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Droplet wetting phenomenon is encountered in many engineering applications. Three wetting morphologies, namely, barrel, clamshell, and liquid bridge, are investigated by the finite element method, Surface Evolver (SE) simulations. The barrel shape shrinks gradually as contact angle increases. In the shrinkage process, the dimensionless wetting length reduces, and maximum diameter increases. As the increase of the contact angle, the gas–liquid contact line of clamshell droplets bends and contracts inward gradually. The geometry parameters are extracted from the results from simulations. In addition, the critical spacing of liquid bridge rupture is determined. The critical spacing increases rapidly with the expanding of liquid bridge volume. The liquid bridge volume has a significant effect on critical spacing.
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INTRODUCTION
Understanding the behavior of fine droplets on fiber is important for many engineering applications such as condensation heat transfer (Deng et al., 2017; Preston et al., 2018; Adera et al., 2020), gas–liquid separation (Zhang et al., 2018; Abishek et al., 2019), dyeing of textiles (Wu et al., 2010), surface wetting (Wang et al., 2018), and water collection (Gao et al., 2021). The studies on fine droplet behaviors can provide useful information for those industry processes. Compared with the extensive understanding of droplets on a plane (Sheng et al., 2007), the behavior of droplets on a cylinder is obviously different. There are two essential shapes for droplet on fiber surface: axisymmetric barrel shape and non-axisymmetric clamshell shape (Rebouillat et al., 1999). The barrel shape tends to occur for large droplets or for small Young–Laplace Contact Angle (YLCA). The clamshell shape appears on the opposite sides.
To date, the adhesion morphologies of droplets on single fiber have been extensively investigated by mathematic model (Carroll, 1976; Lu et al., 2016), numerical simulation (Mchale et al., 2001; Chen et al., 2015; Deng et al., 2017; Chen and Deng, 2017), and experimental test (Gilet et al., 2010; Fang et al., 2015; Amrei et al., 2017). The adhesion morphologies of droplets-on-fiber depend on fiber diameter, wettability of fiber surface, volume of droplet, and surface tension of droplet. Based on the Young–Laplace equation, Carroll (1976) was the pioneer in suggesting the explicit mathematical expressions of the barrel shape. Subsequently, several studies conducted the measurement experiments to enhance the accuracy of the mathematic model (Wagner, 1990; Song et al., 1998). This model is inapplicable to the clamshell shape due to its non-axisymmetric conformation. The Young–Laplace equation is hardly solved for clamshell shape. A fast modeling of clamshell shape was developed based on a variable-radius cap approach (Lu et al., 2016). This model can rapidly describe the clamshell-shaped droplet on fiber when contact angle is greater than 20° and fiber radius is greater than droplet. In addition, many researchers (Mchale and Newton, 2002; Chou et al., 2011) studied the morphology transition between the barrel and clamshell shapes using a surface finite element numerical simulation (Surface Evolver [SE]) developed by Brakke (2000). Besides, Amrei et al. (2017) determined the effect of fiber surface roughness on the adhesion shape. Most of these studies, however, were emphasized on how to accurately extract the contact angle, the critical conditions of shape transition, and the variation of free energy. The geometry characteristic dimensions are significant factors for the next evolution of fine droplets on fiber and were neglected in previous papers.
Liquid bridge is another common conformation of droplets on multiple filaments. The formation, evolution, and rupture of liquid bridge also play a crucial role in those applications. For instance, the liquid bridges may evolve into liquid film. The formation of liquid film causes extra energy consumption and several problems in gas–liquid separation processes (Wilcox et al., 2012). Wu et al. (2010) studied the transition of liquid bridge on two parallel fibers and determined the characteristic curves of liquid bridge in droplet volume versus fiber spacing. Princen (1970) proposed the analytical description of liquid bridge shape on two parallel fibers. Moreover, several authors simulated the three-dimensional shape of liquid bridges and predicted the capillary forces using SE (Virozub et al., 2009; Bedarkar et al., 2010; Aziz and Tafreshi, 2019). However, these studies were focused on dependent factors of morphologies, energies, and forces of liquid bridge. It is very significant to study the rupture of liquid bridge for industry processes.
In this paper, the SE (Brakke, 2000) is utilized to simulate the equilibrium shape of two essential conformations. We extracted the geometry characteristic dimensions of shape from the simulation data by ImageJ software. The effect of contact angle on geometry characteristic dimensions is investigated. In addition, the critical factors of liquid bridge rupture are discussed.
