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Super spreading of oil by condensed water drops
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We studied the spreading of a thin film of hexadecane oil on a
hydrophobic polystyrene surface, which is partially covered
with tiny water droplets. In spite of the fact that the spreading
coefficient of hexadecane is slightly negative on water, the oil
actually spreads faster on the droplet covered polystyrene than
on the pure substrate. The observed effect is partly due to the
geometric factors that lead to greater reduction of oil-substrate
interfacial energy in comparison to the increase of oil-vapor
surface energy. However, it is more important to consider the
reduction of the resistance to fluid motion in the presence of
condensed droplets. We provide an explanation of the
phenomenon by drawing an analogy to the spreading on a
rough surface, in which each water drop nucleates and re-
initiates the spreading process. The phenomenon is therefore an
approximate 2D version of liquid invasion through porous
media.

We observed that hexadecane oil spreads faster on a hydrophobic
polystyrene surface, if the latter is partially covered with condensed
water droplets. Based on their relative surface free energies,
the spreading coefficient (S) of hexadecane (surface tension
27.7 mN m ") should be positive on polystyrene (surface free
energy ~36 mJ m °) and negative on water' (dispersion
component of surface tension ~22 mN m '). Thus from the
surface energy point of view there is intrinsically no greater driving
force for hexadecane to spread on a droplet-covered polystyrene
than on the pure polymer. The phenomenon may be partially
understood by considering the fact that the increase of the free
energy of adhesion between the oil and the droplet-covered
substrate is greater than the decrease of the cohesive energy of oil
during the creation of new oil-vapor surface area. More
importantly, the condensed water droplets enhance the spreading
rate by nucleating and re-initiating the spreading oil like the
asperities of a rough surface.”

We performed the following experiments. Water vapor emanat-
ing from a warm (48 °C) water source was allowed to condense on
a polystyrene Petri dish (Fisher Brand, 100 mm x 15 mm) at
room temperature for 10 s. This resulted in ~44% coverage of the
Petri dish by water droplets of sizes in the range of 5-10 pm
(Fig. 1). A similar Petri dish devoid of such condensed drops was
used as a control. The liquid drops, as illuminated with diffused
white light, were observed with a standard video camera and
recorded with a VCR for analysis at leisure. After placing a small
drop of hexadecane on a polystyrene substrate, it was quickly
covered with another polystyrene cover to minimize evaporation
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of water.® Fig. 2 shows that hexadecane spreads faster on the
surface covered with condensed water drops than on the bare
surface. In order to ascertain the power law of spreading in both
cases, the spreading radii were normalized as /1" (V = volume)
and plotted against time on a logarithmic plot (Fig. 3). The
spreading exponent for hexadecane on polystyrene is thus found to
be about 0.14 during its active stage of spreading, which is similar
to the values (0.1-0.14) reported in literature>>>" ! for liquids
spreading on smooth surfaces. However, after 2 min, the spreading
slowed down dramatically. The spreading kinetics of hexadecane
on the condensed water drops, on the other hand, exhibited a

Fig. 1 Video snapshots of the spreading of hexadecane on a polystyrene
surface partially covered with condensed water droplets. Spreading occurs
from right to left of the figure. Note that the water drops behind the
spreading front are larger than those lying ahead. This results from the
migration of water drops towards each other and their subsequent
coalescence. These coalescence events can be seen clearly within the regions
marked as rectangles and circles. In the first case, two drops merge to
become one. In the second case several drops coalesce.
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Fig. 2 Spreading kinetics of a 3 ul drop of hexadecane on a polystyrene
Petri dish. Squares indicate the control experiment, the circles indicate a
polystyrene surface covered with condensed water drops and the triangle
indicates a polystyrene surface covered with ~1 um size glass beads
(see below).
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Fig. 3 Logarithmic plots of the spreading kinetic data of hexadecane on
polystyrene Petri dishes. Squares indicate the control experiment and the
circles indicate the experiments on condensed water droplets. For each
surface, hexadecane drops of sizes 2 pl, 3 pl and 4 pl and their duplicates
were used.

