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Exploring bubbles dynamics generated on flexible substrates in confined spaces is essential to achieve the po-
tential of this configuration for two-phase flow in various engineering applications. Especially, bubble dynamics
could significantly impact the heat transfer performance. This study numerically examines bubble dynamics
between flexible plates with different elastic moduli to promote bubble departure. The departure time and ve-
locity of bubbles during their motion through flexible channels are investigated and validated by experiments. An
optimal elastic modulus which minimizes bubble departure time is identified. It is found that bubble dynamics
with elastic plates exhibit shorter bubble departure time due to the energy conversion between kinetic energy
and elastic potential energy. The plate morphology and the contact length between the bubble and elastic plates
are also found to significantly affect bubble dynamics. Deformations in the plates, such as necked-in or necked-
out shapes, are observed only in cases where the elastic modulus is to E < 10 Pa due to elastic capillary effect. A
necked-out morphology helps store elastic potential energy, facilitating bubble departure. This study provides a
theoretical basis and design principles for applying flexible materials in microfluidic systems.

larger bubbles [10]. Both extended cycles and increased bubble sizes
might cause blockage [11]. Bubble departure size is a factor affecting
bubble dynamics in a confined space, determined by the forces acting on
bubbles. These forces are divided into driving forces induced by buoy-
ancy and resistance forces induced by surface tension. Enhancing the
former or reducing the latter could effectively decrease the bubble
diameter and improve bubble dynamics. Contact angle determines the
theoretical value of surface tension. However, it is necessary to note that
a pinning force would be generated due to contact angle hysteresis [12].
Additionally, the evaporation momentum force could be used to

1. Introduction

Manipulation of bubble dynamics is vital in the development of
various industrial applications [1-3]. High bubble removal rate from the
electrode can enhance electrolysis efficiency and improve system sta-
bility in electrochemical technology [4]. In the field of medicine, precise
control of bubble movement enhances the therapeutic effect and ensures
patient safety [5]. In heat and mass transfer, the key mechanisms of

boiling heat transfer include micro-layer evaporation at bubble bases
[6], turbulent mixing and wall rewetting caused by bubble departure [7,
8]. Improving bubble growth could improve micro-layer evaporation,
while promoting bubble departure enhanced mixing and rewetting [9].
Bubbles are often disordered in practical applications. Effective ways for
removing bubbles are a hot topic nowadays. Poor bubble dynamics in
confined space could cause a series of operational challenges and in-
efficiencies. The nucleation and departure of bubbles significantly
influenced bubble dynamics in confined spaces. The sites of bubble
nucleation determine the initial growth environment; unfavorable sites
can extend the bubble cycle and hinder departure. Excessively high
nucleation density leads to frequent bubble coalescence, resulting in
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modulate bubble departure direction, which could benefit bubble de-
parture from the channel [13,14].

Numerous researchers conducted extensive studies on the issue of
poor bubble dynamics in confined space [15-17]. Pan et al[18]
demonstrated that when bubble blockage occurred within the channel,
the liquid refluxed back into the channel, leading to a reflux phenom-
enon and inducing flow oscillations. According to Swiegers et al[19] the
accumulation of bubbles on the electrode surface formed a bubble cur-
tain, hindering electrolyte access to the electrode and reducing elec-
trolysis efficiency. The methods for enhancing bubble detachment can
be classified into active and passive approaches [20]. Better
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Nomenclature w Thickness of the plates, mm
A Surface area, mm? Greek symbo}s
Epx Liquid kinetic energy, J 4 Dlsp%avcemer;t, m
Epx Plate kinetic energy, J 4 MOPlhty’ m s/kg 5
Epx Bubble kinetic energy, J p Fluid density, kg/m 5
E, Elastic potential energy, J Po Initial mass density, kg/m
Eypx Liquid kinetic energy, J o Contact angle, °
fs Surface tension vector, N/m> Oa Advancing contact angle, °
Fy Volumetric force, N o, Receding contact angle, °
F Deformation gradient, N o Surface tension coefficient, N/m
Fy Volumetric force, N ¢ The phase field variable
g Gravitational acceleration vector, m/s? v Phase field auxiliary variable
h Height, mm u Fluid density, Pa-s
I Unit matrix A Mixing energy density, N
Al Contact length, mm € Interfacial thickness, m
I Length, mm p Morphology factor
n Outward normal vector AS The change in deflection of the free end of the plate
p Pressure of fluid, Pa Abbreviation
R, Surface roug}}ness, pm CAH Contact angle hysteresis
R Bubble’s equivalent diameter, mm ER Elastic Region
S Piola-Kirchhoff stress tensor QRR Quasi-Rigid Region
te THE time of the bubble moves through the channel, ms
Atq Bubble departure time, ms Subscript
Atge TOTAL bubble motion time, ms B Bubble
At Bubble residence time, ms max/min Maximum/minimum
U Solid velocity, m/s X Along the x-axis
u Velocity vector, m/s y Along the y-axis
u Velocity, mm/s
Vn Needle injection velocity, mm/s

