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ABSTRACT

Light levitation of droplets over a locally heated gas-liquid interface by an infrared focus laser has been recently reported, but the
hydrodynamics of light levitated droplet evolution remains unclear. Herein, we report that the condensed droplet experiences a periodic
damped vortex motion process before evolving to a stably levitated droplet. In the later stage of the periodic damped vortex motion, the
velocity decay rate is linearly proportional to the growth of condensed droplets. The linear scaling factor approximates the dynamic viscosity
of the ambient fluid, which is analogous to the shear stress—shear relationship in the Newtonian friction law. This study deepens the

understanding of the underlying mechanism of light levitated droplet evolution.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0198201

White mist usually appears on the surface of hot coffee and tea,
which is attributed to microscopic liquid droplet levitation above hot
surfaces.' The physical mechanism behind this interesting phenomenon
has attracted many scholars for exploitation by introducing an external
heat source to heat the gas-liquid interface.” " It has been demonstrated
that localized heating can result in levitated droplets with an ordered
monolayer self-assembled structure due to droplet-droplet and droplet-
airflow interactions.” Recently, it has been reported that a single focus
infrared laser beam acting as a localized heating source endows levitated
droplets over a gas-liquid interface.” "' The levitated droplets formed by
this approach cannot only be stably sustained but also show good
followability with the focus laser beam,” ' and their size can be well
controlled by adjusting the laser power."" The levitated droplets with
good stability, mobility, and controllable size have potential applications
in biochemical reactions, " detection,'* and material synthesis. 5

To date, existing works on the light droplet levitation mainly
aimed at understanding the effect of the gas-liquid interface morphol-
ogy and laser power on the droplet levitation,” the upper limit of levi-
tated droplet motion,"’ and the unified criterion for generating light
levitated droplets.’ An essential insight into the hydrodynamics of
light levitated droplet evolution over a gas-liquid interface by a focus
laser beam is still lack. Addressing this issue will deepen the under-
standing of light droplet levitation and promote its applications.

Herein, we report the hydrodynamics of the evolution of condensed
droplet to a levitated droplet under the focus infrared laser heating.
The condensed droplet experiences a periodic damped vortex motion
before reaching the stable levitation state. In the later stage of the peri-
odic damped vortex motion, a linear velocity decay caused by the
growth of the condensed droplet is found, and the linear scaling factor
approximates the dynamic viscosity of the ambient fluid, which is anal-
ogous to the shear stress—shear relationship in Newtonian fluids. This
study deepens the understanding of the hydrodynamics of light levi-
tated droplet evolution.

The experimental system is shown in Fig. 1(a). More experimen-
tal details can be found in Iustration 1 of the supplementary material.
For a typical case, a 1550-nm focus infrared laser (30 um in the laser
beam waist, 100 mW in the laser power) was functioned as a localized
heating source to heat the ethylene glycol (EG) droplet with a contact
angle (CA) of ~15° and a contact radius of ~1.5 mm, hereafter named
as the mother droplet. Upon laser irradiation, a rapid increase in the
mother droplet’s interface temperature was resulted due to the local-
ized photothermal effect [Fig. 1(b)], leading to the evaporation and
upward air-vapor flow (Fig. S4). Because of Re < 1, the upward air-
flow is a peristaltic flow. The vapor out of the laser-dominated zone
condensed into droplets, which moved with the upward flow. The con-
ditions used in this experiment fell in the suitable range of Levitation
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FIG. 1. (a) Sketch of experimental system, (b) interface temperature of the EG
droplet W|th a contact angle of about 15° heated by a 1550 nm infrared laser with a
power of 100 mW, (c) illustration of the periodic damped vortex motion, and (d) visu-
alization of the condensed EG droplet evolving into the levitated droplet. £, corre-
sponds to 0.2 s after the start of the periodic damped vortex motion.

number,"" thus, condensed droplets could evolve to levitated droplets
around the laser beam over the gas-liquid interface. Interestingly, the
condensed droplets exhibited a periodic damped vortex motion before
reaching a stable levitation state [Figs. 1(c) and 1(d) and Video 1]. The
condensed droplet moved toward the laser-dominated zone and then
was blown up by the upward flow near the laser beam. Due to the
growth of the condensed droplet [Fig. 2(a)], the condensed droplet
moved downward to the laser-dominated zone, where it was blown up
again by the upward flow and entered the next vortex motion. The
gravity of the condensed droplet progressively became larger, while the
upward vapor flow remained unchanged. A periodic damped vortex
motion was thus observed. Such a phenomenon is universal among
the cases with different droplet interface morphologies, laser powers,
and liquid types (Videos 2-5).

