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ABSTRACT: The effective management of gas-liquid two-phase flow, emerging within the microchannels of proton
exchange membrane fuel cells (PEMFCs) during operations, is crucial for improving energy conversion efficiency. In
this study, the influence of surface wettability is examined for hydrophilic and hydrophobic conditions through a
visualization-based experimental setup focused on single-droplet dynamics. The impact of key parameters on droplet
behavior is systematically explored, while the mechanisms underlying the observed flow patterns are elucidated
and the coupling among governing physical factors is clarified. The results show that, under comparable conditions,
hydrophobic surfaces exhibit larger advancing contact angles and greater contact-angle hysteresis. At low Reynolds
numbers, they also display higher receding contact angles. In addition, droplets on hydrophobic surfaces present
consistently smaller infiltration diameters than those on hydrophilic ones, indicating a stronger tendency to detach
under imposed flow conditions.
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1 Introduction

In proton exchange membrane fuel cells (PEMFC), fine liquid droplets form on the surface of the gas
diffusion layer and gradually increase in size as the electrochemical reaction proceeds. These droplets
increase airflow resistance. If not removed in a timely manner, excessive water accumulation can block the
gas diffusion channel [1], ultimately resulting in flooding [2]. Therefore, a thorough understanding of liquid
water transport within fuel-cell layers is essential for the stable operation of PEMFC [3]. Nilanjan Mondal
et al. [4] quantitatively predicted the enhancement in water-removal efficiency induced by microstructures.
They found that the hydrophobic microstructures reduced the dominance of viscous force over inertia
and capillary force. This promoted end-pinching or truncation at the droplet neck, thereby reducing the
production of undesired satellite droplets that could lead to chamber flooding. Their work showed that
an appropriate combination of substrate structure and jet-velocity-induced shear can suppress satellite
droplet generation and shorten breakup time, thereby significantly enhancing PEMFC water-removal
efficiency. Studies by Zhu et al. [5] and Cai et al. [6] investigated how gas diffusion layer (GDL) wettability
influences liquid water behavior in the channel. The results indicated that a hydrophobic GDL surface
facilitates droplet detachment from the porous structure and thus accelerates droplet removal. Golamreza
Molaeimanesh and colleagues [7] employed the Lattice-Boltzmann Method (LBM) to simulate the dynamic
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behavior of water droplets during removal from the gas diffusion layer (GDL) of PEMFC electrodes under
an interdigitated flow field. Their study also examined the effects of GDL wettability and its spanwise and
transverse variations on removal performance. The findings underscored the important role of wettability
and its directional gradients in governing droplets dynamic during the removal process. Chen et al. [8]
used the VOF method to investigate the effect of surface microstructure on transport and reported that a
GDL surface with carbon paper fibers aligned parallel to the airflow direction facilitates droplet removal.
To better understand droplet behavior, the droplet can be studied separately from the fuel cell system as an
independent flow phenomenon.

Therefore, investigating droplet dynamics on solid surfaces is of great significance. Nilanjan Mondal
et al. [9] studied the combined effects of surface patterning and droplet properties on the oscillation behavior
of the droplet after impact. They further incorporated different levels of roughness by mimicking patterned
surfaces. The results that showed surface topography significantly affected the wetting state, impact
dynamics, and oscillation behavior of droplets. In addition, surface patterning was found to regulate the
wetting state, allowing transitions from Wenzel state to Cassie state.

Flow-field design is crucial for mitigating droplet accumulation in PEMFCs. Fatemeh Bagherighajari
et al. [10] investigated fuel-cell flow fields and demonstrated that a high rib-to-channel width ratio led
to reduced cell performance due to liquid-water accumulation in the rib region. In addition, at a low
relative humidity of RH = 25%, interdigitated type II achieved 10.4% higher performance than that at RH =
100%, owing to more effective over-rib convection and enhanced water removal. Abbas Moradi Bilondi
et al. [11] proposed replacing portions of the solid ribs segments in the flow-field design with porous carbon
inserts (PCI). These inserts enhanced the removal of liquid water accumulate on the rib surfaces along
the cathode flow channel, thereby reducing the risk of flooding. A. Hamrang et al. [12] compared the
water-removal capacity of conventional parallel serpentine flow fields (PSFF) and parallel serpentine baffle
flow fields (PSBFF), and found that PSBFF was more effective in removing water from porous regions under
all conditions examined.