SIMULATION METHODS
The morphologies of fine droplets attached on fiber can be described by the public domain SE package that is widely used to simulate the gas–liquid interface stability (Chou et al., 2011; Liang et al., 2013; Aziz and Tafreshi, 2015). The surface energy minimization method is implemented in SE code. The total free energy (E) of droplet on fiber with volume V containing surface free energy and gravitation energy can be written as:
[image: image]
where, [image: image] is the surface tension of fine droplet. [image: image] and [image: image] are the interfacial tensions of solid–liquid and solid–gas, respectively. [image: image] and [image: image] represent the liquid–gas and solid–liquid interfacial areas, respectively. The third term depicts the gravitational energy. In our work, the diameter of fine droplets is less than the capillary length [image: image]; thus, the gravitational effect is excluded for fine droplet, and the third term in equation is zero. In addition, for convenience, the dimensionless volume of fine droplet [image: image], the dimensionless fiber spacing [image: image], and L is the real fiber spacing. According to the Young’s equation, [image: image], Eq. 1 becomes
[image: image]
For each case, we adopt the different initial rectangular cuboid shapes: I. wrapping around for barrel shape, II. sitting on for clamshell shape, and III. putting in the middle leads to liquid bridge shape, as shown in Figure 1. The SE model surface mesh uses a triangle unit and evolves iteratively from the initial shape until minimum E is obtained. The surface tension of liquid is 0.032 N/m. The calculation is done when the tolerance of surface energy is less than 10−8 units.
[image: Figure 1]FIGURE 1 | The initial shape of different conformations. I. Barrel shape, II. clam shell shape, III. liquid bridge shape.
RESULTS AND DISCUSSIONS
Barrel
The gas–liquid free surface of barrel-shaped droplet under different contact angles was investigated, as shown in Figure 2A. For convenience, we define the dimensionless free surface of gas–liquid as [image: image]. In this case, the dimension volume of droplet V* is fixed at 5. The computational images of barrel shape are shown in Figure 2A. It can be seen that the contact lines at two ends move to each other and the barrel shape exhibits the shrinkage tendency with the increase of contact angle. In addition, the dimensionless free surface decreases from 14.63 to 13.87 as the contact angle changes from 5° to 65°. The decline trend becomes slow gradually after 40°.
[image: Figure 2]FIGURE 2 | (A) Variation of dimensionless free surface with contact angle. (B) Change of dimensionless maximum diameter and wetting length with contact angle. (C) Influence of contact angle on dimensionless air resistance of barrel-shaped droplet.
There are two geometric parameters accounting for barrel shape, maximum diameter db and wetting length Lw. Similarly, the dimensionless parameters, [image: image] and [image: image], are illustrated in Figure 2B. In the shrinkage process of barrel-shaped droplet, the dimensionless wetting length Lw* reduces, and the dimensionless maximum diameter db* increases. The thicker the maximum diameter, the higher probability the liquid bridge formation is. The increment of db* at the range of 20°–55° is higher than that of other ranges. In addition, the wetting length decreases linearly over the contact angle increase. The value of Lw* decreases by more than 1.7 times as the contact angle increases from 5° to 65°.
The morphology of barrel-shaped droplets has an obvious deformation with the change of contact angle. The effect of the droplets shape variation corresponds to the changes of flow field around fiber and air resistance of fiber. Given the geometric parameters of barrel-shaped droplet, the drag force of fiber with barrel-shaped droplet can be described as (Dawar and Chase, 2010; Mead-Hunter et al., 2012).
[image: image]
where, F is the drag force, ρ is the density of air, df is the fiber diameter, u is the air flow velocity, db is the maximum diameter of barrel-shaped droplet, LW is the wetting length of barrel-shaped droplet, and LT is a fixed length of fiber and equal to the LW at contact angle 5°. CD is the drag coefficient of air flow around droplet and given by (Dawar and Chase, 2010)
[image: image]
for [image: image]. where Rea is the Reynolds number.
Figure 2C depicts the correlation between the dimensionless air resistance ([image: image]) and contact angle of fiber with fixed length. As the contact angle increases, the dimensionless air resistance increases linearly. The amplification of air resistance is about 47% as the contact angle increases from 5° to 65°. This result indicates that barrel-shaped droplet interference in flow field increases with contact angle increase.
