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ABSTRACT
Flows of thin fluid layers spreading, which have a distinguished history, have been studied since the days of Reynolds, who was among
the early researchers to examine flows. Different from surfactant-driven spreading, which is currently the most common subject of study,
we observe the spreading process of n-hexadecane driven by volatile silicone oil at the surface of the aqueous substrates and explore the
influence of Marangoni flow caused by surface tension gradient on liquid-driven spreading. We find that on different substrates, the initial
state of n-hexadecane is different, and there are two instability patterns during the spreading, subsequently, which are analyzed theoreti-
cally. While the n-hexadecane drop stationed on the liquid surface is small, it is driven to form a rim and then breaks up into beads, which
shows the Rayleigh–Plateau instability patterns. When we put the n-hexadecane drop on the surface of the saturated sodium chloride solu-
tion, which spreads out more, it is driven to form a circular belt first and fingering instability subsequently occurs at the inner edge of the
circular belt.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0031045

I. INTRODUCTION

In the 1970s and 1980s, oil spilling on the sea caused great
interest in the industrial and scientific community.1–3 While ini-
tially inertia and then gravity dominate the oil spreading,1 later
when the oil spreads to a thin film, surface tension gradients act
as the main driving force.4 Marangoni-driven spreading with the
surface tension gradient as the main driving force has therefore
attracted attention4 and has been studied in various fields, such
as pulmonary drug delivery,5 drop encapsulation,6 rapid three-
dimensional bioprinting,7 three-dimensional multi-compartmental
microparticles,8 and surface coating.9 Recently, Marangoni-driven
spreading has been used to achieve uniform particle coatings from
binary solutions.9 The continuous mixing of distinct Marangoni

flows is very important to obtain a uniform deposit. This mech-
anism is used in surface patterning,10 ink-jet,11 and 3D printing
technologies.12

Marangoni-driven spreading mostly can be divided into liquid-
driven spreading and surfactant-driven spreading according to
the source of driving force.6 The process of surfactant-driven
spreading is extensively studied, such as film spreading,4 dewet-
ting,13 rim break-up,14,15 interfacial bursting,16 and fingering.17–19

These effects may give rise to highly organized instability patterns.
Plateau20 and Rayleigh21,22 first described the fluid instability. Later,
research15,23,24 revealed some interesting liquid systems. For exam-
ple, Wodlei et al.15 discovered that a surfactant-added drop of
dichloromethane (DCM) can spread spontaneously on the surface of
the cetyltrimethylammonium bromide (CTAB) solution. The whole
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process included spreading, edge and wrinkle formation, edge crack-
ing, and droplet spraying. Analysis showed that this highly ordered
spreading process mainly comes from the evaporation of DCM, and
it is a process of Rayleigh–Plateau instability driven by Marangoni
flow. In addition, Marmur and Lelah25 first carried out experimental
observations about fingering instability. Troian et al.26 proposed that
the instability is driven by Marangoni flow due to the presence of
a surfactant concentration gradient. Studies19,27–32 showed that the
viscosity, wettability, elastic effects, surfactant concentration, and
initial concentration of the pre-existing liquid film could have an
effect on the fingering patterns. Recent research shows that fingering
instability may be dominated by the elastic effect at small time scales
and by viscous dissipation at large time scales.33 Despite the instabil-
ity patterns occurred during the surfactant-driven spreading, they
have not been reported in the process of liquid-driven spreading to
the best of our knowledge.

Here, our studies focus on the spreading of one liquid driven
by another liquid, corresponding to the liquid-driven spreading.
We study the spreading process of n-hexadecane driven by sili-
cone oil and observe two different instability patterns on different
aqueous substrates. We experimentally show that the spreading of
n-hexadecane is driven by the Marangoni effect, and the instabil-
ity patterns during the process are related to the initial state of n-
hexadecane. Our findings complement the research on liquid-driven
spreading and also help in the in-depth study of Marangoni-driven
spreading and instability patterns.

