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Marangoni-driven flows arise from spatial variations of surface tension along a free surface,
which usually occurs where temperature or concentration gradients are present [1,2]. The unbal-
anced stress tangent along the free surface also promotes motions inside the bulk liquid. This occurs
when stirring together different miscible liquids or by uneven heating of liquid in a container. These
situations occur frequently during processing in the chemical, beverage, and food industries [3].
Other Marangoni-induced phenomena are common in daily life, such as coffee rings [4,5], tears
of wine [6-8], and inkjet printing [9], can cause enhanced splashing [10] and flow patterns in
soap bubbles [11]. These motions often produce intricate patterns on the free surface. One striking
example emerges following the impact of a drop on a miscible pool of a different liquid [12,13]. In
the immiscible case a drop of oil will spread on water to form a molecular-thin film. This can also
lead to “Marangoni bursting,” when the drop is highly volatile and the edge of the spreading film
fragments and releases a regular stream of minute droplets [14]. On the other hand, when a miscible
drop with lower surface tension is deposited on a pool surface with stronger surface tension, its
edge is pulled outwards to spread and mix with the underlying pool. This motion will continue until
the surface-tension difference is neutralized. This spreading can generate a characteristic vortex
ring under the edge of the spreading disk [15—17]. For the inverted problem, with the drop liquid
having the stronger surface tension, a Marangoni-driven vortex ring appears inside the drop [12]. On
the time scale of a minute, this motion forms a flowerlike pattern [13]. Herein, we use high-speed
video imaging to discover a related Marangoni-driven instability in the same configuration, but
one that appears within the first few milliseconds, i.e., a row of mushroomlike vortices aligning in a
regular pattern in the azimuthal direction, as shown in the accompanying figures. These early rapidly
rotating vortices were entirely missed in the earlier snapshots of this impact configuration [12].

Our experimental configuration is a water drop impacting on a thin layer of glycerin. Figure 1
shows the experimental setup and resulting morphology, where the drop spreads impulsively and
splits into two parts, an outer ring and an inner circular disk. We observe this formation with two
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FIG. 1. Central disk and ring configuration resulting from the impact of a D = 3 mm water drop onto a
1.5-mm-deep glycerol film, shown through three different views. The experimental setup is shown in (a). The
frame in (b) is shown ~178 ms after impact and the frames in (c) and (d) are shown ~96 ms after impact. The
impact velocity is U = 2.89 m/s and the corresponding Re = 8670 and We = 343. The Marangoni number is
Ma = 7.78 x 10* and characterizes the driving force along the free surface, as defined in Eq. (2).

synchronized high-speed video cameras, one (Phantom V2511) viewing from the bottom, through
a glass plate, with the second one (color Photron SA3) from the top at a 45° angle [Fig. 1(a)].
Coloring the drop liquid (5 g/L strawberry red dye, Bin Afif) shows clearly the splitting of the
drop into two. The separate sideview in Fig. 1(b) shows that the central disk is much deeper than
the outer ring, owing to the original impact energy and vertical momentum, which is sufficient
to deform the much-more-viscous glycerin film. The impact lamella spreads along the glycerin
with a thicker edge. The thinner region away from this edge then dewets, forming intriguing radial
interconnected tendrils, visible in Fig. 1(c) and in the close-up image at the inner edge of the ring in
Fig. 2. To characterize the relative strength of the impact inertia vs viscous and vs surface tension,
respectively, we use the Reynolds and Weber numbers of the impact, defined as

wUD wUQD
Re= 7Y we? , (1)

Hw Ow

where the properties of the water are used for dynamic viscosity xt,, 2~ 1073 Pa s, density p,,, and
surface tension oy,.