Channel-wall wettability strongly affects gas-liquid two-phase flow in microchannels [13]. Surface
modifications can transform a hydrophilic surface into a hydrophobic one [14]. At present, superhydrophobic
surfaces are mainly prepared by two approaches: applying hydrophobic coatings and constructing surface
microstructure [15]. Fluorinated polymers are regarded as promising materials because of their flexibility
and excellent mechanical, chemical and thermal stability [16-18]. Nanocomposite based on polyvinylidene
fluoride (PVDF) and TiO,-SiO; can impart hydrophobicity to solid surface [19]. When copper (Cu) and
stainless-steel (SS304) surfaces are treated by femtosecond laser irradiation, the stainless-steel surface
becomes hydrophobic immediately, whereas the copper surface evolves into a stable superhydrophobic
state after almost 90 days [20]. The combination of a femtosecond laser with Ti;C, MXene and hydrophobic
SiO; nanoparticles enables the fabrication of a robust electrothermal superhydrophobic surface with a
contact angle of up to 160.3° [21]. On a titanium alloy substrate, a surface prepared using a technique
that couples laser microstructuring with hydrothermal deposition exhibits a contact angle of 160.5° and a
rolling angle of only 1°, and significantly influences droplet impact behavior [22]. J. P. Owejan et al. [23]
and Chun et al. [24] used PTFE to hydrophobically treat the flow channel, and their results showed that
PTFE coating reduced droplet accumulation and promoted droplet detachment. A study by Wang et al. [25]
showed that a titanium felt gas diffusion layer coated with 3 wt% PTFE could achieve a power density
of up to 183 mW/cm? under humid conditions and exhibited the lowest current fluctuations in stability
tests. Furthermore, solvent optimization can further improve interfacial compatibility on the PTFE surface,
significantly enhancing the membrane’s durability [26]. Fatma Giil Boyaci San et al. [27] investigated how
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fluoropolymer-based additives, with different additive-to-binder and additive-to-filler ratios, affected the
wettability of polymer-composite bipolar plates. Their results indicated that increasing the fluoropolymer
content relative to filler and binder significantly enhanced surface hydrophobicity. Furthermore, the
dynamic behavior of droplets within microchannels is also critical for micro-mixer design and emulsion
control. For example, Yu et al. [28] investigated the effects of different geometric structures and wall
wettability on droplet formation and internal circulation through numerical simulations, noting that wall
properties are key factors determining the contact state between droplets and the channel walls.

Contact-angle hysteresis is a key parameter in two-phase flow on a wet surface [29], and low
contact-angle hysteresis is an important characteristic of superhydrophobic surfaces [30]. This phenomenon
arises from multiple factors, including surface roughness, heterogeneity in surface microchemical properties,
droplet-size effects, the orientation and deformation of surface molecules, and liquid infiltration into cracks
on the solid surface [31]. As surface roughness and liquid surface tension increase, contact-angle hysteresis
also increases [32]. Chen et al. [33] developed simplified models based on macroscopic force equilibrium
and approximate droplet geometries, and compared the predicted instability patterns, or “windows,” with
experimental observations. Their study showed that droplet detachment efficiency could be enhanced by
increasing flow-channel length and mean gas velocity, reducing channel height and contact-angle hysteresis,
and improving the hydrophobicity of the GDL/GFC interface.

Wettability is a key property of hydrophobic surfaces and is generally characterized by the equilibrium
contact angle 0 [34]. A surface is generally considered hydrophilic when the contact angle 6 < 90°; otherwise,
it is regarded as hydrophobic. Hypsometry and goniometry are the most commonly used methods for
contact-angle measurement [35], and both are primarily designed for gas-liquid-solid system. With slight
modifications, these methods, can also be applied to determine the contact angle in liquid-liquid-solid
system [36-39].

This study analyzed the forces acting on a single droplet in a microchannel and established the
mechanical relationship governing droplet behavior under airflow. Because the contact angle is directly
related to the surface energies of gas, liquid and solid phases at the three-phase contact line, it depends
on the material properties and surface roughness of the plate. However, quantitatively determining the
influence of these solid-surface properties on the contact angle remains difficult. Since the experimental
substrate was a smooth stainless-steel plate, the effect of surface roughness on the contact angle was
neglected. This study employed a self-assembled molecular film method for hydrophobic surface treatment.
The results indicate that the self-assembled molecular film has a smooth and even surface, can improve
the surface condition of the substrate, possesses low surface energy, and exhibits hydrophobic properties
and good lubricating performance [40]. To reduce measurement error, the five-point fitting method was
employed to measure the advancing and receding contact angle of the droplet. Each angle was measured five
times, and the average value was then taken. Based on experiments conducted under two different surface
wettabilities, hydrophilic and hydrophobic, with the other flow parameters kept constant, the relationships
among Reynolds number, contact angle, droplet height, and infiltration diameter were obtained.

2 Theoretical Analysis
2.1 Young Equation

In 1805, Young proposed the equation describing the equilibrium of interfacial forces, as follows:

— 0SG—O0sL
cos = ey (1)
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In this equation, osg, o5z and o1 denote the interfacial tensions at the solid-gas, solid-liquid and
gas-liquid interfaces, respectively. Young suggested that the contact angle formed at the junction of three
phases is determined by the balance of surface tensions. Alternatively, the contact angle can also be derived
based on the principle of minimizing the overall free energy of the system [41]. According to Young’s
equation [42], when a droplet is at equilibrium, the contact angle can be uniquely determined.