II. METHODOLOGY
In our experiments, the interfacial tension gradient between the

driving solvent and the substrate solution enables the driven liq-
uid to spread outward. Therefore, the driving solvent, the driven
solvent, and the substrate solution must be immiscible; the driven
solvent must be able to remain steady on the surface of the sub-
strate solution, and the difference in surface tension between the
driving solvent and the substrate solution must be large. We choose
n-hexadecane and silicone oil, which are commonly used in labo-
ratories, as the driven solvent and the driving solvent, respectively.
Different substances are usually added to change the surface tension
of the aqueous solution. We add sodium dodecyl sulfate (SDS) to
pure water, which results in a lower surface tension, and add sodium
chloride (NaCl), which results in a higher surface tension.

N-hexadecane (analytical reagent, 98%) from Shanghai
Aladdin Bio-Chem Technology Co., Ltd. is chosen as the driven
solvent and volatile silicone oil (0.65CST) from Shin-Etsu Chemical
Co., Ltd. as the assistant solvent. Sodium dodecyl sulfate (chemically
pure) is purchased from Sinopharm Group Chemical Reagent
Co., Ltd. and sodium chloride (chemically pure) is from Beijing
Chemical Works. The experiments use disposable transparent
polystyrene Petri dishes as containers (150 mm in diameter). All the
aqueous substrates are dissolved in deionized water obtained from
a Millipore filter (18.2M cm resistivity). Our experiment is carried
out in a clean room under constant temperature (about 25 ○C) and
pressure (1 standard atmospheric pressure).

The experimental system (Fig. 1) consists of a high-speed cam-
era (CCD), a telecentric lens, and a parallel light source, which is
used to capture the entire spreading process. The parallel light source
is mainly composed of a thermally conductive material, high-density

FIG. 1. The experimental system consists of a high-speed camera (CCD), a tele-
centric lens, a half mirror, and a parallel light source (composed of a thermally
conductive material, high-density LEDs, a diffuser, and a half mirror). The exper-
iment is carried out in a Petri dish: the driven solvent (n-hexadecane) and the
assistant solvent (volatile silicone oil) are injected on the surface of the aqueous
substrates by a syringe.

LEDs, a diffuser, and a half mirror. The high-density LEDs have
the advantages of high brightness and uniform light. After the light
emitted by the LEDs passes through the half mirror, it is on the same
axis as the CCD. In other words, the light source is incident vertically
and the camera is shooting vertically, which can effectively eliminate
image ghosting. The experiment is carried out in a Petri dish: the
driven solvent (n-hexadecane) and the assistant solvent (volatile sil-
icone oil) are injected on the surface of the aqueous substrates by a
syringe.

In order to explore the effect of interfacial tension on
liquid-driven spreading, the spreading coefficient S [S = γwater/air
− (γoil/air + γoil/water), where γ is the interfacial tension] is introduced,
which can determine the initial spread state of the driven solvent on
the aqueous substrate.34 The balance value of the surface/interface
tension γ is usually measured by the pendant drop method with an
optical contact angle measuring instrument. The camera equipped
with the instrument grabs an image of a hanging droplet and digi-
tizes the entire image. Afterward, the computer processes the image
in order to determine the coordinates of the entire drop profile. By
fitting the coordinates to the Bashforth–Adams equation35 describ-
ing the outline of the hanging drop, the capillary constant αc is
obtained. Then, the equilibrium value of the interfacial tension γ can
be calculated from

αc =
√

γ
Δρ ⋅ g , (1)

where Δρ is the difference in densities of the two phases and g is
gravitational acceleration of gravity. The aqueous substrates used in
the experiment are 6 mM SDS solution and saturated NaCl solu-
tion, and the specific values required for the experiment are shown
in Table I.

From the data in Table I, on the surface of SDS solution, the ini-
tial spreading coefficient S1 is negative [S1 = γsolution/air − (γn-hex/air
+ γn-hex/solution) = −0.08 mN m−1 < 0]. The n-hexadecane drop
would not spread completely but forms a liquid lens [Fig. 2(a)].
On the surface of saturated NaCl solution, the initial spreading
coefficient S2 is positive (S2 = 14.38 mN m−1 > 0), which seems
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TABLE I. Interfacial tension.