The impact generates fresh contact lines between the water and glycerin—first at the outer edge
of the ring, where Marangoni forces produce spontaneous radial motions at the free surface. The
surface tension of the water is 0, = 73 mN/m vs 6, = 65 mN/m for the glycerin, so Ao = o, —
0, = 8 mN/m drives the motions towards the water, forming counter-rotating vortices within the
water ring and one vortex ring within the central disk. These vortices are initially axisymmetric,
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FIG. 2. Close-up of the azimuthal mushroom vortex street, for the same conditions as in the earlier figure.
The black dots are silver-coated hollow particles (~10 um). The video frame is taken at 75 ms after the drop
impact. The top left corner shows the tendrils of water left on the glycerin surface after the rupture of the thin
water layer of the spreading lamella.

but the progenitors of the azimuthal mushroom vortices are visible after only 50 ms. The index of
refraction difference, between the two liquids, reveals these regular vortices inside the outer ring,
in Fig. 1(c). The large bottom curvature in the central water disk diffracts the illuminating light
and hides those vortices in the bottom view. The vortices appear on both sides of the ring with the
outer edge having wavelength of Ay ~ 800 um, while being somewhat smaller on the inner side
of the ring. This proves that the appearance of mushroom vortices is independent on the in-plane
curvature of the water-glycerin interface (the curved dark lines in Fig. 2).

To study the dynamics underlying this instability, we seed the water with small neutrally buoyant
particles (Dantec, S-HGS-10, 10 um diameter) and use a long-distance microscope (Leica Z16
APO), with adjustable magnification and aperture, to gain a pixel resolution as fine as 2 um/px.
We use frame rates up to 10 000 fps and frame exposure of 30 us to eliminate smearing of the
particle images. The particles near the free surface are pulled towards the water at the highest speed
of u, >~ 0.5 m/s. This speed is similar to the largest velocities observed for the oil drop spreading
on pool surface configuration by Li et al. [17]. They match the surface Marangoni stress to the
viscous stress under the surface film, i.e., Ao /W = p,u,/8. In our study W ~ 970 um is the half
width of the water ring in the radial direction and & ~ 100 um is half its depth. This gives u, =
Ao §/(uyW) ~ 0.8 m/s, of the same order as observed. In our configuration the viscous stress can
be expected to be larger, i.e., the small amount of glycerin pulled along the water surface has about
103 higher viscosity than the water, and thereby, as the two liquids mix, the mixture has higher
viscosity. One can also imagine a thin layer of glycerin being pulled along the water layer, making
extensional film viscosity become relevant. The strength of the driving force is characterized by the
Marangoni number, which has two different length scales: one the thickness of the water layer § and
the half width W of the ring, i.e.,

Ao 82
Ma =

= ~778 x 10, )
HwaW

where o ~ 1.06 x 10~ m? /s is the diffusivity of glycerin into the water.
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These robust vortices persist for about 7;, >~ 350 ms and then abruptly slow down. This oc-
curs when there has been sufficient mixing of glycerin into the water to significantly reduce
Ao . Thereafter, much slower motions where Marangoni effects are influenced by diffusion and
rebounding by gravity lead to the flower formation. These order-of-magnitude slower velocities
correspond well with values observed in [12] using a regular video camera. The time scale of the
intense mixing can be estimated from the stirring and diffusion of tendrils of glycerin, visible in
some of the side views, which are wrapped around the Marangoni-driven vortex inside the water
ring. Taking into account the much slower return velocity below the water surface, the wrapping
of the glycerin tendril should take about T,, ~ 2W/(0.1 x u,) ~ 38 ms, thereby giving enough
time for nearly nine windings during diffusion time 7,. The glycerin tendril would therefore be
Ly ~ 9 x2 x W 2~ 18 mm long. Furthermore, by assuming an average diffusive thickness of this
tendril to be 8, ~ /a1, /2 ~ 14 um, the area of mixed glycerin becomes 0.25 mm?, if one takes
into account both sides of the thread. This is of similar size as the cross-sectional area of the water
disk 26 W ~ 0.19 mm?, justifying the proposed neutralization of the Marangoni stress, after mixing
time of Tj,.

Besides the aesthetic beauty of these instabilities, our confined geometry presents an ideal test
bed for the onset and transient dynamics of Marangoni-driven flows.
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