performance is obtained by active approaches due to the external energy
supply [21]. Passive methods are much more popular due to their
simplicity and wide use. Okech and Chen et al[22,23] investigated
bubble movement in tapered channels. They found that bubble defor-
mation creates a capillary pressure gradient, enabling spontaneous
bubble motion without the need for external driving forces. Turkoz and
Swiegers et al[19,24] investigated the use of porous media surfaces to
promote bubble detachment. They found that bubbles moved outward
due to capillary forces. However, a larger pressure drop was also
induced through the above methods, which would lead to high energy
consumption and operational costs [25]. Forces acting on bubbles in
two-phase flow in the vertical direction can be categorized into two
classes [26-28]. One is forces that prevent bubble detachment, such as
surface tension, drag force, and Marangoni force [29,30]. The other is
driving forces that promote bubble detachment, primarily driven by
buoyancy, including shear lift force and contact pressure force [31,32].
Bubbles detache from the surface when the force balance is broken.
Many studies aim to improve bubble dynamics by adjusting the relative
magnitudes of driving and inhibitory forces. Angulo and Wang et al[33,
34] also demonstrated that micro-nanostructured surfaces can signifi-
cantly enhance bubble detachment. Bubble departure time decreased by
94 % due to the permeability and roughness of the nanoarray. Several
scholars found that the bubble period was shortened by adding surfac-
tants [35-38]. Surface tension acting on the bubble interface and the
surface tension gradient are decreased due to surfactants. The decrease
in surface tension gradient led to a reduction in the Marangoni force
[39]. Additionally, the adsorption of surfactant molecules at the
liquid-vapor interface slowed the bubble coalescence due to the repul-
sive force. Consequently, more bubbles detached in the form of smaller
bubbles. Xu and Yu et al[40,41] studied gas-liquid two-phase flow in a
confined space using nanofluids. They found that nanoparticles reduce
bubble diameter and prevent blockage by lowering surface tension and

inhibiting coalescence. But the performance of nanofluids and surfac-
tants depends strongly on channel dimensions and working fluid prop-
erties, and nanofluid deposition can affect the stability of gas-liquid
two-phase flow [42]. The above-mentioned literature indicates that re-
searchers have been actively pursuing improvements in bubble dy-
namics within confined space, achieving significant advancements.
However, surface tension is inherently limited. Consequently, any
approach such as modifications aimed at enhancing bubble dynamics
through surface tension has a restricted impact on the overall
improvement of bubble dynamics. Specifically, the enhancement ach-
ieved by altering surface tension is minimal when using working fluids
with inherently low surface tension [43]. An innovative technique had
been introduced by Laskar and Das [44], which involved the shearing of
bubbles through liquid jet impingement over the heated surface. It
effectively addressed bubble blockage caused by coalescence in confined
space. High bubble departure frequency was obtained due to the early
necking effect. A maximum enhancement of 25 % in heat transfer was
observed in their study. A recent study of the flow boiling performance
of a novel pin - fin array using jet impingement technology by Camarasa
[45] also found that bubble blockage was reduced, resulting from large
bubble breakup and departure. However, an effective passive way for
bubble removal strategies is much more popular in industrial
application.

Exploring energy inside two-phase flow system to improve bubble
dynamics has become a promising approach. Meng [46] invented a
novel micro-pump to support liquid transport in micro-channels. Surface
energy gradients were used to direct bubble removal. Previous studies
have primarily focused on the bubble dynamics in channels coated with
micro/nano-structures, which are typically fabricated from rigid mate-
rials such as silicon and copper [47,48]. In such rigid channels, wall
deformation is negligible, and bubble behavior is mainly governed by
surface characteristics, such as wettability and surface roughness [49].
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Elastic modulus is an unnoticed parameter in their studies. However,
recent studies have shown that bubble motion could be modulated and
accelerated by elasticity [50]. The elastic effect on bubble dynamics in
channel should be investigated. Ma et al[51,52] proposed a novel way to
promote bubble detachment through the oscillation of a pair of flexible
fins in pool boiling system. Detailed bubble dynamics including nucle-
ation process was investigated. Bubble cycle period is compared among
cases with different bending rigidity. The results demonstrated that the
frequency of bubble detachment and the ascending velocity of bubbles
within the channel were maximally enhanced by 86 % and 17 %,
respectively. Better pool boiling performance was obtained by the case
with the flexible plates due to the plate movement. Elastic potential
energy was converted into the bubble kinetic energy. This is a novel way
to promote bubble departure and improve heat transfer performance.
However, the detailed energy conversion mechanism and the effect of
elastic modulus on bubble dynamic during the bubble departure process
was not discussed. Bubble interaction with flexible plates has great po-
tential in bubble manipulation [53,54]. The detailed energy conversion
during bubble departure process should be investigated in detail.

This study numerically examines bubble dynamics between plates
with varying elastic modulus, with experimental validation. For the first
time, the interaction between elastic plate dynamics and bubble
behavior is explored. The influence of elastic modulus on bubble total
motion time, which includes bubble residence time (the time when
bubbles reside in the elastic channel) and bubble departure time (the
time when bubbles depart from the tip of elastic plates) is thoroughly
analyzed. The kinetic and elastic potential energy variations during the
interaction between the bubble and elastic plate are presented and
discussed. A novel mechanism is proposed, where the bubble itself
provides energy for departure via induced elastic plates. Fascinating
plate morphologies, such as necked-in and necked-out shapes, are
observed and shown to enhance bubble departure. Furthermore, a
quantitative design guideline for elastic plates is introduced. This work
aims to contribute significantly to the design of microfluidic systems,
which would benefit the mass transfer, and provides a theoretical basis
and technical support for the design of boiling surfaces in confined space
and the heat exchanger.