In practical analysis, contact angle hysteresis induced by the surface characteristics of real walls should
be taken into account. In this case, the contact angle is not uniquely defined, but varies continuously within
a certain range, exhibiting a multivalued nature. The maximum value of the contact angle is called the
advancing angle, whereas the minimum value is called the receding angle [30,43,44]. For real surface, Wang
and Peng [45,46] proposed a hysteresis tension model to account for contact angle hysteresis. According
to this model, a hysteretic tension exists at the contact line of a stationary droplet. Based on the Young’s
equation, the corresponding mechanical relationship is expressed as follows:

cosf = 9se=st _ S — co50y — L (2)
OLG oLG OLG

In the equation, & denotes the contact angle and satisfies Og < 6 < 04. Based on the above analysis, the
advancing contact angle and the receding contact angle should satisfy the following relations, respectively:

cosfy = cosly — % (3)
cosOg = cosfy — Jimin (4)
OLG

The droplet is subjected to a wind force Fp, and at the critical wind speed, f reaches its extreme value
at both the front and rear of the droplet contact line under the action of the external airflow. Surface tension
and hysteretic tension act on the three-phase contact line. Owing to droplet deformation, the contact angle
along the three-phase contact line continuously varies from the receding angle 6 to the advancing angle
04, as shown in Fig. 1. The droplet interface shape at the critical wind speed is first determined, which
depends on the droplet volume, infiltration diameter, advancing contact angle, and receding contact angle.
Therefore, the variation pattern of the contact angle around the droplet contact line can be obtained. Under
the determined critical shape, the surface tension of the droplet remains constant, whereas the wind force
depends on the incoming flow velocity and increases with increasing incoming flow velocity. When the
wind force equals the surface force, the droplet detaches from the wall. The critical wind speed for droplet
detachment can then be deduced from this mechanical equilibrium relationship.

2.2 Droplet Force Analysis

The coordinate system is established as shown in Fig. 1. The solid-liquid interface is circular, and the
droplet detachment diameter is d.. f is the included angle shown in Fig. 1, and 6 denotes the solid-liquid
contact angle corresponding to 5. The airflow passes over the horizontal plate along the OX axis, and the
droplet deforms under the action of the wind. With a gradual increase in wind velocity, the contact angle
on the windward side decreases, whereas that on the leeward side increases. At the critical wind speed,
the contact angle on the windward side corresponds to the receding angle, while that on the leeward side
corresponds to the advancing angle. Due to droplet deformation, the contact angle along the three-phase
contact line continuously varies from the receding angle 0y to advancing angle 84. If point A (X, 0, Z) is
taken on the three-phase contact line, it is acted on by o, 051, 016 and hysteresis tension f. Therefore, f
must satisfy the following condition:
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Figure 1: Force analysis of a droplet under incoming flow.

Since oy is an internal force, the integral of og;, and osg along the entire circumference are zero.
Therefore, the resultant force of the above four forces can be expressed as follows:

Fsr, = ‘}{ fdl‘ = ?{fcosﬁdl = f(ULGCOSG + 051 — osg)cosfdl =

?{amcosecosﬁdl = ZAX ojcosfcosf(d./2)dp (6)

If the solid-liquid contact angle is assumed to vary linearly along the bottom perimeter of the
droplet [47], then:

0 =1[(0a—0r)/7]B + Or (7)

0 = 0g when f =0and 0 = 04 when 8 = x.
By substituting Eq. (7) into Eq. (6) and performing the integration, the following expression is obtained:

Fst, = 01d(m/2)(sinf4 + SiHGR){ [z — (91 — 0l [+ (91\ = 0] } X

The wind force acting on the droplet is given by the following hydrodynamic relation:
1 2
Fp = QCDApudroplet ©)

Cp is the drag coefficient of the droplet, A is the windward area of the droplet, and %g;,pie: is the average
gas flow velocity over the droplet surface. Experiments on the detachment of the wall-adhering bubbles
under external incoming flow have been carried out for a pipe diameter of 19 mm. Previous studies have
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shown that when 20 < Re < 400, Cp can be taken as 1.2 [48] and this value is also applicable to droplet
detachment in an open environment [45]. However, in confined spaces and under high Reynolds number
conditions, local flow velocities increase significantly, leading to an increase in the actual drag coefficient.