To reveal the underlying mechanism, the dynamic behaviors of
the mother droplet are first analyzed. A non-negligible temperature
gradient along the mother droplet’s interface is created due to the
localized heating effect [Fig. 1(b)]. The interface temperature at the
laser-dominated zone reached 81.9°C, while it decreased to about
68 °C at 200 um away from this zone. Our observation shows that the
horizontal length scale of the periodic damped vortex motion is in
accordance with this range. This non-uniform interface temperature
distribution also causes non-uniform distributions of airflow velocity,
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gas-phase temperature, and vapor concentration. To reveal the most
critical factors, we just focus on the upward acceleration motion of the
condensed droplet near the laser-dominated zone because the upward
acceleration occurs at almost the same position in each cycle, which
makes it easy to obtain the vertical airflow velocity gradient. It is found
that the maximum upward velocity in each cycle decreased and even-
tually tended to be zero to achieve the stable levitation [Fig. 2(b)]. This
phenomenon is repeatable under various interface morphologies, laser
powers, and liquid types (Figs. S5-S8, Illustration 2 in the supplemen-
tary material). Therefore, the maximum upward velocity decay can be
used to reflect the periodic damped vortex motion for revealing the
hydrodynamics of light levitated droplet evolution.

Basically, the hydrodynamic interaction between the condensed
droplet growth and the gas-phase flow leads to this velocity decay.
Here, we only consider the contribution of the gas-phase flow to the
condensed droplet motion. The motion of the condensed droplet
(Figs. S4 and S9-S11, Hlustration 3 in the supplementary material) can
be described by the Maxey-Riley equation with neglecting the Faxen
correction terms and the Basset history term'®'”

dv DU

1 d
+5VPfE(U—V), (1)

where V, p, 1, and v are the volume, density, radius, and velocity of the
condensed droplet, respectively. u, py, and U are the dynamic viscos-
ity, density, and velocity of the gas-phase flow, respectively. g is the
gravitational acceleration, and ¢ is the time. The right side represents
the forces acting on the condensed droplet, including the Stokes force,
gravity, pressure gradient force accounting for the acceleration of the
displaced fluid, and virtual mass.'®'” The Maxey-Riley equation can
describe the motion of the condensed droplet as long as the following
conditions are met: % <1, @ < 1,and % < 1, where d is the diam-
eter of the condensed droplet, U is the relative velocity between the
condensed droplet and the surrounding fluid, / and U are the charac-
teristic length and velocity scale of surrounding fluid, respectively, and
v is the kinematic viscosity of the surrounding fluid. In this work, the
diameter of the condensed droplet (d ~ 107> m) is much smaller
than the characteristic length (I ~ 107> m) of the surrounding fluid,
ie, 4 < 1. According to the flow fields (Figs. $4, $9, and S10) and the
maximum height of less than 200 um (Fig. S12) during the periodic
damped vortex motion, the velocity scale of the surrounding fluid is
about U; < 107>m/s. Because the condensed droplet velocity is
~1073m/s, we can get U < ~1072 m/s. With the approximation of
the gas kinematic viscosity v as that of air vy ~ 107°m?/s
(Mlustration 4 in the supplementary material), we get ©> U102 < 1
and % ~ 10~* « 1. Therefore, the motion of the condensed droplet
can be described by the Maxey-Riley equation. Since the density of the
condensed droplet p ~ 10 kg/m? is much larger than the density of
~ 10°kg/m? (%’ ~107* < 1), the pressure gra-
dient force can be ignored. The Maxey-Riley equation considering the
vertical direction can then be simplified as follows:

the ambient fluid py

dv, _6mur
a = Vp

Uy —w) +g, (2)
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FIG. 2. Variations of (a) condensed droplet radius, (b) vertical component of condensed droplet velocity, (c) square of condensed droplet radius, and (d) principal square root of
condensed droplet height from the start of the periodic damped vortex motion to stable levitation state. The highest height of the mother droplet is the origin, and the upward

direction is the positive direction.

where v, and U, are the vertical component of the condensed droplet
and airflow velocity. As for the maximum upward velocity v in each
cycle, the acceleration d;t” = 0and v, > 0. We can get