γ (mN m−1) SDS solution (6 mM)
NaCl solution

(saturated)

Solution/air 33.01 70.33
n-hexadecane/air 26.8 26.8
n-hexadecane/solution 6.29 29.15

FIG. 2. Initial state of n-hexadecane on the surface of (a) SDS solution and (b)
saturated NaCl solution. Scale bar = 10 mm.

to indicate that n-hexadecane will spread covering the entire
liquid surface, while the n-hexadecane forms a pseudo-partial
wetting [Fig. 2(b)]. The latter is described in our36 work and other
researchers’ work.37 Intermolecular forces can influence the wetting
behavior of the insoluble liquid drops on the water. Even, the con-
centration of the NaCl solution can adjust the wetting behavior of
the alkanes on water.38 In addition, comparing Figs. 2(a) and 2(b),

the initial radii of n-hexadecane are different on the surface of
two kinds of solutions. On the SDS solution, the initial radius of
n-hexadecane is small; on the saturated NaCl solution, the initial
radius of n-hexadecane is larger.

III. RESULTS AND DISCUSSION
The entire experiment takes place within a few seconds, which

includes spreading, instability, and break-up. As soon as the volatile
silicone oil is released, n-hexadecane quickly spreads outward from
the center. On the surface of SDS solution, n-hexadecane spreads
to form a thin rim [Fig. 3(a1)]. The outer radius RSo and the inner
radius RSi of the rim gradually increase, and then, the instability
occurs [Fig. 3(b1)]. Eventually, the rim breaks up into a circle of
small liquid beads [Fig. 3(c1)]. On the surface of saturated NaCl solu-
tion, the outer radius RNo and the inner radius RNi increase at dif-
ferent speeds, and n-hexadecane spreads to form a belt [Fig. 3(a2)].
Then, silicone oil displaces part of n-hexadecane to form a finger-
like pattern [Fig. 3(b2)]. Finally, the fingers break up into irregular
small liquid beads [Fig. 3(c2)].

The evaporation rate of the silicone oil used in our experi-
ment is u = 1.78 × 10−6 g cm−2 s−1. On the surface of SDS solution,
the entire process of n-hexadecane spreading driven by silicone oil
is completed within 0.265 s, and the spreading area is SS = πRSi

2.
The evaporation of silicone oil during the entire process is E1

= ∫ 0.265
0 uSSdt1 ≈ 5.2658 × 10−7 g. On the surface of saturated NaCl

solution, the whole process is within 0.936 s, and the spreading area
is SN = πRNi

2. The maximum evaporation of silicone oil in the whole
process is E2 = ∫ 0.936

0 uSN dt2 ≈ 1.0996 × 10−7 g. The amount of sili-
cone oil we used in the experiment is E = 3.8 × 10−3 g, which is four

FIG. 3. The whole experimental process includes (a) spreading, (b) instability, and (c) break-up. On the surface of SDS solution, n-hexadecane spreads into a thin rim (a1)
and then instability occurs (b1), forming a uniform circle of small liquid beads (c1). On the surface of saturated NaCl solution, the n-hexadecane film spreads into a belt (a2)
and then silicone oil displaces n-hexadecane (b2), breaking into irregular small liquid beads eventually (c2). Scale bar = 10 mm.
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FIG. 4. The driving effect of volatile silicone oil in the experimental system. The
interfacial tension gradient (S) becomes the driving force (Fγ). γij is the interfa-
cial tension (i, j = 1, 2, 3; 1, 2, and 3 are volatile silicone oil, n-hexadecane, and
aqueous substrate, respectively), and l123 is the interface contacted line of three
phases.

orders of magnitude larger than the actual evaporation. Therefore,
the evaporation of silicone oil is almost negligible.

In the whole process, the driving effect of silicone oil is reflected
in creating an interfacial tension gradient. As soon as the volatile
silicone oil is injected, it invades n-hexadecane [Fig. 4(I)], and the

interfacial tension gradient is Δγ = γ23 − γ12. When the silicone oil
squeezes n-hexadecane to contact the aqueous substrate [Fig. 4(II)],
the interfacial tension gradient is Δγ = γ23 − γ12 − γ13 at the interface
contacted line of the three-phase l123, which drives n-hexadecane to
spread outward.