The velocity distribution in a rectangular flow channel can be approximated using a quadratic function.
A coordinate system is established at an arbitrary point in the channel, as shown in Fig. 2. According to the
continuity equation for an incompressible fluid, the velocity component in the x-direction is zero. Shear
stress is neglected and the flow is assumed to be steady.

u(y,z) = (A1 + By + Clyz) (Az + Byz + szz) (10)

Figure 2: Channel structure.

The fluid momentum equation in the flow channel is given by:

au; ou; 10
7l+u]'71= i—f—p—kvVZui (11)
ot X p 9x;

According to the continuity equation for an incompressible fluids, % = 0, so for parallel flows, v = 0,
w=0.

Neglecting shear stress, the flow is assumed to be in a steady state, and the momentum equation can

be simplified as follows:

Pu 0 1d
Fu duy_1dp (12)
oy?  9z% udx
The resulting velocity distribution is as follows:
u(y.2) = o s (b2 = ) (a* - ) (13)
4 a?b?

7 is the average velocity of the incoming flow:

I u(x, y)dxdy
_ Dy

m=— (14)

u is the average velocity of the droplet on the windward side; and A is the windward area of the droplet.
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When the droplet is in force equilibrium:
Fsr = Fp (15)

3 Experimental System

All experiments were conducted at room temperature. A schematic diagram of the experimental system
can be shown in Fig. 3. The experimental procedure was as follows: the gas first passed through a dust
filter before entering the transparent rectangular flow microchannel. After filtration, the gas was delivered
into the flow stabilisation tank by a WM-2H oil-free air compressor, and then entered the transparent flow
channel after the flow rate was adjusted by a PM1000A flow controller to ensure a uniform and steady
airflow. A stainless-steel horizontal plate located at the bottom of the flow channel was equipped with
micropores of 100 and 200 um in diameter, and pure water was injected into the microchannel through
these by a peristaltic pump. As the injected liquid volume increased continuously, the droplets gradually
grew. The OLYMPUS i-SPEED 3 high-speed camera system was used to record morphological changes of
droplets during their formation and detachment in the microchannel. The high-speed camera has a frame
rate of 2000 frames per second, with a maximum of 150,000 frames per second; the exposure time is 1 us.
The recorded image data were then processed and analyzed to determine the droplet height and contact
angle at different times. To ensure airflow stability and facilitate macroscopic observation of droplet motion,
the flow channel length was set to 206 mm to ensure that the airflow has fully developed into a uniform and
stable flow by the time the sample enters the observation zone, thereby eliminating any impact of airflow
turbulence on contact angle measurements. To better visualize droplet shape evolution and detachment in
the rectangular microchannel, a stainless-steel plate was used at the bottom of the experimental section,
while optical glass plates were used on the other three sides. Ultraviolet glue with minimal influence on
visualisation was used to bond these four parts together, thereby forming a rectangular microchannel for
visualisation. This setup was used to observe droplet deformation in the microchannel.

A/Dconverter

high speed camera system

discharge
air compressor —
T = > peristaltic pump
air purifier current regulator pure water

Figure 3: Experimental system diagram.

Twelve experimental plates were selected, corresponding to three different flow-channel cross-sectional
areas (1.2 x 1.2 mm/2.2 x 2.2 mm/3.2 x 3.2 mm), and a total of 24 flow channels were constructed. Due to the
large aspect ratio of the microchannel, the flow was simplified as two-dimensional. Since the experimental
baseplate was made of smooth stainless steel, the effect of surface roughness on the contact angle was
neglected in this study.

The advancing and receding contact angle of the droplet in the rectangular microchannel changed
dynamically under the action of incoming airflow. The contact-angle difference is a physically important
quantity governing the equilibrium and detachment of droplets under airflow. In this experiment, changes
in droplet contact angle were measured under different Reynolds numbers, micropore sizes, droplet heights,
and channel sizes. In this experiment, the droplet contact angle was measured using a CA500 contact
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angle measurement device. The resulting droplet adhered to the substrate surface and cast a shadow. The
projection-screen micrometer uses optical magnification to project the image onto a screen. The droplet
contact angle was determined using the five-point fitting method, in which two points were selected at
the droplet-solid interface to establish a reference line. Then, three points were selected at the bottom,
middle and top of one side of the droplet, depending on whether the advancing or receding angle was to
be measured. Because these points were selected manually, they were chosen as close as possible to the
droplet profile, and the software automatically marks them. These points are indicated by the red cross on
the right side of the droplet in Fig. 4. Finally, the software automatically fitted the profile and calculated
the contact angle, so each measurement directly yielded the fitted advancing and receding angles. The
blue and green dots in the figure indicate the upper and lower positions calculated by the software. We
performed five independent replicate measurements of the contact angle for each characteristic state. The
results of the five measurements showed a high degree of consistency, and the properties of the surfaces
used remained stable throughout the experiment.

| ——— TOp

<——{Middle Part

Bottom

Figure 4: Measuring contact angle by five-point fitting method.

