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Microfluidics bears a vast potential for industrial applications [START_REF] Stone | Engineering flows in small devices: 361 Microfluidics toward a lab-on-a-chip[END_REF], such as drug 2 3 mixing and dispensing [START_REF] Huang | Auto-364 matic optimization of drug cocktails on an integrated microfluidic system[END_REF], blood sampling [START_REF] Browne | An in-line microfluidic blood sampling inter-367 face between patients and saline infusion systems[END_REF] and analysis [START_REF] Tseng | Microfluidic paper-based 370 platform for whole blood creatinine detection[END_REF], 3D bioprinting of viable cells [START_REF] Colosi | Microfluidic Bioprinting of 374 21 Heterogeneous 3D Tissue Constructs Using Low-Viscosity Bioink[END_REF], or surface cleaning by acoustic waves [START_REF] Alagoz | Removal of spoiling materials from solar panel surfaces 377 by applying surface acoustic waves[END_REF]. At such a small 4 scale, the flow is usually laminar and inertia is negligible. Therefore, generating 5 sufficient mixing remains a challenge for engineering applications. Different 6 techniques, either active or passive, have been proposed to mitigate this limitation 7 [START_REF] Ward | Mixing in microfluidic devices and enhancement 380 methods[END_REF][START_REF] Lee | Microfluidic Mixing: A 383 Review[END_REF]. Passive techniques rely on modifying the channel geometry [START_REF] Stroock | Chaotic mixer for microchannels[END_REF], exploiting 8 interfacial instabilities in two-phase flows [START_REF] Hu | Viscous liquid-388 liquid wetting and dewetting of textured surfaces[END_REF], or generating soft-wall turbulence 9 through the use of compliant materials [START_REF] Kumaran | Stability and the transition to turbulence in the flow through 391 conduits with compliant walls[END_REF]. In the present work, we show via 10 direct numerical simulations that immersing a simple cylindrical micro-pillar into 11 a liquid film spreading on an otherwise smooth substrate allows to generate a 12 complex and extended system of vortices around it. In particular, we uncover 13 the existence of a horseshoe vortex, which is similar to vortices forming around 14 large-scale obstacles such as bridge pillars [START_REF] Baker | The laminar horseshoe vortex[END_REF], but caused by an entirely different mechanism, driven by capillarity and not by inertia. We find that the adverse 16 pressure gradient causing flow reversal upstream of the micro-pillar results from 17 an intricate competition between variations in streamwise and transverse curvature 18 of the liquid-gas interface.

19

The configuration studied here is of interest in the context of dynamic wetting 20 [START_REF] Bico | Rough wetting[END_REF][START_REF] Darbois-Texier | Wicking through a 398 confined micropillar array[END_REF]. In recent experimental studies, it was demonstrated that a tenfold increase 21 in contact line velocity can be achieved by simply placing individual wettable 22 micro-obstacles (e.g. beads or pillars) on the pathway of a liquid drop spreading 23 on a silicon wafer [START_REF] Mu | Sharp acceleration of a macroscopic contact line induced by a 359 particle[END_REF][START_REF] Mu | Control of local wetting by microscopic 401 particles[END_REF][START_REF] Mu | 403 Quick liquid propagation on a linear array of micropillars[END_REF]. Figure 1a represents a typical such experiment, which 24 we have performed under isothermal conditions at =24.5 • C using the same setup 25 and procedure as [START_REF] Mu | 403 Quick liquid propagation on a linear array of micropillars[END_REF]. Here, a drop of silicone oil (dimethylpolysiloxane, KF-96L- and the pillar ( = 0 in figure 1a), the liquid is soaked up toward the obstacle, 31 due to the strongly curved liquid meniscus forming around its foot ( -0 =6 ms to 32 -0 =40 ms in figure 1a). This so-called meniscus pump sustains a rapid rise of the 33 liquid along the low energy surface of the pillar, reducing viscous drag within the 34 upstream liquid film and increasing the slope of the spreading front downstream of 35 the particle. Both these effects contribute to accelerating the spreading rate [START_REF] Nakamura | Pumping effect of hetero-407 geneous meniscus formed around spherical particle[END_REF].

