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Abstract

:

A finite-volume method based on the OpenFOAM is used to numerically study the factors affecting the migration of viscoelastic droplets on rigid surfaces with wettability gradients. Parameters investigated include droplet size, relaxation time, solvent viscosity, and polymer viscosity of the liquid comprising droplets. The wettability gradient is imposed numerically by assuming a linear change in the contact angle along the substrate. As reported previously for Newtonian droplets, the wettability gradient induces spontaneous migration from hydrophobic to hydrophilic region on the substrate. The migration of viscoelastic droplets reveals the increase in the migration speed and distance with the increase in the Weissenberg number. The increase in droplet size also shows the increase in both the migration speed and distance. The increase in polymer viscosity exhibits the increase in migration speed but the decrease in migration distance.
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1. Introduction


The motion of liquid droplets on solid surfaces is ubiquitous in nature and is associated with extremely broad applications in many different fields [1,2]. The manipulation of droplets by controlling the wettability of substrates in particular has been intensively investigated due to daily observations and various potential industrial applications. The methods for wettability control for transporting droplets on surfaces include creating temperature gradients, electrowetting, magnetic fields, and chemical or physical texture gradients [3,4,5,6,7,8,9,10,11,12,13,14,15]. When droplets are placed on a solid surface with a wettability gradient, they tend to move from regions of low wettability to high wettability due to the net driving force in the direction of increasing surface wettability. Greenspan and Brochard [16,17] studied the wettability gradient of a surface to night drop operation in detail. The net driving force is due to the difference in curvature between the front and back half of the droplet. Yang et al. [18] further discussed on the concept of manipulating droplets in the absence of an external factor environment. Li and Zhiguang [19] verified the spontaneous motion of droplets on solid surfaces. Moumen et al. [20] performed detailed experiments on droplet transport on horizontal solid surfaces using wettability gradients. Chowdhury et al. [21] verified the droplet transport mechanism for wettability gradient trajectories with different constraints. Liu et al. [22] conducted experiments on the motion of droplets on a surface with a wettability gradient and found that the velocity of the droplets increased with the surface wettability gradient. Subramanian et al. [23] verified the forces involved in the migration of droplets on solid surfaces, and demonstrated the forces and resistance provided by droplets by approximating the shape of the droplets as wedges, which is known as the wedge approximation. They also used the lubrication approximation to study the dynamics and resistance of fluids. Chaudhry et al. [24] verified that the velocity gradually decreased after increasing to a certain value along the direction of droplet movement. Xu and Qian [25] analyzed the motion of nanoscale droplets on a heated solid surface with a wettability gradient, and accurately simulated the phenomenon of rapid changes in solid-to-fluid temperature. They investigated the motion of evaporative droplets in a single-component fluid on a solid substrate with a wettability gradient. There are two main difficulties with fluid flow and heat flow near droplet contact lines on solid substrates: hydrodynamic (stress) singularities and thermal singularities. A continuum hydrodynamic model is proposed for the study of the motion of single-component droplets of fluids on solid substrates. The model can handle thermal singularities, which inevitably arise as the substrate temperature differs from the coexistence of liquid and gas. Liu and Xu [26] performed theoretical analysis and molecular dynamics simulations of droplet transport on surfaces with wettability gradients. A unified mechanical model is proposed that integrates the static configuration of the droplet at equilibrium and the dynamic configuration of the droplet during motion. Molecular dynamics (MD) simulations show that the configuration of water droplets on a solid surface relaxes during motion, and a dimensionless parameter is proposed to describe their dynamic contact area. In addition, the analysis showed that the friction coefficient of water droplets on the solid surface was significantly different from that of the water film, and a geometric factor related to the wettability of the solid surface was formulated to calibrate the kinetic friction of water droplets. Full-velocity trajectories of droplet motion are extracted, and the predictions are in good agreement with extensive MD simulations across the entire surface wettability gradient, from superhydrophobic to superhydrophilic. Raman et al. [27] used a phase-field-based Boltzmann method (LMB) to simulate the dynamics of droplet aggregation on a wettability-gradient surface and observed that when the droplet impinges on the wettability gradient surface, the droplet shape is not necessarily spherical, resulting in different droplet morphologies near the droplet junction area. Huang et al. [28] conducted a 2D numerical simulation of droplet transport on a surface with a stepwise wettability gradient by considering the contact-angle hysteresis (CAH) on the droplet surface. They used the Lattice Boltzmann Method (LBM) and found that the velocity of the droplet has a strong dependency on viscosity ratio, wetting gradient magnitude, and CAH. Ahmadlouydarab and Feng [29] used wettability gradient and external flow to numerically study the movement and coalescence of droplets, and analyzed the transport of droplets on a surface with wettability gradient, making comparisons with the results of Moumen et al. [20] In addition to the work of Nasr et al. [30], Chaudhry et al. [21,31] studied the migration of droplets on surfaces with linear wettability gradients, and concluded that the droplet shape was found to evolve over time to maintain a minimum energy state. Even with different wettability gradients, the surface energy of a droplet can be the same at a specific dimensionless time. Droplets, located at different locations and times, can be identical in shape. Paul Ch. Zielke et al. [32] reported that velocity increases with the droplet size.



