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Abstract

Compact and efficient absorption refrigeration systems can effectively utilize waste heat
and renewable energy when operated in a boiling-desorption mode, which maximizes the
desorption rate. Hydrophobic membranes play a critical role in microchannel membrane-
based generators; however, limited research has addressed bubble cross-membrane removal
dynamics under boiling-desorption conditions, particularly the influence of membrane
hydrophobicity. In this study, a two-phase flow bubble-removal model was developed to
accurately represent boiling-desorption behavior. Numerical simulations were performed
to investigate the effects of membrane hydrophobicity and heating power on bubble
dynamics, wall temperature, venting rate, and channel pressure drop. Results show that
bubble venting proceeds through four stages: nucleation and growth, liquid-film rupture
with deformation, lateral spreading, and sustained vapor removal. Hydrophobicity effects
become most significant from the third stage onwards. Increased hydrophobicity reduces
wall temperature, with greater reductions at higher heat fluxes, and enhances venting
performance by increasing total vapor removal and reducing removal time. Channel
pressure fluctuations comprise high-frequency components from bubble growth and low-
frequency components from venting-induced flow interruptions, with relative contributions
dependent on hydrophobicity and heat flux. These findings provide new insights into
bubble-removal mechanisms and offer guidance for the design and optimization of high-
performance microchannel membrane-based generators.

Keywords: absorption refrigeration; microchannel membrane-based generator; phase
change; bubble dynamics

1. Introduction
Globally, thermal conditioning of the built environment, particularly for cooling, has

become a major contributor to energy consumption. Statistics show that the operation of
air conditioners and electric fans accounts for approximately 20% of the total electricity
consumption in buildings, representing a substantial share of global electricity demand.
This contribution is further amplified by the rising living standards in many of the world’s
hotter regions, where the demand for active cooling devices, especially air conditioners,
is growing rapidly. Projections indicate that by 2050, the energy required to meet global
cooling demand will double compared to current levels [1]. At present, the residential
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cooling market is dominated by vapor-compression air conditioners. However, under
extreme heat conditions, vapor-compression systems have notable shortcomings: their high
electricity demand during peak periods imposes significant stress on power grids, and, due
to reliance on high carbon-intensity peak power generation, they pose a major obstacle to
achieving global carbon-neutrality goals [2,3]. These challenges highlight the urgent need
for alternative cooling technologies with lower carbon emissions and greater sustainability.

Absorption refrigeration technology has emerged as a promising alternative pathway
due to its unique advantages. Its core merit lies in the ability to utilize low-grade thermal
energy, such as industrial waste heat or solar heat, as the primary driving force, thereby
substantially reducing dependence on high-grade electricity and consequently cutting
carbon emissions at the source. However, current absorption refrigeration systems face
major challenges: the relatively large size of key components (e.g., absorbers and generators)
and limited efficiency in coupled heat and mass transfer processes [4–6]. These limitations
restrict both overall system performance and the feasibility of compact designs. Therefore,
innovative optimization of absorbers and generators, particularly to improve compactness
and enhance heat/mass transfer, is identified as a critical breakthrough for enabling large-
scale deployment of absorption cooling systems.

Among various approaches, advancing the generator that can efficiently operate with
low-grade heat sources is central to achieving significant performance gains and meeting
future green-cooling demands. Existing generator configurations in absorption refrig-
eration systems primarily include plate-type [7,8], falling-film [9–11], and microchannel
designs [12,13]. Comparative performance studies [14] have indicated that the microchan-
nel membrane-based generator, owing to its distinctive membrane-interface design, exhibits
substantially superior heat and mass transfer characteristics compared with other types.
The membrane structure provides an exceptionally large specific surface area, greatly
intensifying interfacial processes and enabling efficient desorption of refrigerant vapor
even under low-grade heat input [15]. In a seminal experimental study, Isfahani et al. [16]
revealed the internal vapor desorption mechanisms in such generators, identifying two
distinct modes: (i) direct diffusion, dominant when the solution temperature is below
the saturation point, and (ii) boiling driven desorption, prevailing once the temperature
exceeds saturation. Notably, the data confirmed that under sufficient superheat (e.g., 30 ◦C),
the vapor production rate in boiling desorption can reach up to 2.5 times that of direct
diffusion, indicating a significant performance enhancement potential. This pronounced ef-
ficiency gap has motivated researchers to focus on the key phenomena in boiling desorption.
Specifically, bubble dynamics within the microchannel and their cross membrane venting
process. To investigate this process, Isfahani et al. [16] further conducted preliminary ex-
periments at room temperature to examine the effect of water flow variation on air bubble
venting across the membrane. They observed that excessively high liquid flow velocities
hinder complete bubble removal. Based on these findings, they proposed an optimization
strategy involving the addition of an adiabatic section downstream of the solution outlet to
promote full bubble separation. Subsequently, Venegas et al. [17] experimentally confirmed
that boiling desorption can achieve high volumetric power densities, up to 415 kW/m3,
far exceeding the typical performance of generators in small capacity absorption chillers
reported by Asdrubali et al. [18].