36

In the current manuscript, we employ numerical simulation based on the full 37 Navier-Stokes equations (see [START_REF] Nakamura | Enhancement of meniscus pump by multiple particles[END_REF] for numerical details) to unveil the internal 38 flow structures developing within the liquid meniscus during film-pillar interaction 39 (figure 1b). We focus on a pillar of diameter p =50 m and use liquid properties and 40 surface wettabilities according to the above-described experiments (see caption of and surface wettabilities according to the experiment in figure 1a. For the liquid 80 (subscript ), we set =873 kg/m 3 , =2.0×10 -6 m 2 /s, and =1.83×10 -2 N/m.

81

For the ambient air (subscript for gas), we set =1 kg/m 3 and =1.48 × 10 -5 82 m 2 /s. For the static contact angle 0 , we use 0 =5 • on the substrate, and 0 =20 • 83 on the pillar.

84

The dimensions of the computational domain and the number of grid cells per 

102 ∇ • U = 0, (1) 
103

( ¯ U) + ∇ • ( ¯ UU) = -∇ + ∇ • + ¯ g + F SV , (2) 
where U and denote the fluid velocity vector and pressure, and designates the 104 viscous stress tensor = ¯ (∇U + ∇U T ).

105

The effective properties of the single fluid are formulated as a weighted average 106 of the pure-phase properties in terms of the liquid volume fraction :

¯ = L + (1 -) G , ¯ = L + (1 -) G . (3) 
The volume fraction takes values of unity or zero when a given cell is occupied 108 entirely by liquid or gas, and an intermediate value when a cell contains the liquid-109 gas interface. A rough estimate of the liquid-gas interface is given by the isosurface 110 =0.5.

111

The field of the volume fraction is obtained by solving the advection equation:

112 + ∇ • ( U) + ∇ • (U c (1 -)) = 0, (4) 
where U c is an ad hoc compression velocity used to counteract numerical diffusion [START_REF] Gründing | A comparative study of transient capillary 439 rise using direct numerical simulations[END_REF], which is oriented in the direction of the unit normal vector n to the liquid-gas interface (pointing into the gas phase):

U c = U n, n = - ∇ ∇ . (5) 
Numerical diffusion can cause flotsam in multiphase computations [START_REF]Computational Methods for Multiphase 442 Flow[END_REF]. This 113 approach, designated as algebraic VOF approach, has the advantage of being 114 generally applicable to unstructured meshes. Although it is less precise than other 115 VOF-based methods, such as piecewise linear interface calculation [START_REF] Youngs | Numerical Methods for Fluid Dynamics[END_REF] (PLIC)

116
or coupled Level-Set/VOF [START_REF] Sussman | A coupled level set and volume-of-fluid method 447 for computing 3d and axisymmetric incompressible two-phase flows[END_REF], it has been shown to give reasonable predictions 117 for different capillary-driven flows, in comparison with said methods [START_REF] Deshpande | Evaluating the performance 431 of the two-phase flow solver interfoam[END_REF][START_REF] Gründing | A comparative study of transient capillary 439 rise using direct numerical simulations[END_REF], and

118
with experiments [START_REF] Saha | Effect of dynamic contact angle in a volume of fluid 450 (vof) model for a microfluidic capillary flow[END_REF].

119

The effect of surface tension is accounted for via the CSF method, i.e. through 120 the source term F SV in the momentum equation ( 2). This term is computed via:

F SV = n, = ∇•n, (6) 
where denotes the curvature of the liquid-gas interface, which are approximated 122 based on the volume fraction . The dynamic contact angle of the liquid-gas interface with the solid bound-124 aries (substrate and pillar) is imposed via the relation [START_REF] Gründing | A comparative study of transient capillary 439 rise using direct numerical simulations[END_REF]:

125 = 0 + ( -) tanh ( CL / ) , (7) 
which is hard-coded in interFoam via the boundary condition type 126 dynamicAlphaContactAngle [START_REF] Feng | A computational study of high-speed microdroplet impact onto 453 a smooth solid surface[END_REF][START_REF] Mallinson | Simulation of 456 droplet impact and spreading using a simple dynamic contact angle model[END_REF]. Here, 0 denotes the static contact angle, 127 and , , and are adjustable parameters allowing to control the variation of 128 the dynamic part in Eq. ( 7) as a function of the contact line velocity CL (which is 129 approximated by the tangential fluid velocity in the wall-adjacent cells).

130

In our current simulation, we have identified the values of , , and ,

131
such as to recover the appropriate spreading regime for a two-dimensional drop 132 spreading on a plane wall, i.e. ∝ 1/7 [START_REF] Tanner | The spreading of silicone oil drops on horizontal surfaces[END_REF], for our two liquid/solid pairings, i.e.

