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Summary When a droplet of large aspect ratio is held stationary against a mean flow inside a Hele-Shaw cell, a three-dimensional recirculation
flow on the drop interface is observed. In contrast to the parabolic flow profile pertaining to Hele-Shaw flows, the velocity profile, displays a
3D-recirculation near the interface, instead of decreasing monotonically away from the mid-plane of the drop. This observation is accounted for
by a solutal Marangoni effect modeled through a boundary layer expansion close to the drop interface.

INTRODUCTION

When a fluid flows along a drop of another immiscible fluid, a recirculation pattern is observed inside the droplet, as the con-
sequence of the continuity of shear stress and tangential velocity along the drop interface. This has been first understood for
spherical droplets by Hadamard [1] and Rybzinsky [2] in the creeping flow limit. In the presence of surfactants, this recircula-
tion flow further induces a solutocapillary retardation mechanism (Levich [3]) due to surfactant material reorganization along the
interface. Similar phenomena are observed in the Hele-Shaw geometry, when the droplet is confined between the channel walls
and adopts a pancake like shape. Bush [4] observed a recirculating wake outside a pancake bubble rising due to buoyancy, which
he attributed to surfactant redistribution along the interface. While the flow reversal observed by Bush predominantly takes place
in-plane (parallel to the top and bottom plates), we describe in this paper an out-of-plane flow reversal which is observed on the
drop surface despite the mean unidirectional external flow.

EXPERIMENTAL OBSERVATIONS

As sketched in Figurela, a pancake droplet confined in a Hele-Shaw cell of height 2 much smaller than the droplet radius R is held
stationary against a mean flow U,. A simple mechanism is used to hold droplets stationary against the mean flow inside the Hele-
Shaw cell [S]: by etching a hole into the top surface of the PDMS channel, the droplet partially enters the indentation, thereby,
reducing its overall surface energy. This decrease in surface energy allows the drop to remain “anchored" as long as the drag force
from the external flow is less than this surface energy gradient to push the drop out of the hole. A fluorinated oil (FC-40 + 1%
surfactant, viscosity u. = 4.1cP) is used as the carrier fluid. The dispersed phase consists of distilled water of pg ~ 1cP together
with green-fluorescent beads of diameter 1m (FluoSpheres, 2% solid) at 5 wt % as flow tracers, from which quantitative flow
measurements are made using a commercial PIV software (DaVis, LaVision). This yields a viscosity ratio of A = pq/p. = 1/4.
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Figure 1. (a) Sketch of the three-dimensional flow reversal (not to scale); (b) velocity field measured at z = 0; (c) velocity field measured at
z~ —h/3; h = 50um, Uy = 1mm/s and R = 200um. Observe the velocity field from left to right in (b) and from right to left in (c).

The PIV visualizations inside the droplet at different different focal planes in Fig. 1b,c show that the center of droplet is nearly
immobile in comparison to the fast flow near the boundary of the drop. This fast flow decays over a short length scale that is
comparable to the channel height (white region in Fig.1a). Furthermore, the velocity fields at two varying vertical positions z = 0
(Fig. 1b) and z = —15um (Fig. 1c), respectively, show that the fluid at the drop interface moves in opposite directions depending
on z. This signifies that the anchored droplet undergoes a three-dimensional recirculation on the droplet boundary, despite the
unidirectional driving flow: the transverse velocity profile usy,,¢(2), instead of decreasing monotonically away from the mid-plane
(z = 0), switches sign before reaching zero at z = +h/2.

Figure 2a shows the surface velocity on the drop interface at x = R,y = +R for two values of z (z = 0 and z = —h/3) for
several values of the channel height & and drop radius R. The surface velocity us, (0) measured at the mid-plane (z = 0) is
approximately 32% of U,,, independent of the channel height and drop radius, while the surface velocity wgs,,t(—5h/3) measured at
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z = —10 and —15 pum for channels of & = 30 and 50 pm, respectively, switches sign with a maximum magnitude approximately
13% of the mean external flow. Away from the drop boundary where the fast recirculation flow occurs, the velocity in the center
region of the drop is negative and smaller than both ug,,+ and U, in magnitude. The mean velocity that could be measured in the
region r < R/2is 0.003U,.

MARANGONI MODEL

In order to account for this flow reversal, we model the modification of the interface boundary condition due to the redistribution of
surfactant material on the droplet surface. The flow past the droplet causes the surfactants to accumulate on the front of the droplet
relative to its rear, creating a surfactant concentration gradient along the droplet interface, which causes in turn a surface tension
gradient with a higher surface tension at the rear than at the front [3]. The resultant adverse solutal Marangoni effect pulls along
the surface in the opposing direction to the flow. We therefore superimpose to the free-stream carrier flow a prescribed surface
tension distribution, ensuring the tail-to-nose surface tension gradient produced by the carrier flow, quantified by a Marangoni
number M = (2¢Ac)/(Us (e + 124)), where Ao is surface tension variation and e = h/R. In the regime where surface advection
dominates over surface diffusion and the adsorption/desorption processes on the interface are not limiting, a natural assumption is
to consider a uniform surface tension distribution along z and a linear surfactant concentration gradient in the in-plane direction,
as also assumed by Bush [4]. We further simplify the pancake like geometry of the droplet by a flat circular cylinder of radius R
and thickness h.

Far from the interface, the separation of scales and low Reynolds number can be exploited to lead to the Hele-Shaw equations,
with the classical potential flow solution at leading order in ¢ = h/R. The solution is chosen to match the far-field velocity and
to satisfy the impermeability condition on the circular interface. In the process leading to the Hele-Shaw equations, the in-plane
diffusion terms are neglected, precluding the imposition of the continuity of tangential velocity and tangential stress. At leading
order in €, the flow far from the interface inside the droplet is therefore null. This already implies that the characteristic velocities
in the bulk of the droplet are at least e times smaller than Us.
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Figure 2. (a) Maximum tangential velocity on the interface us,,t On two separate vertical planes versus the mean external flow U, for different

values of the channel height and drop radius. (b) Typical velocity profiles vs(z) obtained from the boundary layer expansion in the vicinity of

the droplet surface for an adverse Marangoni effect of non dimensional strength M = 0, 2,4, 6,8,10,12; A = 1/4.

In order to fulfill the tangential boundary conditions, a boundary layer expansion (inspired by the boundary layer along a flattened
cylinder in a Hele-Shaw cell by Thompson [6]) is introduced close to the boundary where the radial coordinate is rescaled to ac-
count for the transverse scale h (white region in Figure 1a). The dominant balance suggests that the tangential velocity component
dominates the two other velocity components by at least one order of magnitude. Typical results for a viscosity ratio of A = 1/4
are displayed in figure 2b for different values of the retarding soluto-capillary gradient ranging from M = 0,2,4,6,8, 10, 12.
In the absence of the Marangoni effect, the maximum surface velocity is computed to be 1.6 in comparison to the value of 2
pertaining to the A = 0 case. For moderate Marangoni driving, the flow decelerates until flow reversal appears for M > 4.23
near the wall. At M = 8.7, a maximum velocity of 0.3 and a minimum of —0.08 compatible with our findings (see Fig. 1) are
observed. When the Marangoni driving becomes more intense (M > 10.75), the entire flow reverses, and the physical assumption
of negative tail-to-nose surface tension gradient is likely to break down.
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