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When releasing a droplet onto a distinct nonmiscible liquid layer, for positive spreading
parameter S, a surface tension driven spreading arises. Here, for positive S, we report the
reverse after the initial spreading phase: a secondary receding of the deposited volatile
droplet. This behavior is found to result from the competition between two opposite effects:
solutal and thermal Marangoni stresses, with the latter built from droplet’s evaporation.
To clarify the effects of evaporation-induced Marangoni, accurate infrared thermography
tests are performed. These tests reveal a maximal temperature gradient at the droplet
edge near the recession time. Also, universal scaling laws are proposed for the spreading
dynamic of a law-viscous insoluble drop onto a more viscous oil, with droplet volume
variation resulting from the evaporation and typical receding time. These predictions are
successfully compared with experiments.

DOI: 10.1103/PhysRevFluids.00.003600

I. INTRODUCTION

Droplet interfacial dynamics over wetting solid substrates or liquid layers is a sophisticated
phenomenon that has attracted much attention both because of its fundamental and practical
interest [1]. It is relevant in many applicative contexts such as coating processes, inkjet printing,
biocontamination, etc. In dynamical situations, the isothermal spreading of liquids produces com-
plex dynamics associated with interfacial instabilities and fascinating pattern formations [2—7]. This
spreading can also lead to a secondary instability of the interfacial front and beautiful fingering
instability [8—10]. The spreading of a droplet after deposition on a liquid layer arises from a positive
spreading coefficient, S [11],

S=YI—VYa— Vi (D

with y;, y4, and y;4 being respectively the liquid layer/air, droplet/air, and liquid layer/droplet
surface tension. It determines the energy per unit area of spreading, which is mostly balanced by
the viscous forces in the liquid [12]. As opposed to these dynamical configurations, quasisteady
ones such as evaporating sessile droplets have been studied where thermal Marangoni stress built
from surface tension’s dependence on temperature slightly deforms the interface, whereas creeping,
convectively coupled evaporation flows are also observed [13].

Either from capillary forces acting at triple line associated with surface tension or from (solutal or
thermal) dynamical Marangoni stress, the dynamics of droplet interfaces are governed by interfacial
forces which can possibly play a synergetic role, or, on the contrary, an opposite one. Examples
and illustrations of complex effects arising from interfacial forces at low Reynolds number are, in
fact, numerous. An opposite effect is for an example found for the dewetting instability of a flat
interface nearby a solid surface where capillary forces stabilize the interface from the action of
Laplace pressure, but, at the same time, destabilize it from disjoining pressure. On the one hand, the
physical system tries to minimize the air/liquid area favorable to a flat interface, while, on the other
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hand, it is also favorable for creating a new solid/air interface (dewetting) for energy minimization.
A synergetic effect is on the contrary known for an oil film spreading over a hot solid surface (the
so-called “pan spreading” problem) both resulting from positive spreading coefficient and thermal
Marangoni forces acting in the same direction eventually leading to a central dry spot [14].

When considering interfacial spreading onto a fluid layer, two distinct spreading mechanisms
have been described [15]: Laplace spreading [16] and Marangoni spreading [12]. The first one
has been found relevant for surface tension driven forces at triple line such as those arising for an
oil drop deposited onto a much lower viscous deep liquid. In this case the spreading drop radius
R(t) dynamics display a power law R(t) ~ (t/t.,)", where t., is the capillary-viscous time (built
upon the capillary length £, and the kinematic viscosity of the oil deposited drop, i.e., to, = £2/v,).
Exponent n has been found experimentally in the range n € [0.25-0.4] [16], while the theoretical
prediction for very deep layers is n = 1/8 = 0.125 [17]. Considering the distinct case of solutal
driven monolayer spreadings either onto a single liquid [18,19] or at the interface between two
liquids [12,15], the spreading mechanism arises from the coupled effect of Marangoni stress and
Marangoni flow driving the solutal concentration dynamics at the interface. For this Marangoni
spreading, a distinct spreading regime R(t) ~ (t/t,)*/* has also been found. Recent experiments
also found both regimes to happen depending on the relative importance of solutal Marangoni
compared to Laplace spreading [15].

Here, we examine the spreading of a low viscous volatile liquid drop into a more viscous layer.
For a volatile droplet, the induced thermal Marangoni force can indeed counteract the solutal ones.
This was first studied by Keiser et al. [20], who experimentally investigate the flow dynamics of a
water-IPA (isopropyl alcohol) mixture deposited on a thick layer of sunflower oil. Varying the mass
fraction of water-IPA mixture, they reported a minimum concentration of IPA for which it spreads
and fragments into a myriad of minuscule droplets. They also performed a scaling analysis to predict
the spreading radius of the droplet, but their model failed to capture the self-similar behavior of the
radius dynamic. Keiser et al. also used methylene blue to enhance the imaging contrast between IPA
solution and substrate oil. In a subsequent study, Seyfert and Marin [21] performed experiments to
examine the influence of this added dye on the Marangoni driven fingering instability. They found
that increasing the concentration of methylene blue led to an increase in the instability wavelength.
Keeping the same experimental configuration, Hasegawa and Manzaki [22] further explored the
flow dynamics of an IPA droplet on sunflower oil. Measuring the temperature field, they reported
a temperature gradient near the spreading front attributed to the induced thermal Marangoni stress
after the first two seconds.