133 oil/substrate and oil/pillar. We have previously applied this approach in [START_REF] Nakamura | Pumping effect of hetero-407 geneous meniscus formed around spherical particle[END_REF], where 134 the same liquid/solid system was simulated, only that a spherical micro-particle 135 was used instead of a micro-pillar. In figure 5 of that reference, it was shown that 136 the simulated contact line progressed as ∝ 1/7 prior to contact with the micro-137 particle. The exact values for the adjustable parameters used in our simulation 3a, where we have produced a direct comparison.

138 are =10 • , =1

150

Details of the numerical procedure for solving equations ( 1), [START_REF] Stone | Engineering flows in small devices: 361 Microfluidics toward a lab-on-a-chip[END_REF], and (4), with 151 the interFoam solver are provided in references [START_REF] Deshpande | Evaluating the performance 431 of the two-phase flow solver interfoam[END_REF][START_REF] Gründing | A comparative study of transient capillary 439 rise using direct numerical simulations[END_REF]. We mention here only 152 the salient features. Spatial discretization is realized via finite volumes, using the 153 upwind scheme for convective terms and linear interpolation for diffusional terms. draining liquid toward the pillar (figure 3b), which is driven by a large negative wall 196 pressure gradient w (dashed curve in figure 3c). This constitutes the so-called 197 meniscus pump described in [START_REF] Nakamura | Pumping effect of hetero-407 geneous meniscus formed around spherical particle[END_REF]. As shown in figure 3d, it is accompanied by a 

202 = -ℎ 1 + ( ℎ) 2 3/2 + -ℎ 1 + ( ℎ) 2 1/2 . ( 8 
)
However, soon after contact ( -0 ≥ 1.6 ms in figure 3c), a change in sign known experiments of Taneda [START_REF] Taneda | Visualization of separating Stokes flows[END_REF], reproduced in [START_REF] Van Dyke | An album of fluid motion[END_REF], as well as corresponding 217 theoretical works [40,[START_REF] Davis | Separation in a slow linear shear flow past a 471 cylinder and a plane[END_REF].

218

In the liquid film ahead of the pillar, inertia remains negligible even during 

229 0 = - + + + . (9) 
Near the bounding wall, the net contributions of and are negligible, due 230 to the no-slip boundary condition at =0, which imposes = =0. In this 231 region, the pressure derivative , which is positive over a significant portion of 232 the separation vortex, imposes a positive curvature >0 on the velocity profile 233 ( ). This implies a flow direction away from the pillar, in the near-wall region.

234

Conversely, as one moves away from the wall, (and to a lesser extent )

235
becomes increasingly strong and positive, which eventually leads to a change in 236 sign of the velocity profile curvature near the liquid-gas interface, i.e. <0.

237

Assuming a stress-free interface (no dynamic effect of the gas phase), this implies 238 a flow direction toward the pillar, near the surface of the film. Arguably, the 239 remaining question to be answered relates to the origin of the adverse pressure 240 gradient in our particular configuration.

241

In contrast to HSV forming in inertial flows [START_REF] Launay | An experimental investigation 428 of the laminar horseshoe vortex around an emerging obstacle[END_REF], the origin of the adverse 242 pressure gradient causing flow reversal in our microfluidic system (figure 4b)

243
is not the conversion of dynamic pressure into static pressure. Variations of spreading velocity. This phenomenon, which can be exploited to enhance the 304 wetting characteristics of materials, has been observed in various experimental 305 and numerical studies [START_REF] Mu | Sharp acceleration of a macroscopic contact line induced by a 359 particle[END_REF][START_REF] Mu | Control of local wetting by microscopic 401 particles[END_REF][START_REF] Mu | 403 Quick liquid propagation on a linear array of micropillars[END_REF][START_REF] Nakamura | Pumping effect of hetero-407 geneous meniscus formed around spherical particle[END_REF][START_REF] Nakamura | Enhancement of meniscus pump by multiple particles[END_REF]. In the current manuscript, we have unveiled via 306 numerical simulations another very useful feature: a complex system of vortices 307 forming within the liquid meniscus around the micro-obstacle, which may have 308 the potential to greatly enhance mixing. In particular, we have discovered the 309 existence of a horseshoe vortex wrapping around the micro-pillar, which is highly 310 untypical of low Reynolds number flows (in our system, O (Re)=10 -3 ). Hitherto, 311 such vortices have been observed only in flows with appreciable inertia, e.g. flows 312 around bridge pillars [START_REF] Gazi | A review on hydrodynamics of horseshoe 413 vortex at a vertical cylinder mounted on a flat bed and its impli-414 cation to scour at a cylinder[END_REF] or heat-sink pin fins [START_REF] Anderson | Time-resolved stereo piv measurements of the 417 horseshoe vortex system at multiple locations in a low-aspect-ratio pin-fin 418 array[END_REF]. By contrast, in our system, 313 flow reversal near the wall within the horseshoe vortex is generated as a result 