Although the research on Newtonian fluids has made great progress, the research on non-Newtonian fluids (viscoelastic fluids) is still very scarce. In the study of non-Newtonian fluids [33,34,35,36,37,38] most of the studies are on flows in microchannels. Although the spontaneous migration of Newtonian droplets due to wettability gradients has been widely studied, that for viscoelastic droplets is very limited. Bai et al. [39] used the OpenFOAM to numerically analyze viscoelastic droplet migration on surfaces with linear wettability gradients. They showed that the migration speed increases monotonically with the increase in fluid elasticity until it saturates for high enough Weissenberg number. The migration distance, however, was not obtained because the cases reported did not contain migrations coming to an end, which is observed in experiments. Li et al. [40] proposed a dynamically controlled particle separation by employing viscoelastic fluids in deterministic lateral displacement (DLD) arrays. The process of deceleration and termination of viscoelastic droplet migration due to the growing viscous force with droplet deformation, however, is omitted in the report. Zhang et al. [41] studied the transient flow response of viscoelastic fluids to different external forces. Damped harmonic oscillation and periodic oscillation are induced and modulated depending on the fluid intrinsic properties such as viscosity and elasticity. External body forces, such as constant force, step force, and square wave force, are applied at the inlet of the channel. It is revealed that the oscillation damping originates from the fluid viscosity, while the oscillation frequency is dependent on the fluid elasticity. An innovative way is also developed to characterize the time relaxation of the viscoelastic fluid by modulating the frequency of the square wave force. Zhang et al. [42] investigated temporal-pulse flow mixing of Newtonian and viscoelastic fluids at different pulse frequencies and showed that viscoelastic fluids are more mixed than Newtonian fluids. Despite these findings on effects of the viscoelasticity, the finite migration distance of droplets affected by the viscoelasticity is yet to be reported. In this work the effect of viscoelasticity on the droplet dynamics is studied parametrically, and the changes in migration speed and distance due to viscoelasticity are revealed for the first time.




2. Numerical Simulation


The volume-of-fluid (VOF) method is a simulation technique used to track and locate free-form surfaces or fluid interfaces in computational fluid dynamics. It uses static and migrating mesh to accommodate the evolution of the interface shape. It is based on the Eulerian formulation. In this paper, the VOF solver tracking interface included in OpenFOAM is used to calculate the volume fraction in the gas/liquid two-phase flow:  α  is the volume fraction of a liquid, and the value of  α  in the grid varies between 0 and 1. When a grid is completely filled with liquid, the value of  α  is 1. When there is no liquid in the grid, the value of  α  is 0. The continuity equation is then written as


    ∂ α   ∂ t   +  (  U ⋅ ∇  )  α = 0  



(1)




where  U  is the fluid velocity vector. The transport properties of this fluid are obtained by a volume average of the equations:


  ρ = α  ρ 1  +  (  1 − α  )   ρ 2   



(2)






  μ = α  μ 1  +  (  1 − α  )   μ 2   



(3)




where  ρ  and  μ  represent the density and dynamic viscosity of the two liquids, respectively. The interactive reaction between the two phases of the fluid can be calculated on the surface tension by the following equation:


  Δ p = σ k  n ⌢   



(4)




where   Δ p   is the pressure difference across the interface,  σ  represents the surface tension coefficient,  k  is the curvature of the surface, and   n ⌢   is the unit outward normal on the surface. The surface tension is included in the Navier–Stokes equation as a source term. Based on the case of incompressible fluids, the governing equations of viscoelastic fluids and the conservation of mass and momentum can be expressed as


  Δ ⋅ U = 0  



(5)






    ∂ ρ U   ∂ t   + U ⋅  (  ρ U  )  = − ∇ p + ∇  (   τ s  +  τ p   )  + σ κ ∇ α + ρ g  



(6)




where  p  is the pressure,  ρ  is the fluid density, and  g  is gravitational acceleration, the stress tensor can be expressed as


  τ =  τ s  +  τ p   



(7)




where stress  τ  is divided into that contributed by the Newtonian solvent    τ s   , and the viscoelastic polymer    τ p   . To focus on the effect of viscoelasticity without the complications of shear-thinning the Oldroyd-B viscoelastic constitutive model is adopted, which can be expressed as


   τ p  + λ  τ p ∇  = 2  η p   [  ∇ U +    (  ∇ U  )   T   ]   



(8)




where  λ  is the relaxation time,    η p    is the polymer viscosity,    τ p ∇    is the derivative on the elastic stress tensor:


   τ p ∇  =   ∂  τ p    ∂ t   + ∇ ⋅  (  U  τ p   )  -    (  ∇ U  )   T  ⋅  τ p  -  τ p  ⋅  (  ∇ U  )   



(9)







The relation of the Oldroyd-B constitutive model can be expressed as


   τ p  =    η p   /   (  λ  (  C − I  )   )     



(10)




where  C  is the conformational tensor of the polymer molecule, and a symmetry tensor  I  is a unit tensor. Equation (6) can then be simplified as


    ∂ U   ∂ t   + U ⋅ ∇ U = −  1   ρ c    ∇ p +   β  η c     ρ c     ∇ 2  U +    η c     ρ c   λ c     (  1 − β  )  ∇ ⋅ C +   σ k ∇ α    ρ c    + g  



(11)




where   β =    η s   /   η p    =    η s   /   (   η s  +  η p   )      and    η c  =  η s  +  η p   , The viscosity and density fields depend on the order parameter:


    η c  = α  η L  +  (  1 − α  )   η G    ,    ρ c  = α  ρ L  + ( 1 − α )  ρ G    



(12)




where    η L    and    ρ L    denote the viscosity and density of the liquid. The viscosity and density of the gas is denoted by    η G    and    ρ G   . The transport equation of the deformation rate tensor is expressed as


    ∂ C   ∂ t   + ∇ ⋅  (  U C  )  −    (  ∇ U  )   T  ⋅ C − C ⋅  (  ∇ U  )  =  1 λ   (  1 − C  )   



(13)







If we set the droplet radius as  a  and the total substrate length as  L , and the dimensionless droplet radius in units of  L  is


  R =  a L   



(14)







The spatial and temporal variables then are nondimensionalized as


    x *  =  x L      ,    y *  =  y L      ,   T =   t ν    a 2      



(15)




where the kinematic viscosity   ν =    η c   /   ρ L     .



For viscoelastic droplets, the Weissenberg number   W i   is an important parameter, the measure of fluid elasticity:


  W i =   ν λ    a 2     



(16)







If we take the center point    x m    of the droplet as a reference for droplet location, dimensionless droplet location  M  and the dimensionless migration distance are expressed as


   M =    x m   L      and    M f  =    x f   L    



(17)




where    x f    is the final value of    x m    when the droplet ceases to move.