2. Experiments and methods
2.1. Geometric model and meshing

In this paper, the 2-D transient dynamics of a single bubble rising
within a flexible channel were simulated using COMSOL Multiphysics
6.0 software by using dynamic mesh technique. To validate the feasi-
bility of the two-dimensional model, a representative three-dimensional
case with consistent boundary and initial conditions was constructed.
Both models utilized physics-controlled meshing. As shown in Fig. 2(a),
the evolution of bubble rise velocity in 2D and 3D simulations showed
good agreement, with an average relative error of 4.69 %, confirming
that the 2D simulation accurately captures the essential bubble dy-
namics. Additionally, the 3D simulation took approximately twenty-four
times longer than the 2D one, highlighting the efficiency advantage of
the 2D model.

The schematic of the geometrical model is shown in Fig. 1. The upper
section of the channel was designated as the pressure outlet, while the
remaining boundaries were defined as no-slip walls. Dual flexible plates
(10 mm x 0.2 mm) with a spacing of 1.2 mm were symmetrically ar-
ranged in a rectangular computational domain (60 mm x 30 mm). The
bottom of each solid plate was constrained with a fixed boundary con-
dition to simulate clamped ends, while other boundaries of the plates
were defined as no-slip walls. A contact angle of 30° was applied at the
solid-fluid interfaces. A velocity inlet with a fluid inflow velocity of 0.05
m/s was imposed at the bottom of the channel. Gas or liquid alternately
entered from the boundary at certain time intervals, defining ¢ = —1 for
fluid 1 (water) and ¢ = 1 for fluid 2 (air bubble).
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The entry order and timing of the fluid were controlled by the inlet
function, represented as a rectangular wave function of the phase field
variable ¢ over time [55]. The volume of an individual air bubble
remained constant across the channel with varying elastic moduli.
Table 1 presents the material properties of the plates and the liquid. The
elastic modulus of the plates spans E € [2 x 10, 2.06 x 10'!] Pa, with
2.06 x 10!! Pa being the elastic modulus of steel, selected for the rigid
channel. The impact of elastic modulus on bubble dynamics is investi-
gated when the contact angle is 30°, during the phase when a bubble
fully detaches from the flexible channel.

The isothermal incompressible Navier-Stokes (N-S) equations were
used to describe the two-phase flow system, where the mass and mo-
mentum equations were solved by the finite volume method in the
Cartesian coordinate system. The N-S equations consider the average
properties of the two fluids, and the above equations were described as
follows:

Mass equation:

Vu=0 2

Momentum equation:

p (‘;—l:-i-wV(u)) =-Vp+V-(u(Vu+ (V")) +pg+f, 3)

In Egs (2)-(3), p and u denote the fluid density and the dynamic
viscosity, respectively, kg/m® and Pa-s; u and p denote the velocity
vector and the pressure of fluid, respectively, m/s and Pa; g is the
gravitational acceleration vector, m/s% and f; represents the surface
tension vector, N/m°>.

Table 1
Material properties.

density /kg-m™ poisson’s ratio elasticity modulus /Pa

Solid 1000 0.3 [2 x 10°, 2.06 x 10'!]
Air 1.25 1x10°
Water 998 1x10°3
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The phase field variable ¢ is introduced to describe the physical state
at each location in space and time in the phase field method. The value
of ¢ ranges between [—1, 1]. It equals —1 and 1, corresponding to the
two fluids, respectively, and indicates the interface in the range of (—1,
1) [56] .

The two-phase fluid interface actually consists of a very thin region,
which decomposes the Cahn-Hilliard equation into two second-order
partial differential equations:

9% _v?
S TV =V Vy @
w=-V-eV+ (¢*—1)¢ )

In Egs. (4)-(5), tis the time and u is the fluid velocity, y denotes the
phase field auxiliary variable; y is the mobility, m®s/kg;y = ye2, 1 and ¢
represent the mixing energy density and the interfacial thickness pro-
portional to the capillary width, respectively, N and m, and 2 and ¢ are
related to the surface tension coefficient ¢ (N/m) as follows [57]:

2v2 2
0=——-

3 & (6)

The motion equations of solid mechanics were given by Newton’s
second law:

s
Pog = Vx(FS) + Fy 7
F=I+Vs ®

where F and S are the deformation gradient and Piola-Kirchhoff stress
tensor, respectively; Fy denotes the volumetric force component in the
current configuration relative to the undeformed volume; py and &
represent the initial mass density and the solid displacement, respec-
tively, kg/m> and m [58], and I is the unit matrix.

The fluid-solid coupling boundary is introduced. The force in the
fluid-solid coupled system consists of the fluid force:

()
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f=n(-pl) +n (M(Vu+ (Vu)T) —%ﬂ(VU)I) )

where n is the outward normal vector perpendicular to the boundary.
This force is applied to the solid boundary through the fluid-solid
coupling boundary in the form of a Lagrangian volumetric force Fy.
The velocity coupling consists of the solid velocity u, and acts as a
moving boundary on the fluid side through the fluid-solid coupling
boundary:

»

b 10

U

A global triangular unstructured mesh was built as shown in Fig. 2(b)
with the maximum mesh size of 0.84 mm and the mesh growth rate of
1.1. The contact region between the bubble and the plates was divided
into smaller mesh scales to capture the interaction between the bubble
and the flexible channel. To better ensure accuracy and to capture the
details of plates deflection, local encryption was carried out between
flexible channels and their vicinity, with the mesh size of 0.012 mm.