Fig. 5 shows the dynamic evolution of a droplet on a hydrophobic surface with a bottom-hole diameter
of 100 pm, and a flow-channel cross sectional of 3.2 mm x 3.2 mm and Re = 3000. The images present
the droplet morphology at different times, from the onset of droplet formation at the injection hole to
the completion of droplet detachment from the hole. Fig. 6 illustrates the droplet formation process on
hydrophobic and hydrophilic surfaces when the airflow is zero. The diameter of the bottom holes in both
surfaces is 100 pm, and the cross sectional of the flow channels is 3.2 mm x 3.2 mm.

QAAA&

Oms 8ms 130ms 310ms 950ms

Figure 5: The existence states of droplets in the flow channel at different times.
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il

Figure 6: The process of droplet formation on hydrophobic and hydrophilic surfaces.
4 Experimental Results and Discussions

The effects of the flow-channel, air velocity and droplet size on droplet morphology were investigated
experimentally. The phenomena on the hydrophilic and hydrophobic surfaces under different conditions
were then analyzed and compared. The main comparative results are summarized as follows.

Figs. 7-9 show the relationship between the advancing contact angle 64 and droplet height under
different Reynolds numbers for two types of stainless-steel surface wettability, with a bottom-hole diameter
of 100 um and different channel widths and heights. It can be seen that the advancing contact angles 6,4 on
both surfaces increased with increasing droplet height, and that the effect of droplet height on 6,4 became
more pronounced as the Reynolds number increased. When the channel width was fixed, the influence
of the channel height on 84 was not obvious. This phenomenon can be explained as follows: at lower
Reynolds numbers, the droplet was able to reach a greater height, whereas at higher Reynolds numbers, the
droplet height decreased. When the flow-channel geometry is fixed, a larger droplet height indicates that
the droplet experiences a stronger aerodynamic force and is therefore more likely to detach. Consequently,
the droplet exhibits a stronger tendency to deform in the direction of the incoming airflow, as reflected
by the increase in the advancing contact angle 4. However, it is difficult to quantify this relationship
because 04 is located on the leeward side of droplet, where the influencing factors are relatively complex.
These factors include droplet surface tension, the flow-field redistribution caused by airflow bypassing the
droplet, the increase in droplet infiltration diameter, and confinement effects from the side and top walls
of the flow channel. In addition, experiments on hydrophobic surfaces showed that droplet detachment
did not occur at all Re. Under low Reynolds number conditions (whether hydrophobic or hydrophilic),
droplets tend to grow in place and eventually adhere to the side or top walls of the channel due to their large
wetting area and strong adhesion, making it impossible for them to slide effectively along the flow direction.
At low Reynolds numbers, the most common state of a droplet is to grow in place and undergo slight
deformation until it eventually sticks to the side or top wall of the channel. At this point, it can be assumed
that the droplet will not slide along the direction of the incoming flow. Experimental studies indicate that
for hydrophobic surfaces, the maximum advancing angle does not always occur at the maximum Re; it
frequently occurs at Re = 2000 or 2400. This phenomenon can be explained as follows: when Re = 2000 or
2400, the droplet’s equilibrium state has reached its limit. Therefore, when Re continues to increase to 3000,
the droplet reaches its critical equilibrium state before 64 has fully increased, and the droplet is blown
away by the incoming flow prematurely. Consequently, the critical detachment velocity of the droplet on a
hydrophobic surface occurs at Re = 2000 or 2400. For hydrophilic surfaces, as Re increases from 2000 to
3000, the advance angle continues to increase, and the droplet has not yet reached its equilibrium limit. It
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can be concluded that the critical detachment wind speed of the droplet on a hydrophobic surface is lower
than that on a hydrophilic surface.
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Figure 7: Relationship between advancing contact angle 6, (*) and droplet height h, (mm) under the action of
incoming flow for a channel with a width of 1.2 mm: (a) Channel height 0.9 mm; (b) Channel height 2 mm.
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Figure 8: Relationship between advancing contact angle 6, (°) and droplet height h, (mm) under the action of
incoming flow for a channel with a width of 2.2 mm: (a) Channel height 1.8 mm; (b) Channel height 2.9 mm.
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Figure 9: Relationship between advancing contact angle 64 (*) and droplet height h, (mm) under the action of
incoming flow for a channel with a width of 3.2 mm: (a) Channel height 2 mm; (b) Channel height 3.2 mm.