power law of 0.2 for first 2 min followed by the decrease of the
exponent to 0.14. The observed exponent during the active stage
of spreading is within the range of the reported values>® of the
spreading exponents (0.2-0.5) of liquids on rough surfaces. It was
interesting to observe that the water drops, which are already
wetted by the hexadecane film, are quickly dislodged from the
polystyrene surface. The dislodged drops move towards each other
in a somewhat random fashion and coalesce to form larger drops
of approximately 20-30 um (Fig. 1). This observation suggests that
negative pressure regions exist on the wetting film between the
drops due to capillary bridging of water drops by hexadecane film,
which induce droplet migration. The pressure field is inhomoge-
neous because of the randomness of the droplet sizes and their
spacings. Existence of this negative pressure region near the
wetting edge seems to be what drives the spreading process as well.

Next we attempt to derive an approximate expression for the
spreading kinetics by adopting an approach similar to that
developed by Marmur'? to account for the capillary invasion of
liquid in a porous medium. The method is also related to that of
Wenzel'® in accounting for the spreading of liquids on rough
surfaces. Fig. 4 shows a layer of liquid of average height /
and radius r spreading on a polystyrene surface covered with
condensed water drops. We start with the change in the total
interfacial energy due to spreading as follows:

dU = VsldAsl + stdAsv + VlvdAlv (1)

where, yq, sy and y}, indicate the surface tension of the solid—
liquid, solid—vapor and liquid-vapor interfaces; Ay, 4, and A,, are
the corresponding surface areas. In our case, when the hexadecane
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Fig. 4 A schematic showing the spreading of hexadecane oil on a
polystyrene surface covered with water drops.

oil (o) film spreads over water (w) droplet covered polystyrene (p)
surface, there are two possibilities to consider. If the oil-vapor
interface of the spreading film does not roughen significantly, dU
assumes the following form:

dU = (Vow - va)¢ﬁ(2nrdr) + (Vop - ypv)(l - ¢)(2nrdr) + (2)
Voy(2mrdr)

where, ¢ is the fractional area of the surface covered with the water
drops, f is the ratio of the surface area of a drop to its projection
on the surface, which is close to 2 since the contact angle of water
on polystyrene is ~90°. In deriving eqn. (2), we assumed that
most part of a water droplet is wetted by hexadecane. We feel that
this assumption is justified because the thickness of the oil film is
comparable to the size of the drops and the contact angle of
hexadecane on water is reasonably low (~30°, using Neuman
triangle). The driving force for spreading can be obtained as
F=—dU/dr, ie.

F=_(ij_[r]=2nr[SOW¢/3+SOp(1_¢)+Vov(ﬁ_1)¢} 3)

Where, S is the spreading coefficient, which is related to the
interfacial tensions as,

Si = =i~ Vvt Ve

However, as the hexadecane continues to spread on the rough
surface, it thins and consequently the oil-vapor interface roughens
considerably. With an appreciably roughened oil-vapor interface,
the driving force for spreading reduces to that shown in eqn. (4).

F= ZTEV[Sow¢ﬁ + Sop(1 - ¢) + Vov(ﬁ - ﬁ*)¢] (4)

Where, * is a parameter representing the roughness of the oil-
vapor interface. Its value in the beginning of the spreading should
be closer (but not equal) to unity. However, at the late stage of
spreading, its value could approach f. There are several spreading
situations to consider.

1. Sow and S,,, are both positive. In this case, the oil film spreads
on the substrate unconditionally. Nevertheless, the spreading
should slow down as the film becomes thin enough so that the oil-
vapor interface roughens considerably (f* — f). As the oil film
thins faster on a surface covered with larger drops, the transition
from fast to slow spreading is expected to occur earlier than that
with the finer drops.

2. Limited spreading occurs if Sowfff + Sop(1 — ¢) is strongly
negative and its absolute magnitude is larger than y.(f — f*) for
all values f*.

3. Sow and S, are both negative, or of opposite signs, so that
Sowdf + Sop(1 — @) is slightly negative. If the absolute magnitude
of Sowdf + Sop(1 — @) is less than yo(f — 1) spreading should
occur. However, as the oil-vapor interface continues to roughen
p* approaches f3, when spreading slows down and ultimately stops.
This is indeed consistent with the prediction of the Wenzel
equation''* that a liquid, the intrinsic contact angle of which is
less than 90° on a surface, would spread even more on the latter if
it is roughened."