Subsequent to the clear identification by Isfahani et al. [16] of the two desorption
modes present in microchannel membrane-based generators, follow-up research has been
conducted on the theoretical investigation corresponding to these two modes. To the best
of the authors’ knowledge, the most significant contributions to the theoretical research
on the two desorption modes have been made by Venegas et al. [19,20]. The authors
proposed heat and mass transfer calculation models for each desorption mode, which are
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primarily composed of empirical correlations. These models allow direct analysis of the
effects of variations in microchannel structural parameters, membrane parameters, and
operational parameters on the desorption performance of microchannel membrane-based
generators using empirical relationships. Furthermore, the authors also provided a ranking
of the degree of influence of these parameters on the generator’s desorption performance,
offering theoretical guidance for the design and optimization of generators. Subsequently,
to improve the accuracy of the results calculated with these empirical correlations, Zhai
et al. [13] conducted experimental work on microchannel membrane-based generators
under actual lithium bromide solution conditions. They recalibrated the correlations used
in the heat transfer model, specifically the Nusselt number, and in the mass transfer model,
specifically the Sherwood number, as well as the relationship for calculating frictional
pressure drop in the solution channel. Currently, the existing theoretical models based on
empirical correlations can only numerically reflect the impact of varying conditions on the
desorption performance of generators operating in the boiling desorption mode. However,
they are unable to visually illustrate the behavioral changes during bubble removal in the
two-phase flow under this mode.

The influence of membrane hydrophobicity on transmembrane vapor flux has been
extensively studied in the field of membrane distillation. In processes employing porous
membranes for distillation, membrane wetting and temperature polarization are two critical
issues that directly affect the operational lifetime and productivity of the system. Previous
studies have demonstrated that modifying membrane surfaces with hydrophobic or super-
hydrophobic materials, such as carbon nanotubes [21–24], graphene-based layers [25], and
metal–organic frameworks (MOFs) [26], can significantly enhance membrane performance.
These coatings improve both the hydrophobicity and thermal conductivity of the membrane
surface, thereby increasing resistance to wetting and reducing temperature polarization
effects, which collectively lead to improved distillation efficiency. Although these studies
do not directly involve two-phase flow, they provide substantial evidence that enhanced
membrane hydrophobicity can increase transmembrane mass flux. Furthermore, this body
of work offers valuable insights and potential strategies for optimizing the membrane
properties in microchannel membrane-based generators in future applications.

In summary, although important experimental insights and theoretical predictions
have been gained into the boiling desorption mechanisms and macroscopic performance
of H2O/LiBr working pairs in microchannel membrane-based generators, two critical
knowledge gaps remain. First is the coupled mechanism of bubble dynamics and cross
membrane removal. Existing studies have yet to fully elucidate how the complete bubble
life cycle within the microchannel, including nucleation, growth, and cross membrane
venting, collectively influence overall desorption efficiency. Especially, the entire process
should be presented from the perspective of visualization. Experimental observations or
numerical simulations capturing the dynamic evolution of this coupled process are still
lacking. Second is the influence of membrane hydrophobicity. The surface wettability of the
membrane plays a decisive role in bubble formation, deformation, and eventual detachment
at the membrane interface. However, systematic investigations into how hydrophobicity
modulates bubble cross membrane dynamics remain sparse.

A deeper understanding of the coupled bubble dynamics, venting mechanism in
boiling desorption mode, particularly the pivotal role of membrane hydrophobicity, is
essential for overcoming the performance bottlenecks of microchannel membrane-based
generators and for optimizing their design and operation. To address these gaps, the
present study employs multiphase computational fluid dynamics (CFD) simulations to
investigate bubble dynamics within microchannels and their cross membrane removal
behavior under varying membrane hydrophobicity conditions. The findings aim to provide
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a theoretical foundation and design guidance for the development of next-generation
high-efficiency, compact generators.

2. Numerical Methodology
2.1. Problem Description

In the field of optimizing the desorption performance of microchannel membrane-
based generators, it has been established that the boiling desorption mode exhibits the
highest desorption efficiency. Further enhancing and utilizing the advantages of this
mode requires a clearer understanding of the two-phase flow desorption process within
the microchannels. As illustrated in Figure 1, under the boiling desorption mode, the
lithium bromide solution undergoes two distinct processes from inlet to outlet under phase
change: bubble nucleation/growth and transmembrane removal. However, experimental
observation of this process remains challenging. In practice, considering the corrosive
nature of lithium bromide solution, the microchannels in generators are typically fabricated
from stainless steel. Additionally, the porous membrane atop the microchannels is opaque,
and the operation must be conducted under vacuum conditions. These factors collectively
hinder the application of conventional visualization techniques. Computational Fluid
Dynamics (CFD) thus presents an optimal alternative for investigation, although existing
theoretical models still lack the capability to distinguish between gas and liquid phases
accurately. Building on previous research, the bubble removal model developed in this
study addresses this gap, with a focus on the dynamic behavior during the transmembrane
removal of bubbles after contact with the membrane, as depicted in Figure 1, and the
influence of membrane hydrophobicity variations on this process. Detailed descriptions
will be provided in subsequent sections.

Figure 1. Diagram of research question description.

2.2. Governing Equations

In the present investigation, the two-phase flow phenomenon is considered under
the assumption that it comprises incompressible, immiscible Newtonian fluids. For each
discrete computational cell, the aggregate volumetric fraction of all constituent phases is
constrained to be exactly unity [27], as formally described by Equation (1):

αl + αv = 1 (1)

The governing continuity equation for the two-phase flow, as implemented in the
simulation framework, is formulated as follows [28]:

∇ ·→ν =
.

m
(

1
ρv

− 1
ρl

)
(2)
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The governing momentum equations describing the dynamics of the two-phase flow
in the simulation framework can be expressed as [28]:

ρ
∂
→
ν

∂t
+ ρ

→
ν
(
∇ ·→ν

)
= −∇P +∇ · µ[

(
∇→

ν +
(
∇→

ν
)T

)
] + ρ

→
g +

→
F cs (3)

In addition, this term corresponds to the surface tension effect, which is incorpo-
rated as a volumetric force according to the Continuous Surface Force (CSF) model devel-

oped by Brackbill et al. [29]. The value of
→
F cs is determined through the application of

Equation (4) [29].
→
F cs = σ

ρk∇αv

0.5(ρl + ρv)
(4)

The interfacial curvature, represented by k, are determined using the equations pro-
vided in Equation (5) [29].

k = ∇ · ∇αv

|αv|
(5)

The energy equation is given in Equation (6) [30,31].

