Fig. 7a and
Movie 4 in supplementary material. During the larger bubble departure,

a seed bubble in the liquid metal cavity is separated from its mother
bubble by neck breaking (see Fig. 7b). Our study shows that the easier
bubble nucleation and departure decrease wall superheating at ONB
from ~13 K on hard copper surface to ~5 K on soft liquid metal surface.
Rykaczewski and Phadnis [31] theoretically evaluated whether soft-
ening of the surface could control wall superheating at onset of nucleate
boiling. They gave the theoretical expression for the vapor embryo
formation rate for interface of a volatile liquid such as ethanol (repre-
sented by subscript 1), with liquid-vapor surface tension y; on a
nonvolatile liquid such as Galinstan (represented by subscript 2) with
liquid-vapor surface tension y,. Jarvis et al. [32] showed that bubble
nucleation at the interface of the two liquids will only occur when the
interfacial tension between the two liquids of y1, is greater than both y,
— y1 and y1 — y2. The way to ensure both criteria is to assume a hypo-
thetical liquid substrate family with y; = y5 and varied y15. The theo-
retical predictions show that the wall superheating for ethanol boiling
could decrease by 5 K, while the present experiment demonstrates that
such superheating is decreased from ~13 K on hard surface to ~5 K on
soft surface. But any way, the prediction by Rykaczewski and Phadnis
qualitatively agrees with our present observations. Rykaczewski and
Phadnis [31] also hypothesized that softening of the substrate augments



C. Cao et al.

International Communications in Heat and Mass Transfer 120 (2021) 105019

neck breaking

| \

seed bubble

Fig. 7. A bubble departure triggers a seed bubble inside a cavity within SS (a: photos given at ¢ = 0.91 W/cm?, T, = 78 °C and AT = 4.6 K; b: dynamic formation of

seed bubble in the cavity within SS during bubble departure).

ONB through a vapor trapping mechanism stemming from bridging of
the cavities by microscopic deformation. The cavity bridge is driven by
the vertical component of the liquid’s surface tension competed with the
shear modulus of soft material, scaled as the elastocapillary length.

4. Conclusions

In summary, we spread a thin soft layer of liquid metal on a hard
substrate to alter the behavior of superheating boundary layer of boiling
liquid. We show that, wall superheating at ONB decreases from ~13 K
on hard surface to ~5 K on soft surface. The soft surface increases bubble
departure frequency by ~7 times and reduces bubble departure size by
half, corresponding to a maximum 60.5% heat transfer increasement for
saturated boiling of ethanol. The elastocapillary wave is self-activated
by energy conversion from departing bubble to soft mater. Dynamic
wrinkles are caused by the vertical component of surface tension on soft
mater. The interface instability decreases the effective boundary layer
thickness of boiling liquid. The easier bubble nucleation is explained by
the bubble nucleation theory with a violate liquid contacting with a non-

volatile liquid. This is a preliminary work regarding boiling on soft
surface, the underlying mechanism needs further investigation.
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