From Fig. 5(a), the initial radius of n-hexadecane is small (about
4.2 mm) on the surface of SDS solution, and silicone oil pushes
n-hexadecane from the inner edge for a short time. The inner
radius RSi increases rapidly at 0 ms–78 ms and the outer radius
RSo increases accordingly at 31 ms–78 ms. After that, the inner and
outer edges tend to move at the same speed before the instabil-
ity occurs. Differently, on the surface of saturated NaCl solution
[Fig. 5(b)], the initial radius of n-hexadecane is about 22.3 mm. It
takes a long time for silicone oil to push n-hexadecane. Within 110
ms, the inner edge of the belt is driven outward while the outer edge
hardly moves. Then, the inner and outer edges spread at the same
speed to become a belt with a constant width of about 5.4 mm. N-
hexadecane eventually breaks up into small liquid beads both on
the surface of the two solutions, but the instability pattern during
the spreading process is observed in the different initial states of
n-hexadecane. We will analyze the two instability patterns during
the spreading.

On the surface of SDS solution, volatile silicone oil keeps driv-
ing n-hexadecane to spread outward. According to the classical the-
ory of viscous boundary layer,39 the diffusion of silicone oil on
an aqueous substrate is the same as diffusion over the surface of
deep water,40–42 and the surface tension gradient is balanced by an
unsteady viscous boundary layer.39 The experiment takes place in a
very short time, and the evaporation is almost negligible. In this case,
the relationship between the spreading radius of n-hexadecane RS
and time t conforms to RS(t) ∝ t3/4.35 Figure 6(b) shows the changes
of RSo and RSi in the process before instability, and their indices are
0.81 and 0.88, which are close to the classic theoretical value of 3/4.
The value of RSo for a lower value of t (t < 31 ms) is not in our fitting
range. It takes time for silicone oil to push n-hexadecane from inside.
The higher exponent of 0.81 and 0.88 may stem from the reorga-
nization of the SDS distribution at the solution surface,15 and the
capillary waves spreading on the outer edge of n-hexadecane (gener-
ated by the collision on the interface of silicone oil and SDS solution)
drive the inner and outer edges of n-hexadecane to spread at a higher
speed.4

FIG. 5. The changes of radii before insta-
bility. The silicone oil-driven spreading
process of n-hexadecane are different
obviously on (a) the surface of SDS solu-
tion and (b) the surface of saturated NaCl
solution.
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FIG. 6. (a) From t = 187 ms to
t = 265 ms, the rim of n-hexadecane
turns into a string of beads. (b) Changes
in the outer radius RSo and the inner
radius RSi of n-hexadecane on the sur-
face of SDS solution. (c) Black squares
and red dots show the variation of half of
the thickness h and half of the width a of
the n-hexadecane rim. The blue triangle
pattern shows that the ratio of λ/r fluc-
tuates around 9.01 when the instability
occurs.

Next, we will focus on the instability pattern [Fig. 6(a)], which
is reminiscent of the Rayleigh–Plateau instability. Linear stability
theory predicts15,21 the liquid column where the Rayleigh–Plateau
instability occurs has a constant undisturbed radius r and a maxi-
mum amplified wavelength λs ≈ 9.01r.21 From the experimental data
in Fig. 6(c), it is seen that half of the rim thickness h and half of the
rim width a almost overlap before instability. We can safely assume
that the rim is circular and define the rim radius as r (r = a ≈ h). λ/r
fluctuates around 9.01 when the instability occurs, which means that
the instability pattern is the Rayleigh–Plateau instability.

On the surface of saturated NaCl solution, silicone oil drives
n-hexadecane to be a belt and then displaces n-hexadecane to form
fingers [Fig. 7(a)]. The process is more complicated, which is unlike
on the surface of SDS solution. For the convenience of calculation,
we divide the whole system into three parts [Fig. 7(b)], fluids 1,
2, and 3 are silicone oil, n-hexadecane, and saturated NaCl solu-
tion, respectively, and R, R1, R2, andR3 are the spreading radii. The
schematic cross-sectional view of the experimental system is shown
in Fig. 7(c). During the displacement of n-hexadecane by silicone oil,
the interfacial tension gradient S at the three-phase contact line is the