∂

∂t
(ρCpT) +∇ · [ρCp

→
ν T] = ∇ · (λ∇T) + e (6)

e =
.

mvHlv (7)

After the transfer of energy and mass between the two phases has been completed,
the development of the interface is captured by incorporating the volume fraction equation
(Equation (8)) into the model [30].

∂αv

∂t
+∇.(αv.

→
ν ) =

αv

α

.
m (8)

The governing rate equation for the discharge of a bubble through a hydrophobic
membrane can be written as:

.
mv =

−Aαvρv

∆t
(9)

The coefficient A is obtained through the dust gas model [19,20] calculation:

Kmem =
M

emem
(

DK
e

RuTmem
+

PmemBo

RuTmemµv
) (10)

DK
e =

εdp

3τ
(

8RuTmem

πM
)

0.5
(11)

Bo =
εd2

p

32τ
(12)

τ =
(2 − ε)2

ε
(13)

A = Kmem∆P (14)

The transmembrane heat transfer of a bubble primarily comprises two mechanisms.
The first involves heat conduction through both the porous membrane material and the gas
contained within its pores. The second arises from transmembrane mass transfer, in which
vapor transports the latent heat of vaporization from the fluid side to the vacuum side of
the membrane’s upper portion. Owing to the very low effective thermal conductivity of a
hydrophobic membrane with a specific porosity [32], combined with the vacuum condition
on the membrane’s upper side and the negligible amount of gas present within the pores,



Energies 2025, 18, 5156 6 of 23

the contribution of the first mechanism is considered insignificant [33]. Consequently, the
transmembrane heat transfer can be reasonably approximated by the latter mechanism [31]:

Qv =
.

mvHlv (15)

In the given equation, the density, thermal conductivity, and viscosity are derived via
a weighted-average computation, as presented in Equation (16) [30,31].

ϕ = ϕlαl + ϕvαv (16)

2.3. Bubble Removal Mode

As shown in Figure 2a, the bubble removal process occurs within a computational
region featuring a liquid–gas interface at the membrane boundary; the grid in the vicinity
of this boundary is labeled with letters. At the beginning of each computational time
step, the face grids within the computational domain are scanned. The bubble removal
model developed in this study first identifies the boundary grid faces a, b, c, d, and e as
the porous membrane. It then evaluates the liquid-phase volume fraction in the adjacent
cells A, B, C, D, and E. According to the model, if the gas volume fraction in an adjacent
cell is greater than or equal to 0.5, that cell is classified as a gas-phase cell (denoted as
CV); otherwise, it is designated as a liquid-phase cell (denoted as Cl). As illustrated in
Figure 2b, cells A, B, and C satisfy the gas-phase condition and are thus categorized as Cv,
with their contents removed according to Equation (9). In contrast, cells D and E do not
meet the criterion and are classified as Cl; their corresponding membrane surfaces d and e
are treated as impermeable walls, and no contents are removed. This procedure enables
the porous membrane to selectively permit vapor transport while inhibiting the passage of
the liquid solution.

  
(a) (b) 

Figure 2. Schematic of bubble removal model. (a) Illustration of cells near boundary face, (b) working
procedure of bubble removal.

2.4. Solver Setup

In this study, the Second-Order Upwind scheme is employed for discretizing the mo-
mentum and energy equations, whereas the Geometric Reconstruction method is applied to
the volume fraction equation. The format adopted for time discretization is the first-order
implicit scheme. Surface tension is modeled using the Continuous Surface Force (CSF)
approach, in which it is treated as a volumetric force, and the pressure–velocity coupling
is achieved via the Pressure-Implicit with Splitting of Operators (PISO) algorithm. The
time step is determined as the smallest value associated with all cells in the computational
domain so that the Courant number remains below the prescribed limit. In this work, a
value of 0.1 is employed. The time step should satisfy ∆t ≤ 0.1 h/umax, where umax is the
maximum velocity. The time step used in the simulation is 5 × 10−7. The convergence
criterion for the energy equation is set to 1 × 10−8, while for all other equations, it is set to
1 × 10−4. Iterations for each time step continue until the convergence criterion is satisfied.
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2.5. Computational Domain Configuration

The computational domain consists of a three-dimensional rectangular fluid region
measuring 5 mm in length, 0.3 mm in width, and 0.15 mm in height, as illustrated in Figure 3.
The boundary conditions applied in the model are also shown in the figure. The top of
the channel is formed by a hydrophobic membrane, while a uniform heat flux is imposed
on the bottom surface and the two side walls. The inlet fluid enters the microchannel at
a temperature approximately 3 K below the saturation temperature, thereby establishing
a subcooled state. The flow rate at the solution inlet is 0.05 m/s. The working fluid is an
H2O/LiBr solution with a mass fraction of 0.56 and a saturation temperature of 373.15 K,
as summarized in Table 1. The parameters of the membrane and driving force are shown in
Table 2. During the simulations, the contact angle between the solution and the stainless-
steel channel surfaces was set to 110◦, based on experimental measurements, as depicted in
Figure 4.

Figure 3. Illustration of simulation domain and employed boundary conditions.