Despite these studies, there is still a lack of understanding regarding Marangoni-driven spreading
of volatile droplets on an oil layer. Here, we report that the volatile drop deposited onto the oil
layer experiences an outward motion that progressively slows down, stops, and finally reverses. To
our knowledge, this recession of the deposited droplet has neither been reported, discussed, nor
explained in previous studies.

The paper is organized as follows. Section II describes the various experimental setups and
the calibration method for the optical measurements of the deposited droplet volume. Section III
describes the experimental observations for the spreading dynamics, receding, and volume change,
as well as the deposited edge temperature measurements. This section also analyzes the fingering
instability. Section IV details the scaling analysis for the obtained spreading dynamics as well as its
self-similar solution, further compared with measurements in Sec. V.

II. MATERIALS AND METHODS

A. Optical and thermal setups for the analysis of spreading dynamics

A schematic diagram of the experimental setup is presented in Fig. 1(a). This setup was used for
all experiments, excluding infrared imaging. A 5 ml plastic syringe filled with methanol was put
into an ExiGo microfluidic pump. The physical properties of the methanol are outlined in Table I.
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FIG. 1. Schematic illustrations of the experimental setup for (a) flow visualization tests and (b) infrared
thermography tests. Experiments were performed in a room with controlled temperature and humidity.

Also, for providing a better visualization, methanol was colored with a 0.3 g/I volume concentration
of methylene blue. To clamp the needle and precisely control its tip position, a Scientifica PatchStar
micromanipulator was employed. A stand was utilized to hold an 88 mm diameter glass petri dish,
which was filled with olive oil at different thicknesses ranging from 3 mm to 8 mm. The volume of
oil was measured using a high precision balance (Mettler Toledo, ME3002). Before each test, the
petri dish was emptied of any remnants from the previous test, carefully washed, and then dried.
Four height controllers were used to ensure the stand was completely level. A diffused backlight
imaging technique was implemented to visualize the liquid development. A high-lumen LED was
placed beneath the diffuser to create a uniform bright background. Images were captured using
a Nikon D850 camera equipped with a Micro Nikkor 105 mm lens. Once a droplet was released
onto the oil surface, the needle was immediately removed from the field of view to avoid any optical
shadowing or blockage. Taken photos were subsequently analyzed using an in-house image analysis
program to identify the key characteristics of the liquid flow.

The main dimensionless numbers characterizing the physics of the problem are reported in
Table II. Capillary number, Péclet number, and Reynolds number are tabulated for both methanol
and olive oil. Also, the lubricated Reynolds number which is appropriate to quantify inertia effects
within lubricated flow is provided [23]. To do so, the characteristic velocity of the methanol
spreading was considered to be U,, = 10 mm/s (from experimental measurements). Using the
tangential shear stress continuity condition along the methanol/oil interface provides the scaling
woUo/H ~ wqU,/hy and, for typical H/hy =~ 20, the characteristic velocity of oil is evaluated as
U, ~ 2.4 mm/s. The maximum thickness of the methanol droplet (%) holds a value around 10~* m.

Considering the importance of thermal effects induced by the methanol evaporation, infrared
thermography experiments were also conducted. Temperature field of the upper surface of the oil
layer was most desired, but due to the physical limitations associated with direct thermography
of a liquid surface, such measurements were not possible. To address this issue, we designed and

TABLE 1. Physical properties of the methanol and olive oil.

Property Symbol Value (unit)
Methanol vapor pressure Do 13.02 (kPa)
Methanol density Pu 792 (kg/m3 )
Methanol surface tension )z 22.5 (mN/m)
Methanol viscosity W 5 x 107 (Pas)
Olive oil density Do 917 (kg/m*)
Olive oil surface tension Yo 32 (mN/m)
Olive oil viscosity Mo 0.084 (Pas)
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TABLE II. Main dimensionless numbers characterizing the physics of both methanol and oil flows. In the
formulas, H stands for either the maximum thickness of methanol (h) or the olive oil height (H).

Number Methanol Olive oil
Capillary number Ca = uU/y 2 x 107 63 x 1074
Thermal Péclet number Pe = HU /« 19 89.3
Reynolds number Re = HU /v 3.0 0.1
Lubricated Reynolds number (4 /¢.)Re 0.3 0.01

built a unique setup, as depicted schematically in Fig. 1(b). Accordingly, we used a double mirror
configuration for reflecting thermal effects onto the infrared camera (FLIR X8501 sc). Both mirrors
were held at the constant angle of 45°. Instead of a petri dish, the olive oil was poured into a
polymer ring with a 0.05 mm thick steel foil as the bottom surface. The exterior surface of the
foil was painted in black and, thus, its emissivity coefficient was exactly known. Since the heat
diffusivity of this solid surface is oy = 64 m? /s, diffusion time within it was approximately hf Jog &
107% s, signifying that the steel foil almost instantaneously reflected the temperature at the liquid
bottom. However, the upper mirror was inevitably implemented to detect the droplet deposition
time and spreading/receding dynamics, enabling us to synchronize it with the signals received from
the lower mirror. Furthermore, it took some time for any thermal signature to be advected from
the methanol/oil interface into the oil and ultimately to the bottom. From the upper mirror signals,
we were able to precisely detect when the methanol droplet reached the oil surface. A comparison
between the signals recorded from the upper and lower mirrors is provided in Fig. 2.