FIG. 7. (a) The process of fingering
instability when silicone oil displaces n-
hexadecane on the surface of saturated
NaCl solution. (b) Illustration of the three
phases of fluid and the spreading radii.
(c) Schematic of the spreading on satu-
rated NaCl solution from the side view.
A, B, and C correspond to R1, R, and
R2, respectively. The experimental value
and theoretical curves of (d) the spread-
ing radii R2, R, and R1 and (e) the fastest
wavelength λm.
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driving force Fγ. The viscous friction within saturated NaCl solution
and silicone oil becomes the main resistance. Balancing the driving
force Fγ and viscous friction Fv, we obtain

Fγ = S = γ23 − γ12 − γ13, (2)

Fv =
1
2

μ3
Ṙ
d3

R, (3)

Fγ = Fv, (4)

where μ3 = 2 mPa s is the viscosity of saturated NaCl solution, d3 is
the thickness of saturated NaCl solution, and Ṙ is the speed of the
interface, and we get

R = Dt1/2, (5)

where D = 2( d3S
μ3
)

1/2
. Therefore, the radius of the raised portion is

R1 = L1Dt1/2, (6)

R2 = L2Dt1/2, (7)

where L1 = R1
R and L2 = R2

R . The spreading radius on the saturated
NaCl solution (RN ) follows RN(t) ∝ t1/2. Comparing the experi-
mental data with the theoretical curve [Fig. 7(d)], it can be seen that
the theory and the actual experimental law are consistent.

The initial volume of silicone oil is V1 = 5 μl. At t = 0.141 s,
the corresponding thickness of silicone oil is d1 = 3.568 μm. The
thickness of silicone oil sinking in saturated NaCl solution is

d13 =
ρ1

ρ3
d1 = 2.04 μm, (8)

where ρ1 and ρ3 are the density of silicone oil and saturated NaCl
solution, respectively, and ρ1 = 0.76 g/cm3 and ρ3 = 1.33 g/cm3. This
two-phase fluid of silicone oil and saturated NaCl solution is equiv-
alent to a Hele–Shaw cell. The thickness required for the experiment
is considered as the geometric mean thickness,

b̄ =
√

d3d13 = 75.58 μm, (9)

where d3 = 2.8 mm = 2800 μm. Then, the fastest wavelength λm can
be obtained from the linear stability analysis using the related theory
of Hele–Shaw cell,43

λm = 2
√

3πR√
12μ̃ū
γ13
( R

b̄ )
2 + 1

, (10)

where R is the interface radius, ū = 1
2 Ṙ is the average velocity of the

flow field, Ṙ is the derivative of R with respect to time, μ̃ = μ3 − μ1
is the intrinsic viscosity, and μ1 = 0.494 mPa s is the viscosity of
silicone oil. Define the dimensionless parameter α as

α = 12μ̃ū
γ13
(R

b̄
)

2
, (11)

and the magnitude of each physical quantity is μ̃ ∼ 1 mPa s, ū
∼ 1 cm/s, γ ∼ 10 mN/m, R ∼ 1 cm, and b̃ ∼ 10 μm. Therefore, α
∼ 1.2 ∗ 104 ≫ 1, so we get the expression

λm ≈ πb̄√
μ̃ū
γ13

. (12)

Let μ̃ū
γ13

= C̃a be the characteristic capillary number; then, the wave-
length is

λm ≈ π
b̄√
C̃a

. (13)

Bringing experimental data into the formula and intercepting five
points in the fingering process (t = 110 ms, 125 ms, 141 ms, 156 ms,
and 172 ms), the experimental values are consistent with the theo-
retical curve [Fig. 7(e)].

IV. CONCLUSIONS
In summary, we have investigated liquid-driven spreading of

an n-hexadecane drop triggered by the assistant solvent (volatile
silicone oil) on aqueous substrates. Different initial states of
n-hexadecane are obtained by changing the aqueous substrates,
and two instability patterns are observed during the liquid-driven
spreading process. Theoretical analysis shows that the instability
occurs during the spreading process driven by the Marangoni effect,
which is caused by the interfacial tension gradient. This is maybe the
first time to observe different interfacial instability patterns driven
by the assistant solvent on aqueous substrates with different initial
surface tensions. Our studies may help to understand the liquid-
driven Marangoni spreading process and instability patterns during
liquid spreading.
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