Table 1. Properties of H2O/LiBr solutions.

H2O/LiBr
Solution

ρ
(kg/m3)

µ
(Pa·s)

λ
(W/m K)

Cp
(J/kg K)

Hlv
(J/kg)

σ
(N/m)

Liquid 1595 1.6 × 10−3 0.4776 2074 2.7 × 106 0.085
Vapor 0.1161 1.265 × 10−5 0.02429 1889

Table 2. Membrane parameters and driving force.

Parameter Value

Porosity 0.8
Pore size (µm) 0.45
Thickness (µm) 60

Mass transfer driving force (kPa) 0.9

The boundary condition at the top porous membrane was configured following the
approach illustrated in Figure 5 [34], in which a system-coupling boundary condition was
applied. In practical applications, a porous membrane usually possesses a finite thickness;
however, the present study focuses exclusively on the process of bubble discharge from the
microchannel through the porous membrane. The mass and heat transfer of vapor within
the porous membrane, as well as after it exits the membrane, are not considered. Accord-
ingly, the surface mesh at the top boundary is designated as the porous membrane, thereby
simplifying it to a one-dimensional representation. The case configurations investigated in
this study are summarized in Table 3.
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Figure 4. The contact angle between the LiBr aqueous solution and the surface of stainless steel.

Figure 5. The boundary condition for the membrane.

Table 3. Investigation conditions.

Case Membrane Contact Angle (◦) Heat Flux (kW/m2) Initial Condition

1 - 200
No membrane2 - 650

3 120 200

Membrane
4 170 200
5 120 650
6 170 650

2.6. Grid Independence Test

A three-dimensional structured orthogonal mesh was employed in this study. Mesh
independence was examined by numerically simulating the variations in wall temperature
and microchannel pressure drop for different mesh densities. The results are presented
in Figure 6. As shown in Figure 6a, the temporal evolution of the average temperature
on the bottom wall exhibits similar trends for all mesh densities. According to the results
listed in Table 3, the deviation in the time-averaged wall temperature decreases with
increasing mesh resolution. Figure 6b indicates that the temporal variation in pressure
drop is closely related to the mesh size. As summarized in Table 4, the deviation in the
time-averaged pressure drop is significantly reduced as the number of mesh elements
increases. Considering both computational accuracy and efficiency, a mesh resolution of
330 × 20 × 25 (length × width × height) was selected for all subsequent simulations.
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(a) (b) 

Figure 6. The variation in wall temperature (a) and microchannel pressure drop, (b) with time under
different grid sizes.

Table 4. Grid independence study.

No. Mesh Size-Channel Space
(L × W × H)

Avg Tw
(K) e% ∆P (Pa) e%

1 198 × 12 × 15 378.41 0.03 0.389 6.68
2 330 × 20 × 25 378.30 0.0079 0.415 0.96
3 396 × 24 × 30 378.27 - 0.419 -
3 396 × 24 × 30 378.27 - 0.419 -

3. Numerical Model Validation
Given the scarcity of experimental data visualizing the boiling two-phase desorption

process of H2O/LiBr solution in a microchannel membrane-based generator, the model
validation in this study is conducted in two stages. The first stage verifies the bubble-
removal model using the visualization experimental data reported by David et al. [35].
The second stage validates the phase-change model in the microchannel by comparison
with the experimental data of Ramesh et al. [36] and the numerical results of Rajalingam
et al. [37]. Subsequently, the two validation stages are integrated, and the details of each
stage are described in the following subsections.

3.1. Bubble Removal Model Validation

The experimental procedure for bubble removal, illustrated schematically by David
et al. [35] (Figure 7a), was adopted as a reference for constructing a T-shaped microchannel
physical model (Figure 7b). In this model, the continuous phase is introduced from the
right inlet, while the dispersed phase enters from the bottom inlet. The entire experimental
process was carried out at room temperature, and heat transfer effects were not considered.
The fluid property data employed in the simulations are listed in Table 5 and are applicable
solely to this section.

Grid independence was first examined by performing simulations with three different
mesh sizes: 6 µm, 4 µm, and 3 µm. Figure 8 presents the volume fraction contours obtained
at these resolutions. As the mesh size decreases, the phase interface becomes more well-
defined and sharper. To quantitatively assess mesh effects, the influence of mesh size on
gas–bubble length was analyzed, and the results are summarized in Table 6. The percentage
deviation in bubble length was found to decrease with decreasing mesh size. Based on
these observations, and in order to achieve a clear and distinct phase interface, a mesh size
of 3 µm was selected for all subsequent simulations.
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(a) 

(b) 

Figure 7. Schematic of bubble removal model: (a) assembly of bubble removal chip [35], (b) model
geometry used in the mode verification.

Table 5. Properties of air and water at 1 atm.

Two Phase ρ
(kg/m3)

µ
(Pa·s)

σ
(N/m)

Water 998.2 1.003 × 10−3 0.072
Air 1.225 1.789 × 10−5

Figure 8. Volume fraction contours at various mesh sizes. (a) 6 µm, (b) 4 µm, (c) 3 µm.

Table 6. Effect of mesh sizes on gas bubble length.

Mesh Size (µm) Gas Bubble Length (mm) Percentage Change (%)

6 0.134 -
4 0.141 5.22
3 0.145 2.84

A comparison between the simulated and experimental bubble morphologies during
the removal process is presented in Figure 9. Following contact with the membrane, the
bubble spreads across its surface and gradually detaches from the bottom wall (Figure 9b).
During spreading, the bubble undergoes deformation along the flow direction (Figure 9c).
As its volume decreases, the bubble assumes a hemispherical shape (Figure 9d), which
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then shrinks progressively as venting continues. Overall, both the evolution of the bubble
shape and the venting duration predicted by the simulation show good agreement with
the experimental observations of David et al. [35], demonstrating that the proposed model
can accurately describe and predict bubble removal through a porous membrane.