Clamshell
Clamshell, an asymmetric morphology, is a common adhesion shape. In this case, dimensionless volume of droplet is fixed at 1. The influence of contact angle on ALG* of clamshell shape is presented in Figure 3A. As the increase of the contact angle, the gas–liquid contact line of clamshell droplets bends and contracts inward gradually. The value of ALG* decreases by 3.7% as the contact angle increases from 5° to 65°. The decline rate becomes slow after contact angle 45°.
[image: Figure 3]FIGURE 3 | (A) Change of dimensionless free surface ALG* with contact angle. Variation of dimensionless geometric parameters with contact angle: (B) RM* ([image: image]) and LW* ([image: image]), (C) R0* ([image: image]) and H* ([image: image]).
In order to investigate the clamshell shape feature clearly, it is necessary to define several geometric parameters of clamshell, outer contour radius RM and R0, wetting length LW, and droplet thickness H, illustrated by the inset in Figure 3. The wetting area (liquid–solid interface), free surface area (gas–liquid), and air resistance are closely linked with these parameters.
The variation of dimensionless geometric parameters of clamshell shape is obtained by ImageJ, as shown in Figures 3B,C. When the contact angle increases, RM* declines exponentially, R0* and LW* decrease linearly, and H* increases linearly. As the contact angle is 5°, the thickness of clamshell droplet is almost negligible relative to the fiber diameter. Nevertheless, the H* increases to 0.6 at contact angle 65°. In addition, the larger the H*, the higher evolution probability of liquid bridge is. The adjacent droplet is coalesced easily along with the stretching of wetting length.
Liquid Bridge Rupture
Fiber spacing is an important factor affecting the formation and breakage of liquid bridge. When the distance between the fibers is too low, the barrel- or clamshell-shaped droplets connect with other droplets to merge then form liquid bridge. Figure 4A presents the computational images of liquid bridge in two parallel fibers with the change of fiber spacing. It can be seen that the middle throat of the liquid bridge gradually shrinks until separation with the increase of fiber spacing. Certainly, there is a critical fiber spacing for the rupture of liquid. The pre-existing liquid bridge will break when the fiber spacing reaches this critical value.
[image: Figure 4]FIGURE 4 | (A) Evolution of liquid bridge with fiber spacing from simulation in the parallel fibers. (B) Variation of the dimensionless critical spacing with the V*. (C) Variation of the dimensionless critical spacing with the contact angle.
The effect of V* and contact angle on critical spacing is determined by SE simulation. Figure 4B shows the influence of dimensionless volume of liquid bridge on critical spacing. As the increase of V*, the critical spacing also presents an increasing trend. When the V* of liquid bridge is 1, critical spacing is only 1.018. However, the critical spacing increases by more than 10 times as the V* increases to 5. The critical spacing associated with contact angle is analyzed, as shown in Figure 4C. As a result, the critical spacing increases with the increase of contact angle. When the contact angle is at 10°, the critical spacing is 2.65. When the contact angle increased to 60°, the critical spacing increases by 17%.
Based on the data presented in Figures 4B,C, the correlation between critical spacing LC*, dimensionless volume V*, and contact angle θ can be obtained by fitting:
[image: image]
According to Eq. 5, as the θ and V* are given, we can adjust the fiber spacing for controlling the formation or rupture of liquid bridge. In addition, the conformation of liquid bridge can be manipulated by varying the volume of liquid bridge, the fiber surface wettability, and the fiber spacing.
CONCLUSION
In summary, we employed the SE to simulate the shape of droplets on fiber. The geometry parameters of shape are extracted based on the simulation data. The effect of contact angle on geometry characteristic dimensions is investigated. In addition, we define the critical spacing between two fibers for estimating the rupture of liquid bridge. Meanwhile, the effect of bridge volume and contact angle on critical spacing is discussed.
1) The barrel shape shrinks gradually as contact angle increases. The dimensionless maximum diameter db* increases with the increase of contact angle. The value of LW* decreases by more than 1.7 times as the contact angle increases from 5° to 65°. The amplification of air resistance is about 47% as the contact angle increases from 5° to 65°.
2) When the contact angle increases, for clamshell shape, RM* declines exponentially, R0* and LW* decrease linearly, and H* increases linearly.
3) The middle throat of the liquid bridge gradually shrinks until separation with the increase of fiber spacing. As the V* increases from 1 to 5, the critical spacing increases by more than 10 times. When the contact angle increased from 10° to 60°, the critical spacing increases by 17%. Finally, the fitting formula of the correlation between critical spacing LC*, dimensionless volume V*, and contact angle θ is proposed based on simulation results.
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