In our case, about 44% (¢ = 0.44) of the polystyrene surface is
covered with water drops. Using the known values of the surface
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tensions of water, hexadecane and polystyrene, we estimate
Sow ~ =6 mN m ™' and Sy~ 8 mN m ™. Soupf + Sop(l — ¢)
is thus estimated to be about —0.8 mN m ™. In the beginning of
spreading, the roughening of the oil-vapor interface is negligible
(ie., p* is slightly larger than unity), we have the value of the
effective spreading coefficient Sowf + Sop(1 — @) + yo(f — 1)
close to 11 mN m™". Slight roughening of the oil-vapor interface
(due to capillary bridging effect) is necessary in order to create a
pressure gradient in the hexadecane film for it to spread outward.
This is consistent with the lateral migration and coalescence of the
water drops observed experimentally near the contact line region
(Fig. 1). This situation is described by eqn. (4) with 1 < f* < f3,
which would lead to an overall spreading coefficient Sy.¢f +
Sop(1 = @) + Pou(B — B*)¢ less than 11 mN m ™', but its value
should still be positive and may not be appreciably different from
Sop - In summary, the presence of the water drops on the
polystyrene surface does not decrease the spreading co-efficient in
any remarkable manner, and that it remains positive. We thus
need to look into the possible reduction of the resistance of fluid
motion by the water drops as the possible mechanism for fast
spreading.

The reduction of the resistance to the fluid motion may be
understood as follows. When a small liquid drop of radius r and
viscosity p spreads on a flat surface, the viscous dissipation'” is
concentrated at the wedge that gives rise to a drag force (F}) ~
wrvad6; here, 6 is the dynamic contact angle, v is the average
velocity of the drop, and « is a logarithmic prefactor (~ 10) needed
to prevent the divergence of shear stress at the contact line.

The magnitude of F}, however, decreases as 0 increases, which
results from the accumulation of the spreading liquid under
asperities or condensed drops. The liquid with a temporary high
dynamic contact angle would, nevertheless, tend to relax to a lower
value. However, if the contact line reaches from one droplet to
another, before 0 relaxes to a lower value, the resistance to the
fluid motion could be reduced. This effect can be demonstrated in
a very simple experiment, in which several small (~1 mm) water
drops are placed at regular intervals along a straight line on a
polystyrene surface. When the drops are reasonably close to each
other (~1 mm) and a small hexadecane drop is placed near one
end of the array, it spreads spontaneously from one end to the
other with considerable speed. Video-microscopic observation
shows the process of accumulation of oil under each drop, re-
spreading with finite dynamic contact angle, re-accumulation of
oil in the second drop and so on. The speed of spreading of
hexadecane oil through this array of drops can be controlled
by their distance of separation. When the separation distance
is larger than ~2 mm, spreading slows down and eventually
stops. We found that this effect can not only be created with
water drops, with which hexadecane exhibits a finite contact
angle, but also with glycerin drops where spreading coefficient is
positive.

As the wedge dissipation begins to play a lesser role, the
hydrodynamic force (F3) resisting the drop motion is due to the
integrated shear stress over the entire film, which is u#/h, where h
is the thickness of the film (or drop). The relative magnitudes of
the two forces can be judged by looking at the ratio:

Flwoch

szre'

As the drop continues to thin, the ratio //r decreases, which, in our
case, easily attains a value of ~ 10> within 10-15 s of spreading.
Such a low aspect ratio of the drop coupled with the fact that 0 is
substantially greater than zero make the contribution of F;
significantly less than F>. We thus take the total energy dissipation
to be distributed over the entire film as follows:

Rt

where 0v/0z is the velocity gradient in the liquid, which is on the
order of v /h. ¢y is the volume fraction of the spread film that is
pure oil, which is approximately equal to 1 — ¢. The above
simplification ignores the events associated with the dislodging and
migration of water drops, which are energy dissipative processes as
well. Eqns. (4) and (5) can be combined to yield eqn. (6).