Figure 9. Comparison with the experimental results [35]. (a) Bubble formation; (b) bubble comes into
contact with the membrane; (c) bubble spreading deformation; (d) bubble contraction; (e) bubbles
continue to be removed; (f) bubble removal completed.

3.2. Validation of Phase Change Model

To ensure the accuracy of the computational model, the phase-change model was
validated against the experimental data of Ramesh et al. [36] and the simulation results of
Rajalingam et al. [37]. The phase-change model used in this article is the Lee model [38].
The geometrical dimensions and boundary conditions used in this validation are identical
to those described by Ramesh et al. [36] and are summarized in Table 7. Both the experi-
mental and numerical reference values were obtained under quasi-steady-state conditions.
It should be noted that, when boiling occurs, the pressure drop inside the microchannel
tends to fluctuate. To ensure the reliability and accuracy of the data used for validation, the
temporal variations in wall temperature and pressure drop from the present simulations
are presented in Figure 10. As shown, both parameters reached stable values suitable for
comparison. The subsequent comparisons between the present simulation results and those
of Ramesh et al. [36] and Rajalingam et al. [37] are shown in Figure 11. Figure 11a demon-
strates that wall temperature exhibits a consistent increasing trend with rising heating-wall
heat flux. Most of the present results show good agreement with both experimental and
other numerical data, with a maximum deviation of 9.6%. The pressure-drop compari-
son is presented in Figure 11b, where the maximum deviation from Ramesh et al.’s [36]
experimental results is 7.3%. These validation results confirm the accuracy of the present
simulation approach.

Table 7. Parameters of existing experimental study used for validation.

Ramesh et al. [36]

Channel dimension 1 × 0.49 × 40 mm3

Mass flux 855 kg/m2s
Heat flux 377–763 kW/m2

Working fluid Water
Inlet temperature 323.15 K
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(a) (b) 

Figure 10. The changes in the average wall temperature (a) and the pressure drop in the microchannel,
(b) over time during the model verification process.

(a) (b) 

Figure 11. The comparison of the simulation results with those from experimental studies and
numerical studies is as follows: (a) average temperature of the wall surface [36,37], (b) pressure drop
in the microchannel [36,37].

4. Results and Discussions
4.1. Overview of Bubble Flow Patterns

Figure 12 compares the flow patterns observed at a heat-flux condition of 200 kW/m2

for two cases in which the hydrophobicity of the membrane, characterized by the static
contact angle, is 120◦and 170◦, respectively. To ensure comparability, all other initial and
boundary conditions were kept identical, except for the hydrophobicity of the top vapor-
channel membrane. As shown in Figure 12a, for the membrane with a contact angle of
120◦, a bubble must first grow to a critical size and make contact with the top wall before
venting through the membrane, as illustrated at t = 25 ms. Before the bubble comes into
contact with the membrane, the change in the bubble flow pattern is not related to the
hydrophobicity of the membrane. In the early stage of contact, the thin liquid film between
the bubble and the membrane ruptures, when the bubble comes into contact with the
membrane, the influence of the membrane on the bubble begins to take effect. Due to the
strong adsorption ability of the hydrophobic membrane towards gases, the shape of the
bubble changes significantly after coming into contact with the membrane. With time, upon
contacting the membrane, the bubble begins to spread across its surface, as observed at
t = 27.6 ms. However, because the hydrophobicity of the membrane is comparable to that of
the bottom wall, the spreading is limited, and the bubble adopts a “trapezoidal-like” shape.
The bottom wall and membrane surface compete in attracting the bubble, causing it to
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largely maintain this trapezoidal configuration throughout the venting process, as observed
at t = 28.8 ms. From Figure 12b, it can be clearly observed that the change in membrane
hydrophobicity does not affect the nucleation and growth process of the bubbles. Once
the bubble comes into contact with the membrane, as the contact angle of the membrane
increases to 170◦, the spreading extent upon membrane contact is significantly greater, as
evident at t = 28.6 ms. This enhanced spreading can be attributed to the superior bubble-
adsorption capacity characteristic of a superhydrophobic membrane, consistent with the
experimental findings of Park et al. [39]. Although the bottom wall still exerts a strong
adhesive force on the bubble, preventing full detachment during spreading. However, for
the superhydrophobic membrane, the bubbles can still largely detach from the bottom wall
surface as a whole. But during the detachment process, bubble seeds will be left on the
bottom wall surface. These bubble seeds will then undergo the aforementioned process
again. The higher degree of spreading on the superhydrophobic membrane also indicates
more effective utilization of the membrane surface area, which can enhance bubble-venting
efficiency. Once the bubble reaches its maximum spreading extent, it enters a continuous
shrinking stage as venting proceeds, as observed at t = 29 ms.

(a) 

(b) 

Figure 12. The cloud map distribution of the influence of membrane hydrophobicity on the bubble
dynamic behavior under the 200 kW/m2 heating condition: (a) hydrophobic membrane (120◦),
(b) superhydrophobic membrane (170◦).
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Based on the above analysis, the bubble-venting process can be divided into four
sequential stages: (i) bubble nucleation and growth, (ii) liquid-film rupture and bubble
deformation, (iii) bubble spreading, and (iv) continuous bubble removal. The influence
of membrane hydrophobicity on venting dynamics becomes most pronounced starting
from the third stage; nevertheless, the overall removal process follows a similar pattern in
both cases.