In this paper, the OpenFOAM software is used for computations. Initially a viscoelastic droplet is placed in a rectangular area with a length  L  of 10 mm and a height  H  of 1.5 mm. The contact angle along the substrate decreases from the superhydrophobic region in the left side to the hydrophilic region in the right side, and the droplet migration is observed as in Figure 1. The boundary conditions are set to no-slip on the substrate and atmospheric conditions on other boundaries, as available in the OpenFOAM. The spatial resolution of the calculation is determined by grid-independent studies to ensure an absolute error bound of 10−6 on the calculation of the droplet migration distance. The change in the contact angle decreases from 160° at the initial droplet location to 0° at the right end of the substrate. As shown in Figure 2, the deformation that occurs with droplet migration is consistent with [24].



The contact angle model we use is the dynamic contact angle model, and the equation of the dynamic contact angle model is:


   θ d  =  {     θ a  ,    U w  ≥ 0      θ r  ,    U w  ≥ 0      



(18)




where    U w    is the velocity near the wall. The dynamic contact angle model based on OpenFOAM is


  θ =  θ e  +  (   θ a  −  θ r   )  tanh  (     U w     U θ     )   



(19)




where    U θ    is the characteristic velocity scale.    θ a   ,    θ r   ,    θ e   , respectively, are the advancing, the receding, and the balance angle.



Density of the Oldroyd-B and the Newtonian liquid is set identically to  ρ  = 1000 kg/m3, while polymer and solvent viscosities are set to    η p    = 0.36 Pa∙s and    η s    = 0.04 Pa∙s, respectively. The initial relaxation time is set as  λ  = 0.01 s [43]. For the gas phase, we set  ρ  = 1 kg/m3 and    η s    = 1 × 10−5 Pa∙s, with the surface tension  σ  = 0.073 N/m, as listed in Table 1. The migration of droplets on the substrate with a contact angle distribution ranging from 160° to 0° is investigated.



Figure 2 shows representative cases of Newtonian and viscoelastic droplet migration obtained by the OpenFOAM simulations described above. The red and blue regions, respectively, represent liquid and air phase, with the arrows indicating the local velocity vector. As in Figure 1, the initial droplet shape is set to a semicircle, with which the droplet radius and volume can be clearly specified.




3. Results and Discussion


Figure 3a shows the time-dependent location of droplet center  M  for droplets with identical viscosity, as a droplet migrates from the superhydrophobic region to the hydrophilic region of the substrate. The slope of each line indicates instantaneous migration speed, which eventually becomes zero for all droplets shown. It is thus seen that droplets start to move due to the wettability gradient, decelerate, and cease to move due to the viscous dissipation. The migration speed in the early stages of the motion and the migration distance in the final stage both increase with the   W i  . The time spent to reach the final stationary state is seen to decrease with   W i  . It can thus be deduced that more elastic droplets migrate faster and farther and stop sooner. Figure 3b shows the location of droplets with different volumes, with an enlarged scale provided in the inset. With the fixed wettability gradient along the substrate, bigger droplets would experience bigger differences in the contact angle between the advancing and receding side of the droplet. It is thus seen that droplets with bigger initial radius migrate faster and farther. Since the difference in the migration distance is more pronounced than the migration speed, the time required to reach the stationary state increases as well with the initial droplet radius.



Figure 4a shows the location of viscoelastic droplets with time, depending on the solvent viscosity    η s    for an identical polymer viscosity    η p   . For high solvent viscosity,    η s    = 25 Pa∙s, the viscoelastic droplet migrates slowly and for a relatively short distance. Low solvent viscosity,    η s    = 0.04 Pa∙s, gives faster and longer migration, as can be easily understood. In Figure 4b three different polymer viscosities,    η p    = 0.36, 1.9, 4.2 Pa∙s, are tested with the solvent viscosity kept identically at    η s    = 0.04 Pa∙s. In early stages, the difference in migration speed is not conspicuous, but eventually the differences in migration distance and migration time are obvious. Droplets with higher polymer viscosity show shorter migration distance and smaller migration time.