2 2
v=uU-L5 )
u
where U is the upward airflow velocity. The airflow represented by the
first item U and the condensation growth represented by the second

item — % jointly determine the maximum upward velocity. To vali-
date, we use it to qualitatively analyze the decay of the maximum
upward velocity along with the experimental observations. As shown in
Fig. 2(b), there is a unique tendency of the maximum upward velocity
decay in the first 0.6, ie., % < 0. After about 0.6, % > 0 until the
stable levitation is reached. According to the variation of the condensed
droplet radius [Fig. 2(c)], we can approximate dz;:) < 0. Taking the
second derivative on Eq. (3) results in the following equation:

Py _ &V 2
drr~ de 9u de

Because of % < 0and dzd(;z) < 0 in the first 0.6 s, the upward velocity

)

satisfies ’fi%] < 0. In the upward airflow driven by the thermal

buoyancy force, the relationship between the upward airflow velocity

and height satisfies U ~ +/H.'® We then obtain the variation of /H,
(H, is the condensed droplet height corresponding to the maximum

upward velocity). As shown in Fig. 2(d), dz;t/ZH_V < 0 in this period, so

that ‘%’ < 0 due to U ~ v/H. Under various laser powers, similar
maximum upward velocity decay and change of /H, are observed
(Figs. S13 and S14). Therefore, the maximum upward velocity decay is
indeed dominated by the combined effect of the upward airflow and
condensation growth, confirming the applicability of Eq. (3).

The presence of non-negligible temperature and concentration
gradients in the gas-phase space makes it difficult to quantitatively
describe the condensed droplet growth effect. However, as the periodic
damped vortex motion of the condensed droplet progresses, the space
spanned by the condensed droplet continues to shrink. For simplicity,
the condensed droplet height is used to characterize the periodic
damped vortex motion. When the condensed droplet height H satisfies
H < H, (H, is the critical height), the spanned space of the periodic
damped vortex motion is small enough so that constant temperature
and vapor concentration around the condensed droplet can be approx-
imated. Such approximation is only available in the later stage of the
periodic damped vortex motion, which is defined as the period
when the condensed droplet height is smaller than the critical height
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H, (Fig. S12). We now only focus on the maximum upward velocity
decay in the later stage of the periodic damped vortex motion. Thus,
the growth of condensed droplet can be described by the classic droplet
growth model.'” Because the smallest radius of condensed droplet is
larger than 1 um in this work [Fig. 2(a)], the curvature effect can be
ignored. The relationship between the condensed droplet radius » and
the vapor supersaturation s can be obtained as follows:'”

r% ~ As, (5)
L PRT.  Lp (LM
AT= P (T,)DM = k,T, (TaR ) ©
_ P(TL)
S—P:at(Ta) B 17 (7)

where p, M, and L is the density, molecular weight, and latent heat of
the liquid; R is the universal gas constant; T, is the temperature around
the condensed droplet; Py, (T,) and P(T,) are the saturated vapor
pressure and the partial vapor pressure corresponding to the Tj; D is
the diffusivity of vapor in air; and k, is the thermal conductivity of air.
Because the spanned space of the periodic damped vortex motion is

small in the later stage, we approximate D, k, and vapor supersatura-
PRI,
Pu(T,)DM

)] can be assumed to be constant in the later stage.

tion s to be constant. Hence, the coefficient A [A*1 =

kL/I)" (% -

Integrating Eq. (5) leads to

r* ~ 24st + C, (8)

where C is a constant. It can be known that 72 linearly increases in the
later stage of the periodic damped vortex motion. For this typical case,
we approximate 72 to linearly grow after about 0.7 s corresponding to
the later stage [Fig. 2(c)]. With the measured height of the condensed
droplet (Fig. S12), the critical height can be determined to be H.
= 75 um for all cases. More details are given in Illustration 5 of the
supplementary material. When H < H,, the condensed droplet enters
the later stage of the periodic damped vortex motion. It is also found
that the variation of \/H, gradually became flat after about 0.7s

[Fig. 2(d)]. Therefore, it can be assumed that ‘fi—? ~ % is small, and
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the airflow effect can be ignored in the later stage. The above analysis
indicates that the introduction of the critical height allows not only for
the assumption of constant temperature and vapor concentration but
also the neglect of airflow effect in the later stage. It is then easy to
understand how the condensation growth affects the velocity decay.