321

The micro-obstacles investigated here constitute a simple, robust, and efficient 322 passive technique for intensifying mixing in low-Reynolds-number microfluidic 323 systems, while improving macroscopic surface wettability. They can also produce 324 large variations in wall shear stress during the interaction with the spreading 325 liquid, as shown in figure 3d for our case of a cylindrical micro-pillar. This may 326 be exploited for the cleaning of contaminated surfaces [START_REF] Khodaparast | Bubble-driven detach-473 ment of bacteria from confined microgeometries[END_REF][START_REF] Zoueshtiagh | Capillary tube wetting induced 476 by particles: towards armoured bubbles tailoring[END_REF], such as required 327 in microprocessor technology [START_REF] Okorn-Schmidt | Particle cleaning technologies to meet advanced semiconductor 481 device process requirements[END_REF] or in the food industry [START_REF] Vicaria | Analysis of different protocols for the cleaning of corn starch 485 adhering to stainless steel[END_REF].

328

Based on our understanding of the mechanism underlying the capillary-driven HSV, we attempt to predict the parameter range where this phenomenon may occur. For this, we recall our thin-film length scales from section 3, i.e. L and L =ℎ, but, this time, we make no assumption about L . The length scale ratio is once again =L /L , and we introduce L = p for the spanwise dimension, whereas the velocity scale U will be eliminated from the problem. Firstly, dominance of capillarity versus inertia requires -2 We∼10 -1 . Secondly, balance of capillarity and viscous stresses requires 
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Figure 1 :

 1 Figure 1: Horseshoe vortex (HSV) forming around a cylindrical micro-pillar (diameter p =50 µm, static contact angle 0 =20 • ) engulfed by a liquid film spreading on a smooth substrate ( 0 =5 • ). The working liquid is silicone oil (dimethylpolysiloxane, KF-96L-2cs, Shin Etsu Chemical Co. Ltd.), with =873 kg/m 3 , =2 mm 2 /s, and =18.3 mN/m at =25 • C. (a) Experiment performed under isothermal conditions at =24.5 • C using the setup of [1]. The time of first contact between droplet and pillar is = 0 . (b) Numerical simulation showing the internal flow structure of the liquid meniscus. The pillar is positioned at p =150 m. Streamlines colored in blue, red, and black highlight the HSV, a second vortex forming in the wake of the pillar, and the flow within the planes =0 and =0.1 m.

26 2cs,

 26 Shin Etsu Chemical Co. Ltd., with density =873 kg/m 3 , kinematic viscosity 27 =2 cSt, and surface tension =18.3 mN at =25 • C) spreads toward a cylindrical 28 micro-pillar (static contact angle 0 =20 • ) of diameter =50 µm placed on a silicon 29 wafer ( 0 =5 • ). After first contact between the advancing contact line of the drop
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 411 figure 1 for all parameters). For this system, the Bond number Bo=

  79

85

  dimension are( , , ) [ m] = (300, 80, 300) and ( , , ) = (150, 40, 150), 86 respectively. The grid independence of our results has been checked by performing 87 the same simulation with twice coarser spatial and temporal resolutions.88The pillar, of diameter p =50 m, is placed at the center of the domain ( p = 89 150 m, p = 0). We exploit the symmetry of the system with respect to the -90 plane and represent only half of the pillar. Thus, we impose symmetry boundary 91 conditions at the left ( = 0), top ( = ), and right ( = ) boundaries of 92 the domain. At the material surfaces of the substrate ( = 0) and the pillar 93 ( 2 + (p ) 2 = 2 p /4), wall adherence and no-penetration conditions are imposed. 94 The liquid flows into the computational domain through an inlet channel of 95 height ℎ inlet =20 m located at the upstream boundary ( =0), where we impose 96 the pressure ( = 0, , )= inlet = 0, and a plug-profile for the -velocity ( = 97 0, , )= inlet =3 × 10 -4 m/s. This value is deduced from the spreading rate in the 98 experiments of [1]. 99 Using the interFoam solver, we numerically solve the continuity and Navier-100 Stokes equations for an incompressible single fluid with effective density ¯ and 101 dynamic viscosity ¯ :