Figs. 10-12 illustrate the relationship between the receding contact angle 0 and droplet height under
different Reynolds numbers for two types of stainless-steel surface wettability, with different channel width
and height. Since the receding contact angle is located on the windward side of the droplet, the dominant
factor affecting contact angle 6y is the average airflow velocity over the droplet surface. At a constant Re
and fixed flow-channel dimensions, O on both surfaces generally decreased with increasing droplet height.
Overall, the higher the Re, the more pronounced the effect of droplet-height variation on 0. For a fixed
droplet height, a higher Re resulted in a smaller 0, and this trend was more evident on the hydrophobic
surface. At low Re numbers, the gas flow rate and the aerodynamic force acting on the droplet were both
relatively small. As shown in the figures, 0 did not vary significantly with increasing droplet height. It can
therefore be concluded that when the gas-flow velocity is low, liquid surface tension plays a dominant role
in droplet behavior, whereas the influence of gas flow on the contact angle is not significant. When the Re is
high and the droplet height is large, Oz becomes smaller because the aerodynamic force acting on the droplet
increases significantly and eventually overcomes the constraint imposed by surface tension on droplet
position and shape. As a result, the droplet is stretched in the direction of the incoming flow, leading to a
reduction in 6. In contrast, when the Re is low, the effect of droplet height on 6y is not obvious, because
the influence of airflow on the droplet remains weak relative to surface tension. Therefore, at low Reynolds
numbers, the droplet tends to grow in a direction perpendicular to the airflow, while the receding contact
angle, O remains close to its original value. Although the variation trend of 0 is similar on both surfaces,
there are significant quantitative differences between them. At low Re, the 0 value on the hydrophobic
surface is obviously larger than that on the hydrophilic surface, whereas at high Re, the 0 value on the
hydrophobic surface is generally smaller than that on the hydrophilic surface. This phenomenon can be
explained as follows: At low Re, the droplet is subjected to a relatively weak aerodynamic force, resulting in
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only slight deformation and a greater tendency to maintain its static contact angle. In the experiment, the
static contact angle of the hydrophobic surface was 107.5°, while that of the hydrophilic surface was 64.2°;
the static contact angle of the hydrophobic surface was significantly greater than that of the hydrophilic
surface. When Re is small, the surface tension of the droplet plays a dominant role in the forces acting on
the droplet, and the effect of wind force on the change in droplet shape is limited. The retraction angle
on the hydrophobic surface is significantly greater than that on the hydrophilic surface, and there is no
significant difference in the deformation rate of the droplet on the two surfaces. However, when Re is large
(2000 < Re < 3000), due to the lower adhesion of the hydrophobic surface to the droplet, the retraction angle
on the windward side of the droplet exhibits greater sensitivity, and the droplet deformation rate is higher
than that on the hydrophilic surface. This implies that under the same wind speed increment, droplets on
the hydrophobic surface can adjust their geometry more rapidly. At the same time, we found a synergistic
effect between the hydrophobic surface properties and the droplet height. When Re is high, changes in
droplet height on the hydrophobic surface have a more pronounced effect on the retraction angle compared
to the hydrophilic surface. Precisely because of the high sensitivity of 6z on the hydrophobic surface, an
increase in wind force resulting from the same height increment can induce a greater degree of deformation
on the hydrophobic surface.
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Figure 10: Relationship between receding contact angle 6 () and droplet height h,, (mm) under the action of
incoming flow for a channel with a width of 1.2 mm: (a) Channel height 0.9 mm; (b) Channel height 2 mm.
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Figure 11: Relationship between receding contact angle 6 (*) and droplet height A, (mm) under the action of
incoming flow for a channel with a width of 2.2 mm: (a) Channel height 1.8 mm; (b) Channel height 2.9 mm.
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Figs. 13-15 show the relationship between the difference in contact angle A6 and the droplet height
under different Reynolds numbers for two types of stainless-steel surface wettability, with different channel
width and height. As can be seen, when the droplet height was fixed, Af on both surfaces increased
significantly with increasing Re. This indicates that the greater the deformation of the droplet on the
stainless-steel surface, the higher the droplet instability and the droplet can detach from the surface. At the
same time, when Re is constant, A6 increases as droplet height increases, Meanwhile, when Re is small,
the amplitude of A8 increases less with increasing droplet height. This can be explained as follows: At
low Reynolds numbers, droplet deformation under the incoming airflow was relatively small. In addition,
the tendency of the droplet to detach was weak, making droplet separation more difficult and causing the
droplet to accumulate and grow in place more easily. An increase in Re indicates that, under the same
windward area, the force exerted by the incoming airflow on the droplet becomes larger. To maintain the
force balance of the droplet on the stainless-steel surface, the hysteresis force increases, which is reflected
by droplet spreading in the direction of the incoming airflow. We investigated the interaction between
the Reynolds number and the channel height and found that there is a mechanism linking the channel
height to the gas flow within the channel. Changes in the channel geometry affect the forces acting on the
droplets by altering the local flow field distribution within the channel. Our results indicate that, when
Re and the droplet height are held constant, A8 decreases to some extent as the channel height increases.
This is primarily because, as the channel height increases, the proportion of the droplet relative to the
entire channel cross-section decreases. This implies that the degree of local acceleration caused by the
droplet’s disturbance of the airflow weakens, thereby reducing the drag effect of the surrounding airflow
on the droplet. Consequently, the droplet undergoes less deformation, and A@—which reflects the degree
of droplet deformation—naturally becomes smaller. According to the figures, under the same Reynolds
number, Af on the hydrophobic surface is generally larger than that on the hydrophilic surface, except
when the Re is very low (Re = 200). Since A6 is an important parameter for characterizing droplet stability,
when the Re is high, it can be qualitatively inferred that the droplet is relatively easy to detach. However,
this interpretation is not always applicable at low and medium Re, because A8 is only meaningful for
evaluating droplet detachment tendency when the droplet is close to the detachment state. At the same
time, under low-Reynolds-number conditions, when the droplet is still far from detachment, a slightly
larger AO on the hydrophilic surface than on the hydrophobic surface does not necessarily mean that the
droplet can be separated more easily from the hydrophilic surface. As shown in the figure, at high Re,
A6 on the hydrophobic surface is clearly larger than that on the hydrophilic surface. Therefore, it can be
qualitatively concluded that, under the action of incoming flow, droplet on the hydrophobic surface can
detach more easily.
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Figure 13: Relationship between the difference in contact angle A9 (*) and droplet height h,, (mm) under the action
of incoming flow for a channel with a width of 1.2 mm: (a) Channel height 0.9 mm; (b) Channel height 2 mm.
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Figure 15: Relationship between the difference in contact angle A (*) and droplet height h,, (mm) under the action