However, the first detectable signal on the lower mirror appeared after some delay A¢, which is
the time for temperature changes to travel along the oil layer. To estimate this delay we calculated
the L2-norm difference of the temperature field between consecutive frames after droplet deposition.
Temperature field before drop deposition was considered as the base condition. Figure 3 provides the
L?-norm variations starting from droplet deposition time ¢ = 0. The increase in L?-norm difference
indicates the emergence of thermal effects at the bottom of the oil. At = 2.9 s, the L? norm was
twice its average initial value. Therefore, At = 2.9 s was considered as the delay time between the
first and second mirrors. Aside from this experimental observation, a more detailed investigation
of the delay time was necessary to determine whether it originated in conduction heat transfer or
convection. In Appendix, a theoretical discussion is provided which clearly demonstrates that, for
a pure conduction mechanism, the delayed time would be at least ten times bigger. Based on this
theoretical analysis we came to the conclusion that convection is the primary mechanism for heat
transfer.

FIG. 2. Comparison of recorded signals from upper and lower mirrors. The upper mirror provided a
qualitative description of the temperature field, while data obtained from the lower mirror were quantitatively
accurate.
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FIG. 3. L*-norm difference of temperature field calculated from temperature field before droplet deposi-
tion. At? = 2.9 s, the L? norm is doubled compared to its early time value. The subset plot shows an example
of temperature difference between the base condition and temperature field att = 5.5 s.

B. Optical measurement of the deposited evaporating drop volume

Visualization photographs were further processed by the Beer-Lambert-Bouguer (BLB) law to
estimate the droplet thickness at different stages of development. When light interacts with a liquid
(herein, methanol), its intensity decays along its propagation from absorption and scattering. As
methanol was dyed in our experiment, its absorption was increased and hence measurable. The
BLB law relates the light intensity reduction to the traveling path within the medium. According to
the BLB law, the radiant intensity of a beam after traveling a distance of 4 through a medium is

I(h) = Iye™ ", 2

where I is the incident intensity and f§ is the attenuation or extinction coefficient. The calibration
of the attenuation coefficient 8 for dyed methanol permits the use of the BLB law to evaluate the
local thickness of the droplet. To do so, we deposited different dyed methanol volumes using the
microfluidic pump ranging from 6 to 12 uL. Using the first image of the droplet after deposition, we
could evaluate the intensity distribution, I(r, 8), from RGB values of the image. Images taken from
the oil surface before the droplet release provided the constant intensity, Iy(r, 8) = Ip. Rearranging

Eq. (2) leads to
h(r,0) = —%m (I(r’9)>. 3)

Iy

Up to here, both h(r, ) and 8 are unknown. Due to the symmetry of the droplet both thickness and
intensity very weakly depend on the azimuth, 6, so that an average intensity over 8 can be computed.
Since the exact volume of the deposited volume is known and also because we use the first image
where evaporated mass is negligible, we can complete the calibration from computing the droplet
volume,

R
V = 271/ h(ryrdr, 4
0
replacing A(r) from Eq. (3), which leads to
27 (R (1
V=-"1{ n <—(r)>rdr. )
B Jo Io

For a given volume, there is only one single value of g satisfying Eq. (5). Obtaining g for a set
of experiments with different deposited volumes permits one to find an averaged value for the
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FIG. 4. Calibration of attenuation coefficient, 8, in Beer-Lambert-Bouguer law.

attenuation coefficient. For this unique g, the volumes predicted by Eq. (5) are compared with the
experiments in Fig. 4. Given Fig. 4, a good agreement is found between prediction and prescribed
volume (central diagonal depicts perfect agreement). This confirms the validity of this droplet
thickness’ evaluation method. Results of volume measurements are discussed in Sec. V.

III. EXPERIMENTAL OBSERVATIONS

As soon as the methanol drop reaches the oil surface, a series of instabilities happen consecutively
and in very short duration. A temporal sequence of the flow development is illustrated in Fig. 5(a).
In this figure, a 30 uL droplet was deposited over an 8 mm thick oil layer. Methanol drop
spontaneously spreads over the oil surface because of the small interfacial tension between the
two liquids and the positive spreading coefficient, S = y, — ¥4 — Yoa > 0. Segments with red and
blue arrows, respectively, indicate spreading (t < 12.9 s) and receding (t > 12.9 s) phases of the