Taking the derivative on Eq. (3) and combining it with Eq. (8),
we can get

4

dv

Here, — 4;gpAs represents the condensation growth of the condensed
droplet, while & represents the maximum upward velocity decay rate,

which is linearly related to — %g pAs. The linear scaling factor is the
dynamic viscosity of the gas-phase fluid u, satisfying u ~ p,;,.. We
analogize the relationship between the shear stress and velocity gradi-
ent in Newtonian fluid (7 = uy Z—;, 7 is the shear stress, yy is the

dynamic viscosity of the Newtonian fluid, and ‘;—; is the velocity nor-

mal). In the later stage of the periodic damped vortex motion, the time
evolution of the maximum upward velocity is caused by the condensa-
tion growth, resulting in the velocity decay and finally reaching stable
levitation. To verify this point, the experiments on droplet levitation
for different interface morphologies, laser powers, and liquid types
were carried out. It is shown that the linear scaling factor obtained by

calculating the — %g pAs/% is uniformly distributed around 6.71
x 107> Pas (Fig. 3), which is the same order of magnitude as the air
dynamic viscosity (u,;, = 2.01x107°Pas at 60°C, 2.18x107° Pas at
100 °C). More details are found in Illustration 6 of the supplementary
material. The above results well demonstrate the applicability of Eq.
(9) in the later stage of the periodic damped vortex motion. Actually,
this relationship can also be validated by adjusting the laser power to
obtain different decay rates. Provided that an EG droplet with a con-
tact angle of about 130° was heated by 50, 75, and 100 mW laser beam,
the maximum upward velocity approximately decreased linearly
(Fig. 4), and the corresponding decay rates % were about —0.97,
—2.72, and —4.47 x 107> m/s?, respectively. As the laser power

increased, the interface temperature increased (the maximum interface

1.8x10°* 1-3: EG-50mW-CA~130°
Lex1o® b 4-6: EG-75mW-CA~130°
7-9: EG-100mW-CA~130°
1410 - 10-12: EG-75mW-CA~75°
) % 13-15: EG-100mW-CA~75°
s 16-18: EG-125mW-CA~75°
g 1ox10* | % 19-21: EG-150mW-CA~75°
i‘i&oxw.ﬁ L Il : { o A % i 22-24: EG-75mW-CA~15°
! s I | |25-27: EG-100mW-CA~15°
6.0x10° @ J [l 1 + . { T H 28-30: EG-125mW-CA~15°
Hoxins b } L] + . i } % { . % 31-33: EG-150mW-CA~15°
34-36: 1,2-P-75mW-CA~120°
2.0%10° - 37-39: 1,2-P-100mW-CA~120°
070 J T T T T N T T T N N T 1 2’ 3 ]’2.P.125mW.CA~12()°

1234567 89101112131415161718192021222324252627282930313233343536373839404142

Case number

FIG. 3. Linear scaling factor x. The abscissa information indicates liquid type [EG (ethylene glycol), 1,2-P (1,2-propylene glycol)], laser power, and contact angle (CA). The red

line is the average value. The average linear scaling factor 1 is 6.71 x 10~ Pas.
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FIG. 4. Decay of the maximum upward velocity when the condensed droplet enters
the later stage of the periodic damped vortex motion (EG droplet with a contact
angle of about 130°; laser power: 50, 75, and 100 mW).

temperature was about 69.6, 87.2, and 96.0 °C for 50, 75, and 100 mW,
respectively), inducing stronger evaporation and thereby resulting in
higher vapor concentration. As such, the vapor supersaturation s and
A are greater. The vapor supersaturation increased from about 2.59 to
518 and A from ~4.71 to ~11.56 x 1072 m?/s. The accelerated
growth of condensed droplet leads to a faster maximum upward veloc-
ity decay.

To summarize, the hydrodynamics of the evolution of the con-
densed droplet to the stably levitated droplet represented by the periodic
damped vortex motion is analyzed. In the later stage of the periodic
damped vortex motion, the maximum upward velocity in each cycle
decays linearly due to the condensation growth. The velocity decay rate is
linearly proportional to the condensation growth. The linear scaling fac-
tor approximates to the dynamic viscosity of the ambient fluid, which is
analogous to the shear stress—shear relationship in the Newtonian friction
law. This study deepens the understanding of the hydrodynamics of light
levitated droplet evolution under focus laser heating. It should be pointed
out that such a localized heating mode results in a non-uniform airflow
velocity, complex temperature, and vapor concentration distribution,
which brings great difficulties to exactly describe the whole periodic
damped vortex motion. Moreover, to quantitatively describe the conden-
sation growth and ignore the airflow effect, only the later stage of the
periodic damped vortex motion is considered, and the temperature and
vapor concentration are approximated to be constant. More comprehen-
sive theoretical studies on the whole light levitated droplet evolution pro-
cess are still needed in the future.

See the supplementary material for the experimental details, illus-
trations, supplementary figures, and videos.
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