Two flexible plates with an elastic modulus of 7 x 10° Pa and 2.06 x
10*! Pa were selected for mesh-independence verification, and the grid
numbers were all between 15,000 and 70,000. Two representative
elastic moduli, E = 7 x 10° Pa and E = 2.06 x 10!! Pa, were selected to
ensure the accuracy and reliability of simulation results across different
elastic modulus conditions. The effect of different grid numbers on
bubble departure time (Atge) is shown in Fig. 2(c). Considering the ac-
curacy and time computational cost of the model, the grid number of
41,286 is used in this model. Also, a time independence test is conducted
to assess the stability and consistency of a numerical simulation over
different time steps. The evolution of bubble kinetic energy under
different time steps (0.01 s, 0.001 s, and 0.0001 s) was verified as shown
in Fig. 2(d). The relative error between results for 0.0001 s and 0.001 s is
<9.29 % throughout the simulation, while larger relative error of 40.81
% appears at 0.01 s during the later stage. The time step of 0.001 s was
adopted as the uniform time step for all simulations.

(b)
(d 20
— 4=0.01s

1.54 — A41=0.001s
Q — Ar=0.0001s
E
X 1.0
T
mﬂﬂ

0.5

0.0 T T T . .

0.10 0.15 020 025 030 035 040

t/s

Fig. 2. Validation and numerical independence tests. (a) Comparison between 2D and 3D simulations, (b) mesh configuration, (c) mesh-independence test and (d)

time-independence test.
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2.2. Model validation

To validate the computational model and methodology used in this
research, experiments were conducted to observe the rising and
detachment behavior of a single bubble within a channel. The experi-
mental setup included a transparent glass chamber, a high-speed video
camera, a micro syringe pump, and a needle (refer to Fig. 3 for details).
Stainless steel 304, with an elastic modulus of 2 x 10! Pa and a density
of 1370 kg/m?, was employed as the flexible plate material. The flexible
plate stiffness was varied by changing the thickness of the plates. The
thickness of the plates w = 0.01 mm (stiffness EI = 1.5 x 10”7 N/m) and
w = 0.5 mm (EI = 1.875 x 102 N/m) was selected to explore flexible
and rigid plates, respectively, and the dual flexible plates (10 mm (z) x 9
mm (x) x w (y)) were arranged symmetrically and parallel to each other
with a spacing of 1.2 mm to form a flexible channel and a rigid channel.
We performed a hydrophilic modification treatment on the 304 stainless
steel. After the modification of wettability, the 304 had a surface
roughness of R, = 0.94 pm and a contact angle ¢4 = 12.8°. To ensure
comparability between simulation and experimental results, the nu-
merical simulations employed a contact angle of 12.8° consistent with
experiments during validation. However, a contact angle of 30° was
uniformly adopted in subsequent numerical analyses to better reflect
typical wetting conditions encountered in practical applications, thus
enabling the simulations to capture more generally representative
bubble dynamics.

The stainless-steel plates were sequentially cleaned with acetone,
alcohol, and deionized water for 10 min prior to each experiment. To
ensure precise control of the channel spacing, a septum with a thickness
of 1.2 mm was positioned at the base of the stainless-steel plates and
secured using two rectangular rigs. A needle with a diameter of 0.45
mm, connected to a micro syringe pump, was placed at the bottom of the
channel. The entire experimental setup was submerged in a glass
chamber filled with deionized water. To ensure clear visualization of the
channel’s opening and closing process and bubble motion during the
experiment. Air was injected into the channel at a flow rate of 5 pm/s
using the syringe pump, with an error of 0.5 %. A high-speed camera
(MotionPro Y4, IDT, USA) operated with a frequency of 2000 Hz,
focused on an area of 1016 x 1016 pixels and provided a spatial reso-
lution of 13.7 pm and the statistical centroid height of bubbles (hp)
change exceeded 0.38 mm, with a maximum error in bubble velocity of
3.6 % as calculated bysh /h = 137 /3800 = 3.6%. Table 2 summarized
the uncertainties of various parameters.

Deionized
water

Computer

Air flow =
-— ﬁﬁz
High speed camera

Micro syringe pump

Fig. 3. Experimental setup.
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Table 2

Parameter uncertainties.
Parameters Error
Needle injection velocity v, (pm/s) 0.5 %
Bubble height h;, (mm) 3.6 %

3. Results and discussion

For the sake of validation, the experimental data are compared with
the results obtained from the numerical simulations introduced in the
previous sections as shown in Fig. 4. Fig. 4(a) showed an experimental
image of a bubble moving through the elastic channel. As the bubble
rose, the fins first opened and then closed. We defined hy, as the centroid
height of the bubble, normalized it to h;, = hy /I, and compared it with
the simulation under the same EI, as shown in Fig. 4(b) and Fig. 4(c). The
results showed that the numerical results exhibited a good qualitative
and quantitative agreement with the experimental data. The maximum
discrepancy for the rigid plates is 6.47 %, and for the flexible plates is
9.76 %. The error between simulation and experimental results is <10 %
for both rigid and flexible channels, indicating the reliability of the
numerical simulation. In the case of flexible plates, the deviation be-
tween simulation and experimental results is more significant, particu-
larly during the early stage of bubble rising (0 s < t < 0.2 s). During this
stage, the flexible walls undergo considerable deformation driven by the
bubble, and their nonlinear structural response is highly sensitive to
variations in fluid-structure interaction boundaries. In the experiments,
factors such as fabrication tolerances, local stiffness heterogeneity, and
slight geometric asymmetries may cause deviations from the idealized
simulation boundaries, leading to larger discrepancies. In contrast, the
structural response under rigid plate conditions is minimal, making the
simulation results less susceptible to these influences and thus more
consistent with the experimental observations.