Figure 13 presents a comparison of the flow patterns at a heat flux of 650 kW/m2 for
membranes with contact angles of 120◦ and 170◦. As shown in Figure 13a, when the heating-
wall heat flux is increased, the bubble removal dynamics under the hydrophobic membrane
condition still follow the four stages described previously. Throughout the venting process,
the bubbles retain a trapezoidal-like shape. The primary differences compared with the
lower-heat-flux case are the increased number of bubbles and the earlier onset of each
stage in the removal process. For the superhydrophobic membrane case, Figure 13b shows
that the bubble removal dynamics also remain consistent with the previously described
four stages. However, the probability of bubble coalescence during removal is noticeably
higher. This is partly due to the increased bubble population and partly attributable to the
enhanced spreading of bubbles on the superhydrophobic membrane surface. As illustrated
at t = 20 ms, bubble coalescence occurs, and during subsequent spreading, the thickness
of the vapor film at the bubble’s central region increases, as observed at t = 20.2 ms. This
indicates that, under high-heat-flux conditions, a larger vapor cushion layer is more likely
to form on the membrane surface, significantly increasing the contact area between vapor
and membrane. Such an increase in contact area is favorable for enhancing the venting rate.

(a) 

(b) 

Figure 13. The cloud map distribution of the influence of membrane hydrophobicity on the bubble
dynamic behavior under the 650 kW/m2 heating condition: (a) hydrophobic membrane (120◦),
(b) superhydrophobic membrane (170◦).
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Overall, these observations suggest that increasing the heating-wall heat flux does not
fundamentally alter the sequential stages of the bubble removal process, but it does modify
specific features, including bubble quantity, timing of stage transitions, and the likelihood
of coalescence.

4.2. Wall Temperature Distribution

Figure 14 presents the wall-temperature and bubble-distribution profiles along the
bottom surface of the channel under different heat fluxes and membrane hydrophobicities
(the conditions for different cases in the figure can be found in Table 3). For clearer
assessment of the effect of the venting membrane, the figure also includes results for
a reference case in which the top vapor-channel membrane is replaced by a solid wall.
Except for this difference, all other initial and boundary conditions were kept identical.
In all cases, the wall temperature rises rapidly from the inlet liquid temperature of 370 K
to above the saturation temperature for boiling onset. At a heat flux of 200 kW/m2

(Figure 14a), the wall-temperature profiles in the upstream region are nearly identical
for all cases. Combined with the small bubble sizes observed, this indicates that bubble
nucleation dominates in this region and that venting is unlikely to occur at low heat flux,
regardless of membrane presence. In the midstream and downstream regions, the wall
temperature tends to stabilize. This corresponds to the presence of a continuous liquid film
on the wall, enabling sustained evaporation. Compared with the no-membrane case, the
occurrence of venting reduces the wall temperature due to enlarged liquid-film coverage
on the heated bottom wall. At low heat flux, the influence of membrane hydrophobicity
on wall temperature is minimal, as the total bubble population is small and the number of
bubbles reaching the venting size threshold is similar for both membranes. At a heat flux
of 650 kW/m2 (Figure 14b), the degree of overlap among wall-temperature curves in the
upstream region decreases, implying that venting events occur closer to the channel inlet
under high heat flux. In the midstream and downstream regions, the wall temperature
again reaches a plateau, consistent with the continued presence of a liquid film. However,
compared with the no-membrane case, the wall-temperature drop after venting is larger,
and this reduction becomes more pronounced with increasing membrane hydrophobicity.
According to the bubble-dynamics analysis in Figure 11, bubbles on the superhydrophobic
membrane spread faster and to a greater extent, facilitating quick venting. This slows
the growth of dry regions on the heated wall, as also reflected in the bubble distribution
patterns in Figure 14b.

 
(a) (b) 

Figure 14. The temperature distribution of the bottom wall surface along the channel direction:
(a) under a heat flux density of 200 kW/m2, (b) under a heat flux density of 650 kW/m2.
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Overall, these results indicate that increasing the membrane hydrophobicity in a
microchannel membrane-based generator reduces the wall-temperature level and that the
magnitude of this reduction increases with applied heat flux.

4.3. Analysis of Differences in Venting Volume

Figure 15 illustrates the venting volumes in the channel under different heat-flux and
membrane-hydrophobicity conditions (The conditions for different cases in the figure can
be found in Table 3). In this study, the venting volume was calculated as the difference
between the gas-bubble volume in a no-membrane channel and that in a membrane-
equipped channel.