dr 2(Sep(1—0)+ SowdB+7ey(B—B")d) 1

Tat iy ©

There are two situations to consider. In the first place, the
average thickness of the film does not vary significantly. In that
case, eqn. (6) can be integrated to yield the radius of the drop
increasing as " e,

(Sop(1=9) + SondB+ v (B— B )) 1]
u(1—p) ™

For the oil film to spread with constant 4, however, an unlimited
source of liquid is required. In our case, the source of liquid is
finite. Close observation of the spreading process shows that a
liquid film of diameter several times larger than that of the
deposited liquid spreads out of the main liquid drop within
seconds after its deposition, much like that of a precursor film. The
small amount of liquid initially remaining at the center of the film
then gets sucked into the fast spreading film and the spread film
takes the shape of a pancake. Thus considering the film to spread
with constant volume, we use the constraint m2Agy = V. Eqn. (6)
can thus be integrated to obtain the following result:

rx

(Sop(1 =)+ Sond+ 700 (B—B)9) V1]
W(1—) ®)

Note that the theoretically obtained spreading exponent (0.25) is
slightly higher than that (0.2) obtained experimentally. A different
scaling law is obtained by considering the flow to be occurring
through equivalent porous channels. In this case the thin film
equation is:

rx

dr AP
dr =~ ©)

V=

where the pressure drop AP is controlled by the spacing (R)
between the condensed drops and their sizes. For a drop spreading
with constant volume, eqn. (9) can be integrated to obtain the

following result:
Y V2t 176
= ( uR ) (19)

Eqn. (10) predicts a spreading exponent of ~0.17 which is
slightly lower than the experimental observation. However, the
assumption that AP is independent of the film thickness / is
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flawed. If AP varies inversely with 4, we would recover the same
scaling as that shown in eqn. (8).

As mentioned above, we have ignored all the details involving
the coalescence of the drops and the corresponding surface
energetics. Coalescence of the water drops in the thin oil film
involves the reductions of the oil-water and the water—polymer
interfacial free energies and the corresponding increase of the
polymer—oil interfacial free energy. By carrying out the contribu-
tions of these processes to the total energy (U, eqn. (11)), the
resultant additional force (F)) is given by eqn. (12):

dUl:(ﬁ(l*%) (Vpofﬂ/wpfﬁyow)(znrdr) (11)

F1:27T(f)(17%) (BVOW+VWp7yp0)r (12)

Where, R; and R, are the base radii of the water droplets before
and after coalescence. Since, R; < R, and fyow + Jwp Is expected to
be larger than y,,; thus, we anticipate that the coalescence would
enhance the driving force. Eqn. (12), in conjunction with eqns. (3)
or (4), poses an interesting scenario when F = 0, but F; > 0. The
film could still keep on spreading on the water drop-covered
polymer surface fuelled by the energy of coalescence. Nevertheless,
the coalescence needs to be triggered by some other external force
and a large fraction of this energy will be lost in the coalescence
process itself.

The energy dissipation in and around the water drops has two
components: (1) a steady dissipation of energy in and around the
drops due to the transfer of shear stress from the oil film that lead
to a Hadamard flow'® and (2) a dissipation due to the coalescence
of the drops. We expect the dissipation related to the Hadamard
flow to scale as

1+1.51r 55
~X——=uavr
1+y K

, where y is the ratio of the viscosities of water and hexadecane and
T (~ ¢la®) denotes the numbers of drops per unit area. The ratio
of this dissipation to that in the hexadecane film (eqn. (5)) is ~//a.
Although the thickness of hexadecane initially is similar to the size
of the condensed water droplets (i.e., i & a), the ratio i/a becomes
smaller than unity after the droplets coalesce and grow. Thus, we
feel that although the dissipation in and around the droplets
cannot be neglected, it may not constitute a large fraction of the
overall dissipation. The estimation of the dissipation due to
coalescence is more complicated as the process is, at first,
dominated by inertia and then by viscous forces. A rough estimate
of this dissipation in the viscosity dominated regime'” is due to
~Z,uWaV?ar2, where i, is the viscosity of water and V, is the
capillary velocity. Although this dissipation is significantly large, its
source is contained in the interfacial energy terms shown in eqn.
(11). Hence, the formulations leading up to eqn. (8) should remain
nearly unchanged.