The dynamics of both the bubble and the plates, during the upward
movement of the bubble between flexible channels with varying elastic
moduli, are illustrated in Fig. 5. The bubble exhibited a deformed
morphology as it ascended between flexible elastic walls (E = 7 x 10°
Pa), whereas it followed a plug flow pattern between fixed rigid plates (E
= 2.06 x 10" Pa), as illustrated in Fig. 5(a). Using the bubble dynamics
between walls with E =7 x 10° Pa as an example, the displacement (5) of
the flexible walls displayed a periodic variation, as depicted in Fig. 5(b).
The flexible plates expanded during the bubble’s upward motion,
reaching a maximum displacement of § = 0.82 mm at tspax. Then, the
displacement decreased as the distance between the walls diminished
during the later stages of the bubble’s ascent. The minimum displace-
ment, 5, occurred at tsmi, after the bubble’s departure, as shown in Fig. 5
(b). While the maximum displacement increased as the elastic modulus
decreased, the plate with the lowest elastic modulus did not exhibit the
largest displacement. For instance, during the initial movement, the
displacement of plates with E = 7 x 10° Pa was greater than that of
plates with E = 2 x 10° Pa. This observation suggests that plate dy-
namics are influenced by the coupling interaction between the bubble
and the plates, a phenomenon further explored in Figs. 7 and 8.

In addition to the plate displacement along the x-axis, the contact
length (Al) between the bubble and the plate was calculated for cases
with varying elastic moduli and is shown in Fig. 5(c). Zhang [50]
highlighted the influence of contact line length on bubble dynamics in
their study of bubbles on anisotropic slip cilia surfaces. In their simu-
lations, the contact line length was treated as one of the auxiliary pa-
rameters used to interpret variations in bubble motion, such as slip
direction and velocity changes. However, their study did not analyze the
contact line length as a primary variable, nor did it report any quanti-
tative or trend-based discussion regarding its non-monotonic evolution.
Inspired by this work, we quantitatively examined the contact length
(AD) between the bubble and the flexible plates in our current setup, as
illustrated in Fig. 5(c). As observed in the figure, the contact length
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(a)

(b) 1.2

Simulated results
o Experimental results

10l EI=15x107 N/m

f*

1.2
(C) Simulated results
O Experimental results
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Fig. 4. Validation of simulation with experimental results. (a) Experimental
snapshots of bubble motion in a flexible channel with EI = 1.5 x 107" N/m, (b)
Comparison on hy* for case with EI = 1.5 x 10”7 N/m between simulation and
experimental results (flexible plates) and (c) Comparison on h,* for case with EI
= 1.875 x 102 N/m between simulation and experimental results
(rigid plates).

decreased during the initial stage for all cases. However, distinct trends
emerged during the mid-stage of the variation: for plates with high
elastic modulus (E > 1 x 107 Pa), the contact length stabilized around a
constant value, while for plates with low elastic modulus (2 x 10° < E <
1 x 107 Pa), the contact length first decreased until t5mayx, then increased
until ¢.. In both scenarios, the contact length decreased during the final
stage when the bubble began detaching from the plate tips.This indicates
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the presence of a non-monotonic variation in the contact length for cases
with low elastic modulus. Interestingly, this coincides with a
non-monotonic variation in the total motion time (Atge) for plates with
elastic moduli ranging from 2 x 10°to 1 x 107 Pa, as illustrated in Fig. 5
(d). Notably, the range of elastic modulus showing this non-monotonic
behavior is the same for both contact length and total motion time.
Based on these findings, we propose a classification of elastic regions:
The elastic plates with an elastic modulus in the range of 2 x 10° Pato 1
x 107 Pa are defined as the Elastic Region (ER), characterized by
non-monotonic behavior. Conversely, the plates with an elastic modulus
greater than 1 x 107 Pa are classified as the Quasi-Rigid Region (QRR).

A minimum bubble departure time was observed for the case where E
= 7 x 10° Pa as shown in Fig. 5(d). Compared to the total motion time
for the bubble passing through rigid walls, a significantly shorter period
was noted for its motion between flexible walls. However, this does not
imply that the bubble moved faster between flexible walls with a lower
elastic modulus. The total motion time, Atge, only increased with a
higher elastic modulus when E > 7 x 10° Pa. For bubble motion between
flexible walls with a low elastic modulus (2 x 10° Pa < E < 1 x 107 Pa),
an optimal elastic modulus (E = 7 x 10° Pa) was identified, resulting in
the shortest bubble motion period. It should be noted that the total
motion time is also calculated for infinite space without plates. It is
0.143 s for infinite space which is much shorter than that in confined
space. These results highlight the importance of enhancing bubble
detachment efficiency in confined environments.