At a heat flux of 200 kW/m2, Figure 15a shows that the influence of the membrane
on the gas-volume evolution inside the channel begins after t = 15 ms, with the difference
from the no-membrane case increasing over time. The membrane prevents the continuous
growth of gas holdup in the channel. The effect of membrane hydrophobicity becomes
evident after t = 25 ms, when higher hydrophobicity produces more frequent fluctuations
in gas volume due to the faster venting rate of bubbles on the superhydrophobic membrane.
Figure 15b presents the cumulative venting volume over time for channels with different
membrane hydrophobicities under the same heat flux. The superhydrophobic-membrane
channel shows a 16% higher total venting volume than the hydrophobic-membrane channel.
By comparing the gas venting volumes of different membranes at the same time in the
figure, it was found that, for example, at the time t = 27 ms, the gas venting volume of the
superhydrophobic membrane was approximately 44% higher than that of the hydrophobic
membrane. Further comparing the remove times of different membranes with the same gas
venting volume revealed that, to achieve the same venting volume, the superhydrophobic
membrane took approximately 5.5% less time. Thus, it can be concluded that the increase in
hydrophobicity enhances the desorption performance by increasing the gas venting volume
and reducing the removal time. This further explains the reason for the faster venting rate
observed in Section 4.1 for the superhydrophobic membrane. At a heat flux of 650 kW/m2,
Figure 15c indicates that the membrane’s influence on gas-volume evolution appears
earlier, at t = 11 ms, with a marked divergence from the no-membrane case occurring after
t = 14 ms. This earlier onset is closely related to the increased bubble-generation rate and
earlier occurrence of venting at high heat flux. The membrane significantly reduces the
rate of increase in gas holdup in the channel. The effect of membrane hydrophobicity
emerges after t = 13 ms, and the higher-hydrophobicity membrane maintains more frequent
fluctuations, similar to the low-heat-flux case. In addition, near t = 20 ms, the volume
of the bubbles in the microchannel shows a significant downward trend. By referring to
the bubble cloud diagram near this time point in Figure 13b, it can be observed that at
this moment, the bubbles aggregate on the superhydrophobic membrane surface. This
process can further enhance the utilization of the membrane area, thereby accelerating the
venting rate. Figure 15d shows that the superhydrophobic-membrane channel achieves 25%
higher total venting volume than the hydrophobic-membrane channel, highlighting that
the influence of membrane hydrophobicity on venting volume intensifies with increasing
heat flux. As at high heat flux, the superhydrophobic-membrane channel also requires less
time to reach the same cumulative venting volume.

Overall, the results indicate that increasing membrane hydrophobicity consistently
enhances venting performance, and this enhancement becomes more pronounced at higher
heat fluxes. The faster venting rates of superhydrophobic membranes not only increase total
venting volume but also reduce the time required to achieve a given amount of gas removal.
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(a) (b) 

 
(c) (d) 

Figure 15. The variation in bubble volume size within the microchannel over time: (a) the change in
bubble volume content within the microchannel under 200 kW/m2 condition, (b) the variation in the
volume size of the cross membrane venting under 200 kW/m2 condition, (c) the change in bubble
volume content within the microchannel under 650 kW/m2 condition, (d) the variation in the volume
size of the transmembrane venting under 650 kW/m2 condition.

4.4. Pressure Distribution

Figure 16 shows the temporal evolution of pressure drop in the channel under two heat-
flux conditions and different membrane hydrophobicities (The conditions for different cases
in the figure can be found in Table 3). At a heat flux of 200 kW/m2 (Figure 16a), comparison
with the bubble-cloud images for Case 3 in Section 4.1 reveals that, during the bubble
growth stage, the channel exhibits high-frequency but low-amplitude pressure fluctuations.
After the onset of venting, the fluctuation frequency decreases while the amplitude increases.
This trend becomes more pronounced with increasing membrane hydrophobicity. The
channel with the superhydrophobic membrane exhibits a higher average pressure drop
than that with the hydrophobic membrane. At a heat flux of 650 kW/m2 (Figure 16b), the
patterns of frequency and amplitude variation with respect to membrane hydrophobicity
are consistent with those observed at 200 kW/m2. However, both fluctuation frequency
and amplitude increase overall as the heat flux rises. Interestingly, under this high-heat-flux
condition, the channel with the superhydrophobic membrane exhibits a lower average
pressure drop than the hydrophobic-membrane channel.

The underlying causes of these changes in pressure-fluctuation characteristics, as well
as the role of membrane hydrophobicity in influencing them, require further investigation
and will be analyzed in subsequent sections.
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(a) 

(b) 

Figure 16. Pressure fluctuations within the microchannels of the membrane-based generator: (a) at
200 kW/m2, (b) at 650 kW/m2.

To further investigate the mechanisms underlying the variations in pressure-fluctuation
frequency and amplitude, the bubble flow patterns on the membrane surface and the
velocity-field distributions during venting were examined at t = 28.8 ms for 200 kW/m2

and at t = 20.4 ms for 650 kW/m2. The results are shown in Figure 17 (The conditions for
different cases in the figure can be found in Table 3).

At 200 kW/m2 (Figure 17a), the number of bubbles in contact with the hydropho-
bic membrane is greater than that for the superhydrophobic membrane. Velocity-field
snapshots were randomly selected for the removal of membrane-contacting bubbles under
both membrane conditions. The analysis reveals that venting events induce flow-rate
discontinuities in the vicinity of the disappearing bubble. Due to the incompressibility of
the liquid, such discontinuities vanish immediately after the bubble collapse, leading to
sudden acceleration or deceleration of the surrounding fluid near the venting orifice. The
associated inertial forces are identified as the primary cause of pressure fluctuations in the
channel. The higher number of such events for the hydrophobic-membrane case explains
the observed decrease in fluctuation frequency with increasing membrane hydrophobic-
ity. Furthermore, the velocity-field maps show that the magnitude of local flow-velocity
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changes near the venting orifice increases with membrane hydrophobicity, resulting in
larger fluctuation amplitudes. At 650 kW/m2 (Figure 17b), the pressure-fluctuation pat-
terns for both membrane types are consistent with those at 200 kW/m2. However, the
increased heat flux results in a greater number of bubbles in contact with the membrane
and larger velocity-field variations during venting. Consequently, both the frequency and
amplitude of pressure fluctuations are elevated compared with the low-heat-flux case.

 
(a) 

(b) 

Figure 17. The bubble flow pattern on the membrane surface and the velocity field distribution
during the bubble venting process: (a) at 200 kW/m2, (b) at 650 kW/m2.