(b) 1. Development of the
primary rim

T+0 =0

R

O

II. Development of the
secondary rim

=
>

RO |

II1. Fragmentation
o M-

¢

RO

FIG. 5. Dynamics of a methanol droplet deposited on an olive-oil layer. (a) Top-view droplet development
over oil layer. When the outer rim reaches a maximum extent from solutal Marangoni tangential stress it starts
receding from the thermal one. Capillary length has been estimated to be £, = 4 mm. (b) Transverse schematic
representation of the rim fragmentation steps arising within the short-time period depicted in (a) as I, II, and
III. (I) The rim is first detached by Marangoni-stress arising between the free-stress region 7 = 0 on the right
to the nonzero one t # 0 on the left. This stress also induces a reverse backflow inside the oil depicted with
blue arrows. (II) After detachment, a secondary rim develops and progressively wrinkles circumferentially. (III)
After a finite time, the secondary rim destabilizes, leading to the formation of smaller daughter drops hereafter
continuously shed from the secondary rim.
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FIG. 6. Wavelength measurements of the fingering instability for different depths of oil, H.

flow development. Ahead of the bulk flow, a shear-free precursor film propagates very fast over the
whole oil surface [24,25]. This far propagating precursor region being shear free (r = 0) needs to
match with the nonzero stress (t # 0) zone within the droplet, leading to a strongly localized solutal
Marangoni stress resulting from positive spreading coefficient, S, and leading to the formation of
a rim at the interface of the two regions [step I, Fig. 5(b)]. This primary rim forms shortly after
the drop deposition and thickens as it moves outward until detaching from the main droplet by
capillary rupture [step II, Fig. 5(b)]. Resulting from detachment, a thinner secondary rim develops
at the periphery of the main droplet. The circumferential shape of this secondary rim, at early stages
being smooth, soon enough destabilizes and adopts a wavy shape. Along this unstable rim, liquid
accumulates at the crest points from surface tension and circumferentially develops a large number
of ligaments which then break as also studied in [26,27]. The process thus repeats itself, leading to
small droplet detachment, fed by the rim resulting in a train of small, almost equal size, droplets
[step III, Fig. 5(b)]. The zoom region in Fig. 5(a) illustrates the trains of these droplets detaching
from the secondary rim and progressively merging outward within large pearlized drops.

As discussed in the Introduction, this bursting of the volatile droplet into a large number of small
droplets was first observed by Keiser et al. [20]. Uncertain about the mechanism responsible for
the bursting, they attributed it to some moving contact line instabilities. In later studies carried
out by Hasegawa and Manzaki [22] and Seyfert and Marin [21], the origin of this instability
was disregarded. Here we investigate if the Rayleigh-Plateau instability acts on the secondary
rim and triggers its fragmentation. Rayleigh-Plateau instability can be recognized by a universal
characteristic ratio known as Rayleigh ratio, which is stated as [26]

* 6

c= W ’ ( )
where X is the instability wavelength and W is the rim width. If this ratio is found to be around 2.4,
the instability results from a Rayleigh-Plateau mechanism. Two sets of experiments for measuring
the wavelength and the width have been performed. In the first set, a camera has been equipped with
an AF Micro Nikkor 200 mm f/4D lens that remarkably magnified the instability features along
the interfacial front. An example of the magnified visualizations is provided in the subset of Fig. 6.
As seen, the fingering instabilities were captured in great detail, making wavelength measurements
reliable. These measurements are reported in Fig. 6 for various oil depths ranging from H = 3 mm
to H = 8 mm. It reveals that the observed wavelength very weakly varies with H, with a nearly
constant value of A ~ 0.16 mm. Measurements of rim width, W, are much more delicate, since it
is very thin and hardly identifiable with direct visualization. To address the issue, an interferometric
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FIG. 7. Typical measurement of rim width using an interferometric confocal sensor.

method which can perform fast and accurate scans of transparent fluid layers has been chosen. A
CHRocodile 2S sensor unit equipped with a 3 mm chromatic confocal has been used. This material
can perform measurements with a frequency up to 50 kHz and with a vertical resolution of 100 nm.
A typical measurement of the rim is provided in Fig. 7. The sensor tip is fixed at 5 mm away
from the droplet deposit center so as to ensure the rim capture. We assume that the rim shape
follows a parabolic shape nearby its maximum, so that a quadratic relation is supposed h(x) =
hol1 — x?/(2R,ho)], where hg is the maximum height of the rim, so that the second derivative (x)
is precisely the curvature equal to the inverse of the curvature radius 1/R,. The curvature radius of
the rim is considered to be R,; then the width of the rim is obtained from condition Z(£W/2) = 0,
ie.,

W = 2+/2R, hy, (7

where R, = U At,,. From interferometric measurements, At,, >~ 0.027 s (shown with a red line in
Fig. 7), and typical velocity of the spreading is around 10 mm/s. Having R, and replacing it back into
Eq. (7) with hg ~ 2.8 um, we get to W = 0.078 mm. Using the measured value of wavelength, the
universal characteristic ratio is obtained to be 2.03, which is close to the criterion for the Rayleigh-
Plateau instability. Therefore, the fingering instability observed around the droplet edge is most
probably resulting from the Rayleigh-Plateau instability mechanism. As complex as it may be, the
spreading dynamics was not much of a surprise as previously reported in similar configurations [20].
Nevertheless, the reversed flow associated with the drop recession observed after time ¢,. reported
in Fig. 5, as well as the subsequent shrinkage due to evaporation leading to final disappearance, was
quite unexpected. With the methanol evaporation, solutal Marangoni forces weakened and were
unable to spread the liquid further after a certain time. Concurrently, the cooling resulting from the
methanol phase change induced a low-temperature region where strong evaporation fluxes arose.
This interpretation is supported by the results obtained from the infrared thermography experiments.