of incoming flow for a channel with a width of 3.2 mm: (a) Channel height 2 mm; (b) Channel height 3.2 mm.

Figs. 16—18 present the relationship between difference in contact angle A6 and droplet infiltration
diameter d. under different Reynolds numbers for two types of stainless-steel surface wettability, with
different channel widths and heights. It can be seen that A6 on both surfaces increased as d. increased. In
general, the higher the Re, the more obvious the increase in Af with increasing d.. This phenomenon can be
explained as follows: as Re or droplet height (or both) increase, the force of incoming air on the droplet will
also increase. To maintain the force balance of the droplet, the hysteresis force correspondingly increases.
In addition to the increase in A8, an increase in d, is also a way for the droplet to maintain force balance,
because as d,. increases, the droplet surface-tension Fst also increases. At the same time, as d, increases,
the contact area between the droplet and the stainless-steel substrate also increases, which results in greater
friction between the droplet and the substrate. These factors help maintain the equilibrium state of the
droplet. From the perspective of droplet detachment, an increase in d, can be regarded as an obstacle to
smooth droplet removal. In addition, the figures show that the d. value on the hydrophobic surface is
generally smaller than that on the hydrophilic surface. This is because the hydrophobic surface generally
has a larger contact angle, which leads to a smaller infiltration diameter of the droplet on the hydrophobic
surface. Due to the large contact angle, the droplet is more likely to remain nearly spherical, and thus the
infiltration diameter is relatively small. The hydrophobic surface promotes droplet detachment by reducing
the wetting diameter dc, which is consistent with the findings of Yu et al. [49] in T-shaped channels.

By contrast, on the hydrophilic surface, the smaller contact angle allows the droplet to spread more
easily, resulting in a relatively large infiltration diameter. Therefore, on hydrophobic surfaces, where the
infiltration diameter is smaller and the adhesive force is weaker, droplets can maintain a more compact
shape. After reaching the critical deformation point, droplets are more likely to break the balance of forces,
exhibiting a stronger tendency to separate, sliding along the direction of the airflow and detaching. On
hydrophilic surfaces, however, droplets are elongated along the direction of the airflow, spreading out as
they move forward, and may break apart.

It should also be noted that, for the hydrophilic surface, when the flow channel is 1.2 mm, except
high Reynolds numbers, such as Re = 3000 or 2400, where the droplet is subjected to a stronger incoming
airflow and can more readily leave its original position, the increase A6 with increasing droplet infiltration
diameter d. is relatively small for a given Reynolds number. The main reason for this can be explained
as follows: because the flow channel is narrow and it is difficult to ensure that the micro-hole is located
exactly at the channel center during micro-hole processing, the growing droplet is more likely to come into
contact with the side wall of the flow channel. As a result, it becomes difficult for the droplet to reach a free
detachment state without interference from the side wall. Therefore, the entire process of droplet growth
and adhesion breaking involves relatively small values of d. and A6.
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Figure 18: Relationship between the difference in contact angle A8 (°) and droplet infiltration diameter d. (mm)
under the action of incoming flow for a channel with a width of 3.2 mm: (a) Channel height 2 mm; (b) Channel height
3.2 mm.

