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In this work, we report the impacting and freezing dynamics when a hexadecane droplet impacts on a supercooled
immiscible water pool. By utilizing the synchronized high-speed imaging and thermal imaging, three phases for the
droplet dynamics have been identified: the jet phase, the flat phase, and the bowl phase. These different phases arise
from the solidification process of the hexadecane droplet, and hence depend on the degree of supercooling or water
temperature. We further perform the scaling analysis for the phase transition, which agrees with the experimental
observations remarkably. At a high Weber number, the transition between each phase is primarily determined by the

supercooling temperature of the liquid pool.

Droplet impacting has received wide attention since the pi-
oneering work of Worthington in 1876'. With the fast devel-
opment of high-speed imaging techniques?, the elegant and
beautiful dynamics and patterns have been extensively inves-
tigated over the past three decades’®. Recently, droplet im-
pacting and freezing on a cold solid surface have emerged as
one of the frontier research topics in fluid dynamics’. Due to
the coupling effect of impacting dynamics and solidification
process, the frozen pattern of an impacted droplet depends
on the impacting condition and substrate temperature, and
presents diverse morphologies changing from a conical shape
to a toroidal shape'®!2. These findings have promising im-
plications for the relevant technologies, such as coating!>~'3,
icing and anti-icing'®'8, and additive manufacturing'®.

Besides the solid substrate, the bounce, coalescence, splash,
jet, and bubble dynamics of droplet impacting on a liquid pool
have attracted a lot of attention?>>*. Leng? investigated the
transitions between the regimes for coalescence, jet and bub-
ble entrapment. Tran et al.%° focused on the air entrainment
and penetration velocity within a short time period. Tang et
al "8 established the bouncing-merging phase diagram de-
pending on impact inertia, liquid layer thickness and viscosity.
Mohasan et al.?>® simulated the droplet dynamics by Open-
FOAM, and studied the viscous effect on droplet dynamics.
Das et al.’” simulated the evolution of liquid jet based on a
coupled level-set and volume-of-fluid method, and revealed
the importance of cavity shapes on the formation of liquid jet.
All these studies were performed for droplet impacting on the
liquid pool under the isothermal conditions, and the heat trans-
fer between the supercooled liquid pool and droplet is much
more complicated’!32,

n this work, we report the dynamics of a hexadecane droplet
(C6Hs4, freezing point Ty = 18°C) impacting on a super-
cooled immiscible liquid pool. First, we investigate the ef-
fect of water pool temperature (7,,) by fixing the initial re-
leasing height of the droplet (Hp). And three typical phases
for the droplet dynamics have been identified: the jet phase,
the flat phase, and the bowl phase. Then, the impacting and
freezing dynamics of the droplet are recorded by the synchro-
nizing high-speed camera and thermal camera. By analyzing
the dynamics and temperature distribution of the droplet, we
find that these different phases are primarily dominated by the

supercooling temperature of the liquid pool (AT = Ty — T,,),
which determines the solidification process of the hexadecane
droplet. Furthermore, scaling analysis is performed to esti-
mate the phase transition condition, which agrees well with
the experimental observations.

The hexadecane droplet (droplet temperature 7; = 25°C)
is generated by a capillary tube, and released from the initial
height (Hp), then impacts on a supercooled, deep water pool
(pool temperature 7;, < Ty). The high-speed camera (Phantom
V611, recording frequency f = 5000 Hz) is recording from
the top view and side view, and the thermal camera (FLIR
A6750sc, recording frequency f = 125 Hz) is recording from
the top view. The experimental setup and the liquid properties
of hexadecane and water are presented in Sec. I and II in the
supplementary material.

For the same releasing height (Hy = 0.45 m) and similar
drop diameter (Dy ~ 2 mm), three phases of freezing dy-
namics are identified at various liquid pool temperatures (7,),
as shown by Fig. 1 (Multimedia available online). For the
isothermal case (7,, = 25°C, Fig. 1(a)), the hemispherical
cavity forms for a short time period (1 < 4 ms) after droplet
impacting on the liquid pool. Then, the cavity reaches the
maximum depth (f = T,,4x), and the capillary wave propagates
along the cavity surface (+ = 8.4 ms, marked as the red ar-
row). Then, the capillary wave meets at the bottom of the
cavity (t = 13.2 ms, marked as the blue arrow), and the shape
of cavity turns to be conical. Subsequently, a thin liquid jet
forms at the center of the cavity (# = Tj¢,), which is consistent
with the observed dynamics in previous work?>3334,

For the small supercooling case (7,, = 10.4°C, AT =7.6°C,
Fig. 1(b)), the whole dynamics of the droplet ( < 17 ms)
is similar to the isothermal case, while the downward jet is
frozen when penetrating through the supercooled liquid pool
(t = 17 ms). Then, this phase is referred as “Jet” phase. For
the medium supercooling case (T}, = 9.1°C, AT = 8.9°C, Fig.
1(c)), the expansion and retraction dynamics of the cavity are
similar to the isothermal case (f < 8.4 ms), while the capillary
wave can not fully propagate along the cavity surface (t = 14
ms) due to the solidification at the center of the cavity. Fi-
nally, the cavity turns to be a flat shape without the jet forma-
tion, then this phase is referred as “Flat” phase. For the large
supercooling case (T,, = 5.4°C, AT = 12.6°C, Fig. 1(d)), the
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expansion dynamics of the cavity (r < 4 ms) is similar to the
isothermal case. The capillary wave is suppressed (r = 8.4 ms)
due to the fast solidification of the hexadecane layer, which
can be inferred from the reflectivity change of the cavity sur-
face. This phase is referred as “Bowl” phase.