The main results from temperature measurements are reported in Fig. 8. These measurements are
obtained from the lower mirror and synchronize with the signal recorded from the top mirror. As
explained in Sec. II, drop radius R(z') at delayed time ' = ¢t + At can be detected from the upper
mirror. Identification of R(¢") was critically important as the temperature gradients near the edge of
the spreading drop are of the most interest. Also, it was shown in Sec. II that the time delay, At, is
provided by a convection dominated (dimensionless Péclet number and pure diffusion computation
provided in Table II) transfer associated with the Stokes-flow induced by the top drop Marangoni
tangential shear down into the oil layer. The general pattern of this flow is depicted in Fig. 5(b) as
blue arrows and also discussed in the Supplemental Material of [20]. To provide a more detailed
description, we made a quantitative estimation of the convection time and compared it with the
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FIG. 8. (a) Radial distribution of temperature during the spreading stage and (b) during the receding stage.
(c) Radial gradient of temperature measured at the front, R(¢'), plotted against ¢'/¢,.. (d) Radial gradient of the
temperature measured at the front plotted versus R/R,..

experimental value. Convection time, ¢, is defined as

fo = 11 ®)
cv — UO ’
where H is the oil thickness and Uy is the typical velocity of the oil layer backflow, which will be
evaluated from the tangential-stress continuity condition

U, = T Ua, ©))
wherein Uy, is the typical deposited drop velocity and A is the typical drop height. Using the
experimental values g/, ~ 6.5 x 1073, H/hy ~ 20, and U, ~ 1072 m/s, it is found that the
convection time for the oil thickness of H = 3.8 mm used in the infrared thermography experiments
gives a delay time of At ~ 2.9 s. This At is completely consistent with the one obtained from
experimental observations.

Radial variations of temperature are given in Figs. 8(a) and 8(b), respectively, during the
spreading and receding stages. In both plots, results are presented at different times with the
corresponding front positions R(#" = ¢t + At) indicated by yellow symbols. For a better comparison,
temperature profile at # = 7.5 s is provided in both plots. Moving away from the droplet center,
temperature constantly decreases, reaches a minimum, and then increases gradually until settling
back to the room temperature. As seen, the minimum temperature happens just before the drop edge.
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Actually, not only the largest radial temperature gradients are found nearby the drop edge during
the spreading stage [Fig. 8(a)] but also in the receding one [Fig. 8(b)]. Using the synchronization
between the upper and lower image recordings, we can also reconstruct the Lagrangian temperature
gradient of the moving droplet edge, as represented in Figs. 8(c) and 8(d). It can be observed that
this temperature gradient increases during the spreading phase (for < f,.), to reach its maximum
nearby the receding time ¢ = ¢, [Fig. 8(c)]. A similar observation can be raised for the temperature
gradient at the drop edge being maximal at the receding maximal radius R = R,. [Fig. 8(d)].
Moreover, comparing temperature gradient results for different volumes ranging from 8 uL. to 12 uL
also suggests that the gradient is independent of droplet volume. Consequently, the nonuniform
evaporation of the droplet from the apex to the contact line created both temperature and surface
tension gradients. These gradients built an inward thermal Marangoni stress responsible for the
receding reported in Fig. 5(a).

In the following, we focus on a quantitative understanding of the physics behind the
spreading/recession dynamics.

IV. THEORETICAL ANALYSIS

This section considers some aspects of the reported experimental observations, but does not
have the aim to provide an extensive theoretical analysis of the considered spreading problem. In
fact such an aim is quite involved and deserves an extended analysis per se. Here we focus on
the following aspects: early-time spreading dynamic, evaporation rate/volume decaying rate, and
receding time. We then consider first the early-time behavior of the deposited drop, ignoring thermal
Marangoni effects induced by the volatile droplet evaporation. This approximation is built upon the
isothermal initial condition between the two liquids. This has been accurately confirmed by direct
thermography experimental measurements and therefore it is a sensible assumption.

Thin-film lubrication dynamics (dimensionless numbers given in Table II that support a lubri-
cated noninertial flow) for the axisymmetric spreading drop height A(r, #) in cylindrical coordinates
centered at the drop deposit center reads as follows:

oh 190
o+l Q}+—=0, (10)
Jat ro

where Q is the radial fluid flux defined as the integral of the radial velocity u,, O = foh u-(z)dz, j
is the evaporation mass flux, and p,; the deposit drop density. The Stokes lubrication equations in
r direction are solved applying a free-stress condition at z = & and assuming negligible velocity at
the oil-methanol interface z = 0O to find the flux Q in (10). This assumption is, in fact, based upon an
asymptotic approximation of tangential shear-stress continuity since the velocity ratio between the
deposit methanol to the oil is O(uy/ o) < 1 small. The radial velocity field within the deposited
droplet can then be found [up to O(u4/1L,) corrections]:

19 19
U (r, 2) = p(—— h>+——y (1)
a0 Ha 0

wherein p is the z-invariant pressure within the spreading deposited droplet, wy its dynamic

viscosity, and y the (spatially varying) deposited droplet/air surface tension. Using Eq. (11) to
find the radial fluid flux Q substituted in Eq. (10) leads to

oh li{ r aph3 r 8yh2} J
Pd

— +

at  ror
Equation (12) is the nonlinear evolution equation of the deposit droplet taking into account the ther-
mal effects, embedded into the surface tension gradient and the evaporation mass flux j. Realizing
that the pressure provided by normal-stress continuity at the deposited drop free surface is given
by the (linearized) Laplace law p = y A, h associated with the radial component of the cylindrical

= 0. (12)
3ug or 21g Or
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Laplacian, it is possible to find that the hydrodynamic pressure gradient term in Eq. (12) is always
negligible compared to the Marangoni one associated with the surface tension gradient. Since
radial variations are associated with the capillary length £, with & being related to some reference
thickness /o (with lubrication small parameter condition ho/¢. < 1), we can scale pressure and
Marangoni terms as

9 1 yah ho\” vah3
B3P NhS—Vd 0 (o) Va 0 (13)
r 6 2 t.) ¢
9 n
el Yk (14)
ar L.

implying that the pressure gradient is (9/{.)* smaller than the Marangoni one, with the latter being

the leading order term to consider. Negligible evaporation at early time and consequently insignif-

icant thermal effects at the early stage of methanol development (this assumption is confirmed by

the volume measurements provided in the following section) leads to a simplification of (12) as
%juli(La—”hz) ~ 0. (15)
at  ror\2ug or

Now considering that the solutal Marangoni spreading is convectively dominated and thus La-
grangian invariant, one gets

Dy _ 9y dy

Dr o ar
It is then possible to derive a similarity solution for the early-time spreading of the methanol droplet.
More precisely, from defining the spreading typical time as given by the capillary-viscous time ¢,
built upon the capillary length €. and the kinematic viscosity of the deposited drop, i.e., t., = €2 /vy
(as used in many various other studies [28]), an approximate solution for dimensionless time ¢ /¢., <
1 is searched for. For methanol, at room temperature 7 = 293.15 K, one finds #.,, = 4.2 s, which is
precisely of the order of the receding time #,, which is found in the range #,. ~ 3-9 s for deposited
drop volume Vj in the range 8—12 ul.

We then seek a self-similar solution h(r, t) = t =% f(¢) with rescaled variable ¢ = r/t# in (15) (as

also suggested by recent numerical computations of lubrication’s analysis of a close problem [29]),
where the surface tension gradient term dy /dr needs to be evaluated. Chain rule thus provides

dy  d¢dy 0Ot dy 1 /0y t dy
ar  9r dc  or ot _zﬂ<a; +,3; a:)'
Furthermore, considering (16) and the Marangoni-dominated velocity field (12) leads to 0y /ot &~
—%(By / dr)?. This leads to evaluating the last right-hand side (RHS) term of Eq. (17) to scale as
@/B)ho/Le)Va/kale)(Va/ ) to be compared with dy /3¢ ~ y,/¢. Defining the capillary number
as Ca = ugl./yait., one finds that the last term of Eq. (17) is small compared with 9y /d¢
with the early-time assumption (hy/€.)(t/t.,)/Ca < 1. Then, within this early-time approxima-
tion, 3y /dr ~ 0y /d¢ /tP, and Eq. (15) satisfies self-similarity, i.e., becomes time independent,
if 28 + o = 1. To complete the system of equations, we use the assumption of thin droplets to
approximate the deposited droplet of radius R(¢) and initial volume V, with Vy ~ R(¢)?h. Using
again an early-time assumption for which the volume is considered constant, seeking self-similar
R(#) and Ah(r, t) in the constant volume constraint, one gets o = 2. This finally provides o = 1/2,
B = 1/4, so that, at early time,

0. (16)

a7

1/4
R(t)v/ho N (L) . (18)

Vo

In order to find an estimation for the recession time #,., we now consider the evaporation rate. As-
suming a thin droplet with a diffusion-limited evaporation, local flux of evaporation is approximated

fev
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FIG. 9. (a) Log-log plot of the spreading drop radius R(¢) versus time measured for different initial volumes

Vo. The similarity solution, R(¢) ~ t!/4, is provided with dotted lines. (b) Recession time, z,., plotted versus V04/ 7
confirming scaling of Eq. (22).

as [28,30]

Jj@r 1) 19)

_ Jo

R(t)VI1 = (r/R)I?
where jj is a constant dependent on the liquid properties and R(¢) is again the droplet radius.
Integrating along r in cylindrical coordinates, the total evaporation flux is proportional to the radius,

ie,J() = fOR Jj(r,t)rdr = 2w joR(t). The time variation of the droplet volume then reads