Figure 5a shows the dimensionless migration distance    M f    depending on different viscoelasticity. The final migration distance of the droplets increases with the   W i   number. The Newtonian droplet,   W i   = 0, shows shortest migration distance. The increase in the migration distance with the increase in   W i   is monotonic. Near   W i   = 80, the increase seems minimized, but the terminal equilibrated value for high   W i  , if any, cannot be verified due to difficulties in computations for high enough   W i  . As seen in Figure 3, a longer migration distance is accompanied by a shorter migration time. With the increase in   W i   the total migration time decreases monotonically. The viscoelasticity seems to promote the droplet migration due to the wettability gradient both in terms of migration velocity and migration distance. The exact mechanism for this promotion needs to be analyzed. The increase in the migration distance with respect to the droplet radius is shown in Figure 5b. For all values of   W i  , the migration distance increases monotonically with the droplet radius. In contrast to the migration-distance increase due to the elasticity, however, the total migration time also increases with the increase in the migration distance. It is to be noted that with in present length scale increase in the droplet radius is analogous to that in the wettability gradient.




4. Concluding Remarks


Based on the VOF method, the effect of viscoelasticity on the migration distance, speed, and time for spontaneous droplet motion due to wettability gradients is analyzed for the first time. It is found that as the fluid elasticity increases, the farther and the faster the viscoelastic droplet migrates, but the sooner it stops. Increase in the droplet size also makes it migrate farther and faster, but total migration time becomes longer. Increase in the viscosity of the solvent causes the droplet to move more slowly and over a shorter distance, as does the change in the viscosity of the polymer due to elastic effects. The viscoelasticity seems to promote the droplet migration due to the wettability gradient both in terms of migration velocity and migration distance. The exact mechanism for this promotion needs to be analyzed. It is to be noted that in the present length scale used, increase in droplet radius is analogous to that in the wettability gradient. This work focuses on the effect of elasticity on the droplet migration without other complications of viscoelastic fluids, and so the Oldroyd-B model is chosen. With the features embedded in the OpenFOAM, it is straightforward to extend the work to other constitutive models with other desired effects. Here, the migration-promoting effect of elasticity is reported quantitatively. Its difference with the effect of wettability-gradient increase is revealed.







Author Contributions


Conceptualization, Y.J.R.; methodology, Y.J.R.; investigation, Y.J.R.; writing—original draft preparation, Y.J.R.; writing—review and editing, S.W.J.; supervision, S.W.J.; project administration, S.W.J.; funding acquisition, S.W.J. All authors have read and agreed to the published version of the manuscript.




Funding


This work is funded by the Grant NRF-2022R1A2C2002799 of the National Research Foundation of Korea.




Conflicts of Interest


The authors have declared no conflict of interest.




References


	



Yao, X.; Song, Y.; Jiang, L. Applications of bio-inspired special wettablesurfaces. Adv. Mater. 2011, 23, 719–734. [Google Scholar] [CrossRef] [PubMed]

	



Darhuber, A.A.; Valentino, J.P.; Troian, S.M.; Wagner, S. Thermocapillary actuation of droplets on chemically patterned surfaces by programmablemicroheater arrays. J. Microelectromech. Syst. 2003, 12, 873–879. [Google Scholar] [CrossRef]

	



Mettu, S.; Chaudhury, M.K. Motion of drops on a surface induced bythermal gradient and vibration. Langmuir 2008, 24, 10833–10837. [Google Scholar] [CrossRef] [PubMed]

	



Foroutan, M.; Fatemi, S.M.; Esmaeilian, F.; Fadaei Naeini, V.; Baniassadi, M. Contact angle hysteresis and motion behaviors of a water nanodroplet on suspended graphene under temperature gradient. Phys. Fluids 2018, 30, 052101. [Google Scholar] [CrossRef]