These findings suggest that the overall pressure fluctuation in the channel is a super-
position of a high-frequency component caused by bubble growth and a low-frequency
component induced by flow-rate discontinuities during venting events. The relative contri-
bution of each component is modulated by both the membrane hydrophobicity and the
applied heat flux.

5. Application Areas and Future Optimization
The bubble removal model developed in this study is suitable for investigating the

visualized dynamic behavior of bubbles on the membrane surface during the removal
process. It can also be applied to quantitatively analyze the bubble removal rate across
the membrane, provided that the transmembrane mass transfer driving force and the
membrane parameters are known. The model offers flexibility for adaptation in various
research contexts. During above process, the membrane can be simplified in one dimension.
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For instance, to study phenomena within the membrane, it can serve as an inlet bound-
ary condition at the membrane surface adjacent to the two-phase flow, thereby enabling
the observation of vapor transport after it enters the membrane. During this process,
the membrane cannot be simplified to one dimension, a three-dimensional model must
be provided.

In the microchannel membrane generator, the driving force for transmembrane mass
transfer is the pressure difference between the two sides of the membrane. In this study,
the pressure difference used in the calculation of transmembrane mass transfer flux is a
constant value. This value was selected based on the average value obtained from literature
research of the boiling desorption mode. For the actual process, the pressure close to
the solution side is calculated based on the water vapor partial pressure of the lithium
bromide solution. Since the concentration of the lithium bromide solution along the channel
increases continuously during the generation process, the water vapor partial pressure
of the lithium bromide solution from the inlet to the outlet of the solution channel is a
changing value, that is, the mass transfer driving force is a changing value. To achieve more
realistic detection of pressure dynamic changes requires updating the physical property
changes in the lithium bromide solution along the channel direction during the generation
process. For the lithium bromide solution, the changes in important physical parameters
are simultaneously related to concentration changes and temperature changes. Addressing
this complexity represents an important direction for future improvement of the model.

6. Conclusions
In this study, a bubble-removal model was developed to capture the selective-

permeability characteristic of a porous membrane, allowing vapor to pass through while
preventing the liquid solution from crossing. Based on the simulation conditions employed,
the principal conclusions can be summarized as follows:

(1) The bubble-venting process proceeds through four distinct, sequential stages: (i) bub-
ble nucleation and growth; (ii) rupture of the liquid film accompanied by bubble
deformation; (iii) lateral spreading of the bubble; and (iv) sustained removal of vapor
through the membrane. The effect of membrane hydrophobicity on venting dynam-
ics becomes most evident from the third stage onward. While an increase in the
heating-wall heat flux does not alter the fundamental sequence of these stages, it does
influence key characteristics such as the number of bubbles generated, the timing of
transitions between stages, and the probability of bubble coalescence.

(2) Increasing the membrane hydrophobicity in a microchannel membrane-based gener-
ator leads to a reduction in wall temperature, with the magnitude of this reduction
becoming more pronounced at higher applied heat fluxes.

(3) Increasing membrane hydrophobicity consistently improves venting performance,
with the degree of enhancement becoming more significant at higher heat fluxes.
The accelerated venting rates achieved by superhydrophobic membranes not only
increase the total volume of vapor removed but also shorten the time required to
reach a specified removal amount.

(4) The overall pressure fluctuation within the channel results from the superposition
of a high-frequency component, generated by bubble growth, and a low-frequency
component, arising from flow-rate discontinuities during venting events. The relative
contribution of these components is governed by both membrane hydrophobicity and
the applied heat flux.

(5) The bubble removal model constructed in this work provides an effective visual
and quantitative analysis framework for studying the behavior of bubbles on the
membrane surface. Currently, the model simplifies the mass transfer driving force by
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assuming a constant pressure difference, and verifies its basic feasibility. The future
improvement direction lies in coupling the concentration and temperature changes in
the lithium bromide solution within the channel to achieve dynamic simulation of the
mass transfer driving force, thereby enhancing the prediction accuracy of the model
for the real process.
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Nomenclature
→
ν Velocity [m/s]
.

m Mass transfer in [kg/s]
P Pressure [N/m2]
→
g Acceleration due to gravity [m2/s]
→
F Force [N]
k Interface curvature [1/m]
e Energy transfer [W]
Hlv Latent heat [J/kg]
.

mv Transmembrane mass transfer rate [kg/m3/s]
A bubble transmembrane desorption rate coefficient
∆t Time step [s]
M molecular weight [kg/mole]
emem membrane thickness [µm]
DK

e diffusion term
Ru universal gases constant [J/kg/K]
Tmem membrane temperature [K]
Pmem membrane pressure [Pa]
Bo molar viscous flow
ε membrane porosity
dp membrane pore diameter [µm]
τ membrane tortuosity
∆P mass transfer driving force [kPa]
Q Heat transfer across membrane [J/m3/s]
ϕ General expression variable
A Boundary grid
B Boundary grid
C Boundary grid
D Boundary grid
E Boundary grid
a Boundary grid faces
b Boundary grid faces
c Boundary grid faces
d Boundary grid faces
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e Boundary grid faces
Cl Liquid-phase cell
Cv Gas-phase cell
h Grid size
umax Maximum velocity [m/s]
HM Hydrophobic membrane
SHM Superhydrophobic membrane
Greek
α Volume fraction [m3/m3]
ρ Density [kg/m3]
µ Dynamic viscosity [Pa s]
σ Surface tension coefficient [N/m]
λ Thermal conductivity [W/m K]
Subscripts
l liquid
v vapor
cs continuum surface tension
f ace boundary face
m f membrane face
coupling coupling boundary
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