Y Ly 0)
o ps
wherein A, is the surface area of the droplet. Through the assumption of spherical cap one gets
Ay = m[R%(t) + h*(0,t)] and, from R?> > h?, A; ~ wR?(t). Using the scaling R(t) ~ t'/* a relation
for droplet volume as a function of time is suggested,

272

V@—%%—C—ﬂym. Q1)
Pd

Based on experimental observations, the recession happens nearly around the complete evaporation

of the droplet. Therefore, solving Eq. (21) from ¢t = 0 where V = Vj tot = ¢, with V(¢,.) =~ 0, one

gets

tre ~ V37, (22)

It is worth mentioning that this recession time has been derived from the assumption of complete
evaporation at recession time, based upon experimental observations (from 90 to 95% as provided in
Fig. 10). Finally, it is also interesting to pinpoint that, nearby the receding time, the final evaporation
behavior differs from Eq. (22) since, nearby this point, the drop radius is almost immobile, so that
R(t) =~ R,.. In this case the RHS of Eq. (20) scales as R3(t) ~ Rfc and is thus almost constant leading
to both a linear time variation of the film height /(¢) ~ ¢ and volume V' (¢) ~ Rfch(t) ~t.

V. COMPARISON BETWEEN THEORETICAL MODELs AND EXPERIMENTS

Figure 9(a) displays the time variation of the deposited drop radius R(#) for initial volumes of 8,
10, and 12 pL, and convincingly compares it to the early-time similarity prediction R(¢) ~ t!/4.
Given that the capillary-viscous time is f,, = 4.2 s, deviations from this scaling behavior can
be observed after a few seconds have elapsed. As seen, experimental measurements follow the
theoretical power-law trend up to nearby the receding time, which justifies the implementation of the
self-similar solution into Eq. (21). To investigate further the universality of this self-similar solution,
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16

12 4

FIG. 10. Time variation of the deposited droplet volume for three distinct deposited initial volumes
Vo = 8, 10, 12 pL. The solid line represents the early-time approximated model (22) without any adjustable
parameters. Dotted lines give late-time drop volume prediction V ~ t* nearby receding time t#,.. The inset
displays these volume variations in log-log plot for a better identification of this late-time linear variation.

supplementary experiments have been carried out with different fluid couples as illustrated in the
inset of Fig. 9(a). As in previous contributions using organic oils [20-22], sunflower oil has been
used instead of olive oil for the deep layer fluid with a methanol deposited drop and, furthermore,
ethanol deposited drop over olive oil has also been tested. In both cases the experimental results
are very consistent with the power-law prediction (18). It is also worth mentioning that silicone
oil (350 cst) deep layer coupled with methanol deposited droplet has also been tested. In this case,
as expected from the resulting spreading parameter S, the methanol droplet did not spread on the
silicone oil. In fact, due to the low surface tension of silicone oil (y; >~ 20-25 mN/m), S is negative in
this configuration so that the methanol droplet remains still on the oil surface and gently evaporated
as a sessile drop.

Examining the theoretical model suggested by Eq. (22), recession time was measured for a wider
range of initial deposited volumes of methanol. Considering the scaling proposed by the model,
recession time measurements were plotted against V04/ 7. The dashed line represents a linear fit of

the experimental data, confirming the linear relationship between ¢,. and V04/ 7 and thus validating
the theoretical analysis that was performed.

As discussed in Sec. III, Beer-Lambert-Bouguer law was used to obtain a detailed map of droplet
thickness and consequently volume. Figure 10 illustrates the temporal variations of droplet volume
are plotted for initial volumes of 8, 10, and 12 uL. Corresponding recession times, t,., are also
reported in this figure. It is noticeable that receding occurs when the droplet has almost completely
evaporated. This confirms the assumption made in deriving Eq. (22) that V (¢,.) =~ 0. Depicted by
solid lines, the droplet volume variations predicted in (21) (compared without adjusted parameters)
quite surprisingly closely follows the experimental observation very near to the receding time.
Finally, the late-time dynamics of the volume shrinkage is also compared with measurements in
the figure inset. In this log-log plot, t* is defined as (#,. —t)/t,. and accordingly the linear trend
with volume nicely supports the ouput of the volume theory in the previous section.

VI. CONCLUSIONS

Simultaneous effects of interfacial tensions and nonuniform evaporation of a droplet can give
rise to highly complex flows and surprising patterns of spreading dynamics. In the present study,
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the dynamics of a methanol droplet deposited on an immiscible layer of oil, with positive spreading
parameter S, has been studied both experimentally and theoretically.