	



Jaiswal, V.; Harikrishnan, A.; Khurana, G.; Dhar, P. Ionic solubility and solutal advection governed augmented evaporation kinetics of salt solution pendant droplets. Phys. Fluids 2018, 30, 012113. [Google Scholar] [CrossRef]

	



Cho, S.K.; Moon, H.; Kim, C.-J. Creating, transporting, cutting, and merging liquid droplets by electrowetting-based actuation for digital microfluidic circuits. J. Microelectromech. Syst. 2003, 12, 70–80. [Google Scholar] [CrossRef]

	



Latorre, L.; Kim, J.; Lee, J.; De Guzman, P.-P.; Lee, H.; Nouet, P.; Kim, C.-J. Electrostatic actuation of microscale liquid-metal droplets. J. Microelectromech. Syst. 2002, 11, 302–308. [Google Scholar] [CrossRef]

	



Kunti, G.; Mondal, P.K.; Bhattacharya, A.; Chakraborty, S. Electrothermally modulated contact line dynamics of a binary fluid in a patterned fluidicenvironment. Phys. Fluids 2018, 30, 092005. [Google Scholar] [CrossRef]

	



Kunti, G.; Bhattacharya, A.; Chakraborty, S. Electrothermally actuatedmoving contact line dynamics over chemically patterned surfaces with resistive heaters. Phys. Fluids 2018, 30, 062004. [Google Scholar] [CrossRef]

	



Long, Z.; Shetty, A.M.; Solomon, M.J.; Larson, R.G. Fundamentals ofmagnet-actuated droplet manipulation on an open hydrophobic surface. Lab Chip 2009, 9, 1567–1575. [Google Scholar] [CrossRef]

	



Ichimura, K.; Oh, S.-K.; Nakagawa, M. Light-driven motion of liquids on aphotoresponsive surface. Science 2000, 288, 1624–1626. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Y.; Cheng, J.; Zhou, C.; Xing, H.; Wen, X.; Pi, P.; Xu, S. Droplet Motion on a Shape Gradient Surface. Langmuir 2017, 33, 4172–4177. [Google Scholar] [CrossRef] [PubMed]

	



Morrissette, J.M.; Mahapatra, P.S.; Ghosh, A.; Ganguly, R.; Megaridis, C.M. Rapid, Self-driven Liquid Mixing on Open-Surface Microfluidic Platforms. Sci. Rep. 2017, 7, 1800. [Google Scholar] [CrossRef] [PubMed]

	



Dhiman, S.; Jayaprakash, K.S.; Iqbal, R.; Sen, A.K. Self-Transport and Manipulation of Aqueous Droplets on Oil-Submerged Diverging Groove. Langmuir 2018, 34, 12359–12368. [Google Scholar] [CrossRef] [PubMed]

	



Petrie, R.J.; Bailey, T.; Gorman, C.B.; Genzer, J. Fast directed motion of fakir droplets. Langmuir 2004, 20, 9893–9896. [Google Scholar] [CrossRef]

	



Greenspan, H.P. On the motion of a small viscous droplet that wets a surface. J. Fluid Mech. 1978, 84, 125–143. [Google Scholar] [CrossRef]

	



Brochard, F. Motions of droplets on solid surfaces induced by chemical or thermal gradients. Langmuir 1989, 5, 432–438. [Google Scholar] [CrossRef]

	



Yang, J.-T.; Chen, J.C.; Huang, K.-J.; Yeh, J.A. Droplet manipulation on a hydrophobic textured surface with roughened patterns. J. Microelectromech. Syst. 2006, 15, 697–707. [Google Scholar] [CrossRef]

	



Li, J.; Guo, Z. Spontaneous Directional Transportations of Water Droplets on Surfaces Driven by Gradient Structures. Nanoscale 2018, 10, 13814–13831. [Google Scholar] [CrossRef]

	