Furthermore, comparative experiments conducted at different seepage rates, where the seepage rate in
this study was 10 pL/min and the comparison cases were 30 pL/min and 50 uL/min, indicate that seepage
rate does not have a significant effect on the droplet detachment state. However, the time required for the
droplet to leave the bottom plate or adhere to the side wall is significantly reduced. This is mainly because
droplet deformation under the action of incoming airflow is a transient process, and changes in seepage
rate have only a limited influence on the internal stress state of the droplet.

5 Conclusions

Based on the theoretical analysis, the experimental results of single-droplet visualisation were processed
and analyzed in this study, with a focus on droplet behavior under two different surface wettabilities. Based
on the analysis of the experimental results, the following main conclusions can be drawn:

(1) Correlation among Re, h, and 04. At a constant Re, 64 on the hydrophobic surface was obviously
larger than that on the hydrophilic surface. In addition, 84 on both surfaces increased with increasing
droplet height, and this effect became more pronounced as Re increased. Experimental results further
showed that the maximum 64 on the hydrophobic surface did not always occur at the maximum Re,
but was often observed at Re = 2000 or 2400.

(2) Correlation among Re, h, and 0. For a given Re and flow-channel size, droplet height increased while
the receding contact angle decreased. When the Re is large (2000 < Re < 3000), the 0 of the droplet
was generally small and the 0y of the hydrophilic surface was larger, while when Re was small (200 <
Re < 800), the effect of droplet height on 6z was not obvious, 0 remained relatively larger, and 6y on
the hydrophobic surface was larger than that on the hydrophilic surface.
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(3) Correlation among Re, h, and Af. The A0 values on both surfaces increased significantly with
increasing Re. At the same time, when the Re was kept constant, A increased with increasing droplet
height. The higher the Re, the greater the increase in Af. At high Re, Af on the hydrophobic surface
was significantly larger than that on the hydrophilic surface. The magnitude of A9 was also related
to flow-channel size. When both Re and droplet height were fixed, A6 decreases to some extent as
flow-channel height increased.

(4) For the two types of stainless-steel surfaces considered in this study, when the other flow parameters
were the same, both 04 and A6 on the hydrophobically treated surface were generally larger than those
on the untreated stainless-steel surface. By contrast, Oz on the hydrophobic surface was larger only at
low Re. In addition, the droplet infiltration diameter, d. on the hydrophobic surface was generally
smaller than that on the hydrophilic surface, indicating that the droplet on the hydrophobic surface
could detach more easily under incoming flow. These results provide theoretical support for the use of
hydrophobic surface to improve drainage efficiency.

6 Limitations

(1) The primary objective of this study was to investigate the effects of two distinct solid surface
characteristics (hydrophilicity and hydrophobicity) on droplets. We examined the influence of various
parameters on the behavior of droplets and summarized the interactions among these physical
parameters. However, relying solely on a single hydrophobic treatment has limitations in reflecting the
diversity of hydrophobic technologies. Future research should further compare various hydrophobic
structures and explore the synergistic effects of different hydrophobic surfaces on contact angle
hysteresis and the dynamic deformation rate of droplets.

(2) We ensured surface stability during the experiments through the experimental setup, experimental
protocol design, and material selection; however, further research on surface aging under long-term
environmental conditions is a necessary step for future engineering applications.

(3) The theoretical model presented in this paper provides a physical benchmark, while the experimental
section focuses on phenomenal characterization; the two are logically complementary and exhibit
logical consistency in revealing droplet dynamic behavior. However, we acknowledge that, in the
absence of support from numerical simulations such as CFD, the degree of coupling between the model
and experiments indeed needs to be improved.
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Nomenclature

Acronyms and abbreviations widely used in text

HPL hydrophilic surface

HPB hydrophobic surface

Re Reynolds number

Nomenclature

Cp the drag coefficient of the droplet

04 the advancing contact angle (°)

Or the receding contact angle ()

AD the difference in contact angle ()

Oy Young contact angle (°)

osL interfacial tension at the solid-liquid interface (N/m)
0sG interfacial tension at the solid-gas interface (N/m)
o] interfacial tension at a free interface (N/m)

Fp Wind force (N)

Fsr the combined force of osg, o5, o6 and f(N)

\Y Gradient operator

A the windward area of the droplet (mm?)

u average velocity of incoming flow (m/s)

] average velocity of droplets on the windward side (m/s)
Udroplet the average gas velocity on the droplet surface (m/s)
hy, droplet height (mm)

d. droplet infiltration diameter (mm)

Greek Symbols

0 contact angle (°), Or < 0 < 04

f hysteresis tension (N/m)

o interfacial tension (N/m)

v kinematic viscosity (m?/s)

U dynamic viscosity (N-s/m?)

p density (kg/m®)
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