Upon releasing, the methanol droplet first spreads due to the solutal Marangoni stress. Even
though spreading was expected, the succeeding reverse flow and droplet recession was not. To
understand the mechanism underneath this secondary recession, a specific experimental setup
has been designed using infrared thermography analysis. The resulting measurements revealed
that preferential cooling evaporation at the drop edge induces a temperature gradient reaching
a maximum at the recession time, consequently creating an inward thermal Marangoni stress.
Losing most of its volume by evaporation, the thermal Marangoni overcame the diminishing solutal
one, finally causing recession. Moreover, using Beer-Lambert-Bouguer law for processing flow
visualizations, the temporal variations of droplet volume have been tracked. In addition to the
experimental investigations, a theoretical model has been developed using lubrication approxi-
mation. A self-similar solution for the early time spreading phase, for which the droplet radius
follows a power-law behavior R ~ ¢!/4, has been found. This power-law prediction matches very
well with experimental results. Based on this solution, a second prediction for the deposited drop
volume variation has been derived taking into account the evaporation rate in the framework of a
diffusion-limited evaporation model for droplet shape semispherical cap approximation. The result-
ing predictions also satisfactorily compare with experiments. A complete theoretical understanding
of the considered problem is nevertheless far from complete and deserves extended attention for a
more comprehensive understanding of the reported thermal Marangoni building temperature at the
spreading drop’s edge.
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APPENDIX: THERMAL DIFFUSION CROSS EVALUATION

As discussed in Sec. II, a time delay of 2.9 s was experimentally observed between temperature
signals of upper and lower mirror. This delay was attributed to the time required for the transfer
of temperature effects from the upper surface to the lower surface of the oil. In this Appendix, we
conducted a theoretical evaluation to determine if conduction is the primary mechanism of heat
transfer or not. We begin by considering pure conduction heat transfer in the oil layer in order to
estimate the time delay arising without advection. Heat-transfer energy conservation within a thin
layer of thickness H reads

827‘_F aZT_1L 3T T (AD)
— t =+ —|=pc,—.
0xz  9yr 972 Peras

Nondimensionalizing this equation by defining ¢ = (T — Ty)/Ty, where Ty is the room temperature,
while also using

x=LX,
y=1LY,
z=HZ,
t=1Ht,
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where H is the thickness of the oil bath, 7 the typical diffusive time evaluated from pc,H 2/k, and
L the characteristic length such that e = H/L « 1, leads to

a?p %9 GRY) ¢
2 e f—
[E (m*m)*%}— ot (A2)

where a = k/pc,, is the thermal diffusivity. We then seek an asymptotic approximation of (A.2),
which at leading order reduces to

Pp _ 3¢

— = A3

90Z> 9t (A3)
A separation of variable for ¢ solution leads to

X.Y.Z, 1) =¥ (X, Y)O(Z, 7). (A4)

Using (A.4) in (A.3) leads to

3’0 90

— = —. A5

972 ot (A9

The boundary conditions for the temperature applied from methanol into the oil layer at Z = 0 are
then split into a spatially varying part taken care of by ¥ (X, Y') and a homogeneous part associated
with ®(Z, t), so that the boundary conditions associated with ®(Z, t) are

00
— =Bi®, Z=-1,
0z
=1, Z=0, (A6)
where the boundary condition at Z = —1 comes from the free convection heat transfer where Bi

stands for the Biot number as Bi = h.,H/k, with h., as the convection heat transfer coefficient.
The initial condition is homogeneous, i.e., ®(Z, T = 0) = 0. Equation (A.6) is a nonhomogeneous
boundary value problem that can be transformed into a homogeneous one following decomposition

Oz, 1) =0(Z,1)+0'(2), (A7)
with ©(Z = 0) = 1 and 8,0’ = Bi®’ at Z = —1. Solving for ®', we find
1+Bi(Z+1
@'Z) = w (A8)
1+ Bi
Then the equation and boundary conditions for © are now homogeneous:

90 90 (A9)

9z> o’

~

00 .~
— =Bi®, Z=-1,
aZ

~

®=0, Z=0.

We again seek for a separation of variables solution for © upon a discrete set of modes 6,, from the
infinite series

o0
OZ. 1))=Y Aubhe™", (A10)

n=1

where modes 6, are decomposed into the discrete eigenfunctions of (A.9)

6, = sin(A,Z) (A11)
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FIG. 11. Variation of ® at Z = —1 for Biot numbers of 0.01, 0.05, and 0.1.

for which the associated eigenvalue A, permits one to fulfill the homogeneous boundary conditions
from the (transcendental) spectral problem

A, = —Bi tan(},). (A12)
The amplitude of decomposition (A.10) is found from projection into modes 6,,,
A = (©'(2), 6,) _ _4Bi)hnsin()\n).+ A2cos(A) - A1+ Bi). (AL3)
(9,1, Qn) (] + BI)A«%[Z)‘«H - Sln(Z)‘«n)]
From (A.7) we finally have
1+BiZ+1) <, . 32
OZ )= —1 H * ;An[smunzne " (Al4)
andatZ = —1
O(—1,7) = 1+—B —ZA sin(,)e . (A15)

The value of ®(—1, 7) matters most since its time variations indicate when the temperature of the
upper surface ®(0, ) = 1 reaches the lower surface through conductive heat transfer. ®(—1, t)
for several Biot numbers is given in Fig. 11. As seen, t must be higher than 20 for ®(Z = —1) to
approach 1.0. From experiments, we had a translational time of 2.9 s; if divided by the reference
time we can find the corresponding value of ®(—1, t = 2.9/#). As plotted in Fig. 11 with a blue
dashed line, the corresponding ®(—1, t) is nearly zero for T = 2.9/ty, which clearly indicates that
conduction cannot be the heat transfer mechanism from the upper surface to the lower one.
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