Moumen, N.; Subramanian, R.S.; McLaughlin, J.B. Experiments on the Motion of Drops on a Horizontal Solid Surface Due to a Wettability Gradient. Langmuir 2006, 22, 2682–2690. [Google Scholar] [CrossRef]

	



Chowdhury, I.U.; Mahapatra, P.S.; Sen, A.K. Self-driven droplet transport: Effect of wettability gradient and confinement. Phys. Fluids 2019, 31, 042111. [Google Scholar] [CrossRef]

	



Liu, C.; Sun, J.; Li, J.; Xiang, C.; Chenghao, X.; Wang, Z.; Zhou, X. Long-range spontaneous droplet self-propulsion on wettability gradient surfaces. Sci. Rep. 2017, 7, 7552. [Google Scholar] [CrossRef] [PubMed]

	



Subramanian, R.S.; Moumen, A.N.; McLaughlin, J.B. Motion of a Drop on a Solid Surface Due to a Wettability Gradient. Langmuir 2005, 21, 11844–11849. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhury, M.K.; Chakrabarti, A.; Daniel, S. Generation of Motion of Drops with Interfacial Contact. Langmuir 2015, 31, 9266–9281. [Google Scholar] [CrossRef]

	



Xu, X.; Qian, T. Droplet motion in one-component fluids on solid substrates with wettability gradients. Phys. Rev. E 2012, 85, 051601. [Google Scholar] [CrossRef]

	



Liu, Q.; Xu, B. A unified mechanics model of wettability gradient-driven motion of water droplet on solid surfaces. Extreme Mech. Lett. 2016, 9, 304–309. [Google Scholar] [CrossRef]

	



Raman, K.A. Dynamics of simultaneously impinging drops on a dry surface: Role of inhomogeneous wettability and impact shape. J. Colloid Interface Sci. 2018, 516, 232–247. [Google Scholar] [CrossRef]

	



Huang, J.; Shu, C.; Chew, Y. Numerical investigation of transporting droplets by spatiotemporally controlling substrate wettability. J. Colloid Interface Sci. 2008, 328, 124–133. [Google Scholar] [CrossRef]

	



Ahmadlouydarab, M.; Feng, J.J. Motion and coalescence of sessile drops driven by substrate wetting gradient and external flow. J. Fluid Mech. 2014, 746, 214–235. [Google Scholar] [CrossRef]

	



Nasr, H.; Ahmadi, G.; McLaughlin, J.; Jia, X. Drop motion simulation on a surface due to a wettability gradient. In Proceedings of the ASME 2006 2nd Joint US-European Fluids Engineering Summer Meeting Collocated with the 14th International Conference on Nuclear Engineering, Miami, FL, USA, 17–20 July 2006; American Society of Mechanical Engineers: New York, NY, USA; pp. 547–550. [Google Scholar]

	



Chowdhury, I.U.; Mahapatra, P.S.; Sen, A.K. Shape evolution of drops on surfaces of different wettability gradients. Chem. Eng. Sci. 2021, 229, 116136. [Google Scholar] [CrossRef]

	



Zielke, P.C.; Subramanian, R.S.; Szymczyk, J.A.; McLaughlin, J.B. Movement of drops on a solid surface due to a contact angle gradient. Proc. Appl. Math. Mech. 2003, 2, 390–391. [Google Scholar] [CrossRef]

	



Ji, J.; Qian, S.; Liu, Z. Electroosmotic Flow of Viscoelastic Fluid through a Constriction Microchannel. Micromachines 2021, 12, 417. [Google Scholar] [CrossRef] [PubMed]

	



Casas, L.; Ortega, J.A.; Gómez, A.; Escandón, J.; Vargas, R.O. Analytical Solution of Mixed Electroosmotic/Pressure Driven Flow of Viscoelastic Fluids between a Parallel Flat Plates Micro-Channel: The Maxwell Model Using the Oldroyd and Jaumann Time Derivatives. Micromachines 2020, 11, 986. [Google Scholar] [CrossRef] [PubMed]

	