Based on the characteristics of contact line variations and the total
bubble departure time across different elastic modulus cases, Fig. 6 il-
lustrates the bubble dynamics for three elastic modulus regions: the
Elastic Region (ER, 2 x 10° < E <1 x 107 Pa), the Quasi-Rigid Region
(QRR, 1 x 10" < E < 2.06 x 10" Pa), and the Rigid Wall (E = 2.06 x 10"!
Pa). This includes the maximum bubble tip height, hpax, during the
bubble movement process. The whole bubble evolution process Atge is
divided into two stages based on its spatial position: (i) the residence
stage At; (0-t.), during which the bubble rises within the channel, and
(ii) the departure stage Aty (tc—tge), during which the bubble moves from
the moment when its top reaches the tip of the channel to the moment of
its departure. It was observed in Fig. 6(b) that the bubble residence time
At, decreased with increasing elastic modulus, whereas the departure
time Aty exhibited an increasing trend. For all cases, the bubble resi-
dence time At, accounted for a substantial portion of the entire cycle (>
79.3 %). A longer residence time could enhance mass transfer in various
applications [59,60]. However, the total bubble motion time Atqe
decreased for cases with a low elastic modulus, primarily due to the
shorter bubble departure time Aty. Specifically, for bubble motion be-
tween plates with E = 7 x 10° Pa, the bubble total motion time At4e was
reduced by 10.2 % compared to that for rigid walls (E = 2.06 x 10! Pa),
with the bubble departure time Aty decreasing by 63.5 % relative to the
rigid cases.

It can be concluded that the reduction in bubble departure time
resulted in a shorter overall process duration for cases involving flexible
walls. The mechanism responsible for the reduced departure period in
cases with elastic plates was analyzed here. Four different elastic moduli
(E=17 x10° 3 x 107, 5 x 107, and 2.06 x 10'' Pa) were selected to
compare the bubble departure characteristics during the detachment
stage (t.~tqe), Where t. is represented by empty dots, and t4e by solid
dots, as shown in Fig. 7. A significant increase in bubble velocity along
the y-axis (up,y) was observed for cases with a low elastic modulus (E =7
x 10° Pa) during the detachment stage, as illustrated in Fig. 7(a). The
highest bubble velocity occurred in the case with the lowest elastic
modulus (E = 7 x 10° Pa), whereas the velocity remained nearly con-
stant for rigid walls during this stage. As seen in Fig. 5(b), the plate
displacement (5) dropped sharply between t. and t4e, enabling the
calculation of elastic potential energy (E.) and bubble kinetic energy (Ep,
k) during the bubble detachment process.
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Where E and v are the elastic modulus and Poisson’s ratio of the
elastic plate, respectively. The terms u and v are the strain components in
the X- and Y-directions, respectively. Ap is the surface area of the elastic
plates, Ap is the surface area of bubble and pp is the gas density. uy and uy
are the velocities in the x- and y-axes, respectively. The elastic potential
energy (E.) decreased significantly in the elastic region during the
detachment stage, as illustrated in Fig. 7(a). In contrast, for the rigid
case (E = 2.06 x 10'! Pa), the elastic potential energy remained nearly
constant. Meanwhile, the bubble’s kinetic energy displayed an opposite
trend, as shown in Fig. 7(b). The substantial increase in the bubble’s
kinetic energy was attributed to the considerable release of elastic po-
tential energy from the plate in the elastic region. The variations in
bubble kinetic energy and elastic potential energy during the detach-
ment process for all cases are depicted in Fig. 7(c). It was observed that a
portion of the elastic potential energy (AE,) was converted into bubble
kinetic energy (AEg)) during this process. This conversion was notably
greater for cases within the elastic region (2 x 10°Pa <E <1 x 107 Pa),
highlighted in pink. The release of elastic potential energy from flexible
plates contributed to shorter bubble departure time. The energy con-
version in this process was analogous to the springboard effect observed
when a droplet impacts an elastic substrate [61]. From Fig. 7(c), it is
observed that the released elastic potential energy was only partially
transformed into the bubble’s kinetic energy during the detachment
stage. To further evaluate the energy conversion efficiency, the total
kinetic energy of the system, including the kinetic energy of the bubble

(Ep ), the flexible plates (Epy), and the surrounding liquid (Erx) was
calculated. The results under different elastic moduli (E = 2, 4, 6, and 7
MPa) are presented in Fig. 7(d). In this figure, the green bars represent
the difference between the released elastic energy and the total kinetic
energy (AE. — AEy). It is evident that the difference is minimal, indi-
cating a highly efficient conversion of elastic potential energy into sys-
tem kinetic energy. The individual kinetic energy components were
computed using the following equations:
The liquid kinetic energy Ep :

ELx = /%pL (u® +uy?)dA, 13)
The plate kinetic energy Ep y:

Epyx = / %pp (uy® +uy?)dAp 14
The bubble surface energy Eg:

Es = 6(AA; + AA3) + 0c0s6,,AA3 (15)

AA. and AA: represent the surface areas of the upper and lower gas-
liquid interfaces, respectively, while AAs denotes the surface area of the
gas-solid interface. The static contact angle (6,,) is defined as 6, = n/6.
During the bubble detachment process, the plate gradually returned to
its original state as the stored elastic potential energy was released. This
release resulted in increased movement speeds of both the plate and the
fluid. It was observed that the majority of the released energy was
converted into the kinetic energy of the liquid.