To re-iterate, we found that the fast spreading of hexadecane on
polystyrene covered with tiny water droplets is very much similar
to spreading induced by surface roughness. Indeed, the spreading
kinetics of hexadecane on these water drop covered polystyrene
surfaces is similar to that seen with a Petri-dish covered partially
with ~1 um size glass beads (Fig. 2). In the latter case, the
spreading exponent (0.27) is somewhat higher than that (0.2)

Fig. 5 Preparation of thin polymer film using condensation assisted
wetting. A 30 ul drop of octane containing 10% of cross-linkable PDMS
was deposited on pure polystyrene (left) and that (right) covered with
condensed water drops. The oil drop spreads to a much larger diameter in
the presence of condensed droplets. After the octane evaporates, the
polymer cross-links at room temperature overnight. During this time the
water droplets evaporate as well. This procedure produced a cross-linked
PDMS film of 5.4 cm diameter and ~1.5 pm thick (right). Films of
variable thickness and diameter can be produced by controlling the
concentration of PDMS as well as choosing the career liquid of
appropriate viscosity, surface tension and vapor pressure.

observed with condensed water drops but closer to the theoretical
estimate (0.25). A complete analysis of these kinds of studies
involving particles of various sizes will be published separately.

Droplet-induced enhancement of spreading rate of liquids could
have practical applications in some situations where surfactants
cannot be used. In due course of time, these droplets do disappear
in the thin liquid film by dissolution and evaporation, even in and
through such non-polar liquids as hexadecane or silicone oil. This
phenomenon may therefore be utilized to produce thin films of
controllable thickness and diameter (Fig. 5).

The results reported in this paper may also be relevant to the
interpretations of the wetting kinetics of liquids on surfaces that
are conducive to the nucleation of water droplets. One such
example'® is the spreading of aqueous solutions of silicone
surfactants (super-wetters) on a hydrophobic surface, which is
enhanced by high humidity. Lin er al.'® found evidence of the
presence of small condensed water drops on hydrophobic surfaces
when such super-spreading occurs. Although the situation with the
surfactant drop is strongly influenced by the surface tension
gradient,” the free energy reduction due to the coalescence of the
condensed water drops with the primary wetting film as well as
maintenance of the dynamic contact angle to a reasonably high
value may play important roles in this class of spreading as well.

Note added in proof

Derivation of eqn. (3) (and (4)) is based on the assumption that the
water droplets do not change their shapes even when they are
wetted by hexadecane. This assumption is justified if the oil drops
are virtually pinned to the substrate due to contact angle hysteresis.
Assuming full relaxation of the contact line, we get the following
effective spreading coefficient:

S = (¢l - ¢2)pr + (¢1ﬁ1va - ¢2ﬁ2170w) + (1 - ¢l) -
(1 - ¢2)Vop - ﬁ*yov

where the ¢, and ¢, are the fractions of the surface occupied by
water drops before and after being wet by oil. f; and f, are the
corresponding roughness parameters of the water drops. All of the
above parameters can be calculated from the contact angles of
water on polystyrene in air and oil. Numerical estimates show that
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S can reach about 18 mN m™ " if §* — 1, which is slightly higher
than that (11 mN m ") obtained from eqn. (3). In reality, as the
contact lines would be partially relaxed due to wetting hysteresis, a
value of S is expected to be between 11 mN m ™! and 18 mN m ™/,
which would be further reduced due to some roughening of the
oil-vapor interface.

One of the reviewers of this paper pointed out two important
references,?*? which are relevant to the present report. Ref. 21
reports fast spreading of low surface tension liquids on micro-
textured surfaces. In this case, as the liquid source is virtually
unlimited, the spreading exponent is about 0.5, which is consistent
with eqn. (7) of this paper. Ref. 22 reports various scenarios of
the improved wetting of liquids by particles. The same authors
also report® that particles can enhance wetting by effectively
reducing the surface energy of liquid-vapor and liquid-liquid
interfaces.
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