Escandón, J.; Torres, D.; Hernández, C.; Vargas, R. Start-Up Electroosmotic Flow of Multi-Layer Immiscible Maxwell Fluids in a Slit Microchannel. Micromachines 2020, 11, 757. [Google Scholar] [CrossRef]

	



Mei, L.; Zhang, H.; Meng, H.; Qian, S. Electroosmotic Flow of Viscoelastic Fluid in a Nanoslit. Micromachines 2018, 9, 155. [Google Scholar] [CrossRef]

	



Mei, L.; Qian, S. Electroosmotic Flow of Viscoelastic Fluid in a Nanochannel Connecting Two Reservoirs. Micromachines 2019, 10, 747. [Google Scholar] [CrossRef]

	



Omori, T.; Ishikawa, T. Swimming of Spermatozoa in a Maxwell Fluid. Micromachines 2019, 10, 78. [Google Scholar] [CrossRef]

	



Bai, F.; Li, Y.; Zhang, H.; Joo, S.W. A numerical study on viscoelastic droplet migration on a solid substrate due to wettability gradient. Electrophoresis 2019, 40, 851–858. [Google Scholar] [CrossRef]

	



Li, Y.; Zhang, H.; Li, Y.; Li, X.; Wu, J.; Qian, S.; Li, F. Dynamic control of particle separation in deterministic lateral displacement separator with viscoelastic fluids. Sci. Rep. 2018, 8, 3618. [Google Scholar] [CrossRef]

	



Zhang, M.; Zhang, W.; Wu, Z.; Shen, Y.; Wu, H.; Cheng, J.; Zhang, H.; Li, F.; Cai, W. Modulation of viscoelastic fluid response to external body force. Sci. Rep. 2019, 9, 9402. [Google Scholar] [CrossRef]

	



Zhang, M.; Wu, Z.; Shen, Y.; Chen, Y.; Lan, C.; Li, F.; Cai, W. Comparison of Micro-Mixing in Time Pulsed Newtonian Fluid and Viscoelastic Fluid. Micromachines 2019, 10, 262. [Google Scholar] [CrossRef] [PubMed]

	



Figueiredo, R.A.; Oishi, C.M.; Cuminato, J.A.; Azevedo, J.C.; Afonso, A.M.; Alves, M.A. Numerical investigation of three dimensional viscoelastic free surface flows: Impacting drop problem. In Proceedings of the 6th European Conference on Computational Fluid Dynamics (ECFD VI), Barcelona, Spain, 20–25 July 2014; Volume 5. [Google Scholar]








[image: Micromachines 13 00729 g001 550] 





Figure 1. The computational domain of the simulation. Semicircle: The droplets move from the superhydrophobic side to the hydrophilic side. 






Figure 1. The computational domain of the simulation. Semicircle: The droplets move from the superhydrophobic side to the hydrophilic side.



[image: Micromachines 13 00729 g001]







[image: Micromachines 13 00729 g002 550] 





Figure 2. (a) Migration of a Newtonian droplet (b) Migration a of viscoelastic droplet with   W i   = 16 (c) with   W i   = 40. 
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Figure 3. (a) Migration of Newtonian droplet and viscoelastic droplets with different   W i   numbers against dimensionless time. (b) Migration of a viscoelastic droplet (  W i   = 16) of different initial radii. 
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Figure 4. (a) Droplet migration for different    η s   . (b) Droplet migration for different    η p   . 
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Figure 5. (a) Migration distance of droplets for different   W i  ; (b) Migration distance of droplets with different initial radius. 
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Table 1. Liquid properties used.
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	Fluid
	 ρ  (kg/m3)
	   η p    (Pa∙s)
	   η s    (Pa∙s)
	 λ  (s)
	 σ  (N/m)





	Oldroyd-B
	1000
	0.36
	0.04
	0.01
	0.073



	Newtonian liquid
	1000
	
	0.04
	
	0.073



	Newtonian gas
	1
	
	   1 ×   10   − 5     
	
	0.073
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