Interestingly, cases with the lowest elastic modulus (e.g., E = 2 x 10°®
Pa) did not exhibit the highest energy storage. Energy storage was
influenced by the bubble motion process during the bubble residence
time. Understanding the bubble motion process for cases with smaller
elastic moduli (E < 1 x 107 Pa) in the earlier stage was essential. The
bubble velocity along the y-axis (up,y) during the residence time is
shown in Fig. 8(a). It was observed that the bubble’s velocity in the y-
axis between flexible plates initially decreased and then increased dur-
ing the residence time. For plates in the elastic region (2 x 10° <E <1 x
107 Pa), the velocity variation changed significantly, decreasing as
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elasticity increased. In contrast, the bubble velocity along the y-axis
between rigid plates remained nearly constant (Aup,, < 0.015 m/s in the
residence stage, and Augy > 0.015 m/s during the detachment stage).
An energy analysis of the bubble between plates during the residence
stage was conducted, focusing primarily on the elastic potential energy
(E.) and surface energy (E;).As shown in Fig. 8(a), the residence time
could be divided into two stages: the decelerated stage and the accel-
erated stage, based on the bubble’s velocity along the y-axis. The
moment when acceleration began, denoted as t,, was marked with an
empty triangle symbol. A clear deceleration period was observed for
cases involving plates with low elastic modulus. Despite the identical
input energy of the system, caused by the consistent liquid velocity from
the inlet, the bubble surface energy (E;) variation curve displayed
distinct trends in Fig. 8(b). During the decelerated stage, the bubble
surface energy in the elastic region exhibited a similar trend to the
contact length (Al), with a decreasing Alleading to a reduction in E;.The
reduction in contact length (Al) in the elastic region corresponded to the
plates opening up, as seen in Fig. 5(b) and 5(c). The bubble elongated
along the x-axis as the plate distance increased, thereby reducing the
contact length for a constant bubble volume. Conversely, surface energy
changes in the quasi-rigid region and rigid plates were minimal (AEs <
1.7 x 1077 J) and nearly constant in rigid cases.

Fig. 8(c) shows that the release of bubble surface energy promoted an
increase in elastic potential energy during the decelerated stage. In this
stage, elastic potential energy continued to rise as the plates opened and
increased more significantly in the elastic region. While it is generally
understood that smaller elasticity leads to larger deflection for the same
action, and that elastic potential energy depends on deflection magni-
tude, cases with the smallest elastic modulus (E = 2 x 10° Pa) did not
show the highest increase in elastic potential energy. This inconsistency
is likely influenced by the smaller deflection at the free end of the plate
with low elastic modulus during the decelerated stage, as shown in Fig. 5
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(b). As shown in Fig. 8(a), 8(b), and 8(c), the elastic potential energy (Ee)
of the plate increased, while the bubble velocity (ug) and surface energy
(E;) decreased before time t,. After t,, the elastic potential energy
decreased, whereas the bubble velocity and surface energy increased
rapidly. This indicates that the bubble’s kinetic energy and surface en-
ergy were converted into the plate’s elastic potential energy during the
expansion phase of the plate. Subsequently, during the recovery phase,
the plate’s stored energy was transferred back to the bubble, signifi-
cantly increasing its velocity. Fig. 8(d) illustrates the changes in total
energy for both the bubble and the plate during the deceleration and
acceleration stages. The total energy of the bubble (Ep) consists of its
kinetic energy and surface energy, while the total energy of the plate
(Ep) includes its elastic potential energy and kinetic energy. During the
deceleration stage, the change in total energy of the bubble (AE}) was
negative, whereas the change in total energy of the plate (AE,) was
positive, indicating an energy transfer from the bubble to the plate.
During the acceleration phase, a positive AE}, and a negative AE, were
observed in the elastic region, signifying an energy transfer from the
plate to the bubble. Conversely, in the quasi-rigid region, AE, became
positive while AFE}, turned negative, indicating that the plate continued
to draw energy from the bubble. As depicted in Fig. 8(d), the energy
released by the plate in the elastic region was significantly higher, and
the case with E = 7 x 107 Pa exhibited the largest increase in bubble
energy.

The non-monotonic changes in contact length for cases with low
elastic modulus emphasize the need to examine the plate morphology
during the bubble departure process. The deflection of the plate with E =
2 x 108 Pa was observed to be smaller than that of the plate highlighted
in orange in Fig. 5(b) during the opening phase. For cases with the same
bubble height, a smaller elastic modulus corresponded to larger plate
displacement, which in turn reduced the contact length between the
bubble and the plate. It is suggested that the flexible plates exhibited
non-proportional morphology during the bubble residence stage. To
characterize this changing morphology, the morphology factor (4 = yx/
Yiip) Was introduced, where yy, represents the y-coordinate of the free
end of the flexible plate, and yy is the y-coordinate at a specific x-coor-
dinate. Taking the left plate as an example, the specific x-coordinate was
selected as:

AS
N
X = AS (16)
‘X‘min ’ ‘It‘ <0

Where A§ represents the change in deflection of the free end of the
plate, and |A5/At| > O indicates the opening and closing processes of
plates, the point of maximum absolute value of x on the plate boundary
with the origin at the base of the left plate is selected as a special point at
this time; and |AS§/At| < 0 indicates the recovery process of plates, the
minimum absolute value |x|min was chosen as a special point. # would
equal 1 if a pattern of trapezoid was formed by two plates during
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Fig. 9. Changes in plate morphology factors.
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opening or closing processes, and it equaled to O during recovery process
because |x|min was always located at the base of plates. However, it was
found that $ was not always equal 0 or 1 during the deflection process
for cases with low elastic modulus (E < 1 x 107 Pa) as shown in Fig. 9,
which indicated that the plate was not always deflected along a straight
line. From our observations on plate dynamics, it was found that a
"necked-in" pattern formed by a pair of plates occurred in the range of E
< 4 x 10° Pa (8 < 1) in the opening process, and the "necked-out"
morphology appeared when E < 1 x 107 Pa (8 < 1) during the recovery
process. it proved that the plate had the morphology of "necked-in "or
"necked-out " if § took the value in the range of (0, 1) during the plate
motion.