Figure 2 :

 2 Figure 2: Time evolution of the HSV system forming around the micro-pillar. Parameters according to figure 1b. Different color palettes highlight two intertwined vortices: the HSV originating upstream of the pillar (blue/green) and a wake vortex (WV) emanating from downstream of the pillar (red/yellow). (a) Emergence of the HSV. (b) Emergence of the WV. (c,d) Disconnection and then re-connection of the WV.
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 52 Figure 2 represents the time evolution (from panel 2a to panel 2d) of the flow

Figure 3 : 0 193

 30 Figure3ashows the time evolution of the meniscus profile ℎ( ) in this region, 185

198

  substantial variation in the wall shear stress w , which increases tenfold. The neg-199 ative pressure gradient observed during this stage results from a strong variation 200 of the streamwise curvature , which enters the full curvature of the liquid-gas 201 interface through:

203

  Figure 4a represents streamlines within the region of flow reversal at -0 =4 ms

Figure 4 :

 4 Figure 4: Mechanism of flow reversal in the symmetry plane ( =0) upstream of the micro-pillar. (a) Streamlines showing the HSV at -0 = 4 ms. (b) Detail of the wall pressure profile w ( ). (c) Deconstruction of the adverse wall pressure gradient according to (10): -0 = 4 ms. Solid blue: w ; circles: interfacial liquid pressure L (10); plus signs: interfacial liquid normal viscous stress n from (10); asterisks: from (8); crosses: from (8). (d) Detail of the wall shear stress profile w ( ).

244( 2 )

 2 figure 3c. The increase in toward the upstream side of the pillar observed in 280

  , such as pillars or beads, when placed into the path of a 302 liquid film spreading on a smooth substrate, are known to greatly accelerate the

Figure 5 :

 5 Figure 5: Mixing potential of the vortex system formed around the micro-pillar: -0 =15 ms.Colored streamlines highlight the HSV (blue/green color palette) and the wake vortex (red/yellow color palette). Wall shear stress vectors on the substrate, as well as streamlines within the symmetry plane = 0 and on the pillar surface are also shown.

314 18 of

 18 surface tension forces. These cause a change in sign of the wall pressure 315 gradient during the rise of the liquid meniscus along the pillar, as a result of the 316 competition between the transverse and streamwise curvatures of the liquid-gas 317 interface. Surface tension is thus responsible both for driving the liquid around 318 the obstacle (suction toward the contact line downstream of the pillar) and for 319 generating the adverse pressure gradient that causes flow reversal upstream of the 320 pillar.

- 3

 3 Ca∼1. And, thirdly, competition between streamwise variations in streamwise ( ) and spanwise ( ) curvature requires L ∼L . As a result, we obtain: gives estimates for the orders of magnitude of the liquid film thickness and 329 and ∼0.1 m s -1 from (11), which agrees with the order of magnitude of these 331 quantities according to our simulation data in figure 3a. The wettabilities of the 332 substrate and the pillar are involved indirectly in (11), as they control both ℎ and 333 . near junction of square cylinder and base plate, Journal of Engineering 423 Mechanics 134 (2) (2008) 184-197.

petition between variations in streamwise ( ) versus transverse ( ) curvature contributions (figure 4c), according to [START_REF] Ward | Mixing in microfluidic devices and enhancement 380 methods[END_REF]. These shape the profile of the liq-255 uid pressure at the liquid-gas interface, L ( ), via the normal-stress inter-phase 256 coupling condition at =ℎ:

where G denotes the gas pressure, which is virtually constant, the pressure 258 jump due to surface tension, and n the normal liquid viscous stress (the corre-259 sponding gas stress is neglected).

260

In figure 4c, we have plotted different contributions to the adverse wall pres-261 sure profile at -0 =4 ms (blue curve in figure 4b), by making use of equation [START_REF] Stroock | Chaotic mixer for microchannels[END_REF].