The "necked-in" morphology observed within the elastic region (2 x
10° < E < 4 x 10° Pa) restricted the free end of the elastic plate from
opening, causing plates with lower elasticity to exhibit smaller de-
flections under identical bubble forces (highlighted in the orange region
of Fig. 5(b)). As previously explained, the opening of the elastic plate for
a constant bubble volume stretched the bubble along the x-axis,
reducing its contact length. As depicted in Fig. 5(b), the contact length
for E = 2 x 10° Pa was smaller than that for E = 7 x 10° Pa. This
indicated that, while the outward expansion of the plate with E = 2 x
10° Pa was greater than that of E =7 x 10° Pa, its free-end deflection was
smaller, producing a "necked-in" effect. This pattern hindered elastic
potential energy storage during plate opening, slowing the rise of elastic
potential energy (E.), as shown by the green line in Fig. 8(c), and
consequently extending the bubble’s deceleration phase. During the
recovery phase, the "necked-out" morphology accelerated the elastic
plate’s return motion, as observed in the orange box of Fig. 5(b). Elastic
plates with low elastic modulus values (E = 2 x 10° and 7 x 10° Pa)
quickly returned to their original positions. Interestingly, the plate with
E =7 x 10° Pa bypassed the "necked-in" morphology during opening,
instead transitioning directly into a "necked-out" configuration during
recovery. For "necked-out" morphologies, a surface tension imbalance
arose between the bubble’s top and bottom, leading to differences in
Laplace pressure. This pressure gradient generated a net upward thrust
that drove the bubble’s ascent and detachment. These unique elastic
plate deformations not only altered the forces acting on the bubble but
also significantly affected elastic potential energy dynamics. The
"necked-in" morphology restricted plate motion, reducing elastic po-
tential energy and extending the bubble’s deceleration stage.
Conversely, the "necked-out' morphology facilitated rapid energy
release during the recovery phase, enhancing the bubble’s kinetic en-
ergy and promoting detachment. Elastic plates with higher elastic
modulus values (E = 3 x 10”7 and 3 x 102 Pa) exhibited slower return
movements, as shown in Fig. 5(b). This highlights that shortening the
bubble detachment phase within the elastic region is critical to accel-
erating bubble separation. The energy released during this phase is
closely tied to the elastic potential energy stored during both the plate
opening and recovery processes.

The bubble dynamics between flexible plates indeed exhibited
unique morphologies only at specific elastic modulus values. This phe-
nomenon, involving the transition from a solid-liquid to a solid-gas
interface during plate deformation, highlights the role of the elastic
energy surpassing surface energy and viscous dissipation in triggering
the "necked-in" morphology. The elastic capillary effect becomes
particularly prominent when the elastic capillary length exceeds the
diameter of the bubble or droplet. With the bubble’s equivalent diam-
eter being R = 1.693 mm in this study, the critical elastic modulus for
deformation was determined as follows [62]:

240R*(1 — 12)(1 + cosb,,)
E= o
The critical elastic modulus is E = 1.063 x 107 Pa in our case. It is

important to highlight that the critical elastic modulus calculation did
not account for liquid viscous dissipation, which means the actual elastic

a7
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modulus required for deformation would be slightly lower. In this study,
the effective elastic modulus was determined to be 4 x 10° Pa, consistent
with the theoretical findings. Based on this, it can be concluded that
elastic plates with an elastic modulus slightly below the critical value are
optimal for promoting bubble departure. In this case, the ideal value was
found to be 7 x 10° Pa, which is notably less than the critical elastic
modulus of 1.063 x 107 Pa.

4. Conclusions

Numerical investigations have explored bubble and plate dynamics
within a confined elastic channel for the first time, uncovering critical
insights. The study identified an optimal elasticity modulus that mini-
mizes bubble departure time. Two distinct regimes—bubble residence
and rapid bubble departure—were defined based on dynamic behavior.
Energy transfer between bubble energy (kinetic and surface) and the
elastic potential energy of the plates was closely analyzed. Key findings
include:

1) Elastic modulus significantly influences bubble departure time. The
optimal value which led to the shortest bubble motion period, 7 x
10° Pa, reduced bubble departure time by 10.2 % compared to rigid
plates.

2) Coupled dynamics and energy conversion played a vital role. When a

bubble departed, elastic potential energy not only transformed into

the kinetic energy of plates and fluid, but also transformed into the
bubble’s kinetic energy, reducing bubble departure time. When E =7

x 10° Pa, elastic potential energy from the plates was converted more

into bubble’s kinetic energy than in the case of other elastic modulus,

significantly reducing departure time.

Unique plate morphologies, such as necked-in and necked-out

shapes, were observed for elastic plates with E < 1 x 107 Pa. The

necked-out shape aids bubble departure by storing more elastic po-
tential energy.

3

—

These findings suggest a critical elastic modulus for designing elastic
channels that enhance bubble departure efficiency. It is beneficial for
boiling in confined space where bubble blockage is an annoying problem
for these devices.
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