Despite the different final patterns for these three phases,
the initial expansion stage as characterized by the cavity depth
h experiences the similar inertia and viscous dominant pro-
cess, as shown in Fig. 2. The cavity depth & is dimension-
lessed by the initial drop diameter Dy, and the time ¢ is di-
mensionlessed by the inertia timescale 7; = Dy /Uy. From Fig.
2, the inertia effect is dominant (7 ~ Upt) for the short time
period, and the viscous effect is dominant (h ~ U8'4t0'4D8‘6)
for the long time period, which is consistent with previous
work?%34, The similar impacting dynamics of the droplets in-
dicates that these three different dynamics arise from the so-
lidification process.

By synchronizing a thermal camera with the high-speed
camera, the spatial-temporal evolution of the surface tempera-
ture for these three types of dynamics is revealed. Fig. 3 (Mul-
timedia available online) shows the synchronizing high-speed
and thermal images for three phases at = 16 ms and Hy = 25
cm. For the bowl phase (7;, = 2.5°C), the whole tempera-
ture is far below the freezing point of hexadecane (7 = 18°C)
(Fig. 3(a)), which indicates the fast solidification and cooling
process. For the jet phase (7;, = 9.6°C), a thin warm jet is ob-
served at the center of the cavity (Fig. 3(c)), while for the flat
phase (7,, = 7.2°C), the temperature distribution on the cav-
ity surface is more uniform (Fig. 3(b)). Then, the maximum
temperature 75,4, in the thermal images at ¢ = 16 ms is plotted
as a function of water pool temperature 7,, (Fig. 3(d)). When
Tnax = Ty, the thin warm jet can form. With the decrease of
T, Tax decreases almost linearly, and the droplet dynamics
turns to the flat phase and bowl phase.

Furthermore, by performing a series of the impacting exper-
iments by changing the initial releasing height (5 < Hy < 85
cm) and supercooling temperature (6 < AT < 16°C), the phase
diagram of the final pattern for droplet impacting on super-
cooled liquid pool is obtained. As shown in Fig. 4, the three
transition lines labeled by i,ii, and iii divide three phases in
the diagram: the bowl phase as indicated by the red dots and
region, the flat phase as indicated by the blue dots and region,
and the jet phase as indicated by the green dots and region.

According to Fig. 4, these three dynamic phases of the hex-
adecane droplet are primarily determined by the supercooling
temperature (A7), which indicates that the expansion and re-
traction process are strongly influenced by AT. However, ac-
cording to Fig. 2, the expansion and retraction dynamics of
the droplet are similar for different 7,,. Thus, the supercool-
ing temperature (A7) mainly affects the solidification process
of the droplet. In order to simplify the complicated coupling
dynamics and elucidate the physics mechanism, we compare
the characteristic expansion retraction timescale of the droplet
to the characteristic solidification timescale of the droplet by
scaling analysis. First, for the transition between the bowl
phase and the flat phase as indicated by line (i) in Fig. 4, the
characteristic expansion time scale is set as the time to reach
the maximum depth 7,,,. And the characteristic time scale

for the thin hexadecane liquid layer solidification Ty, is re-
lated with the thickness of the liquid layer e, and 7, can be
expressed as'03%:

pSL fez
2kAT’

Tsol ~ (e8]
where pj, k; are the density and thermal conductivity of solidi-
fied droplet, L is the latent heat for liquid-solid phase change.

During the expansion process in Fig. 5(a), the thickness of
hexadecane liquid layer is estimated according to Reynolds’
thinning law3°,

Uy
e oa’ 2

where a = U/ Tyay is the acceleration during the process of
drop impacting on liquid pool, ut is the viscosity of the droplet,
and Uy = +/2gH, is the initial velocity of droplet.

Then, according to Eq. 1, by balancing the expansion time
scale T,y and the solidification time scale Tj,;, the transition
condition between the bowl phase and the flat phase can be
derived,

psLrp
2pk;

AT ~ @)

where the transition supercooling temperature AT is indepen-
dent of Hy, which is consistent with the experimental results
(Fig. 4).

Secondly, for the transition between the flat phase and the
jet phase, the vertical boundary of line (ii) in Fig. 4 indicates
that the formation of jet requires that the initial kinetic energy
of droplet exceeds a critical value. According to Fig. 2, the
expansion dynamics of the droplets at different T;, is similar.
Then, the formation condition of jet can be extended from the
isothermal case? to the non-isothermal case,

We =34.7Fr%1%, )

where the Weber number We = pUgDo /7, and the Froude
number Fr = U& /8Dy. p, v are the density and surface ten-
sion of droplet. Then, for hexadecane drop impacting on water
pool, the critical releasing height H,, can be expressed as,

19.2y 1.17
no= () ©

Then, the estimated H., ~ 5.7 cm, and the corresponding
Weber number We = 63, which is consistent with the experi-
mental observation in Fig. 4.

Thirdly, for the horizontal boundary between the flat phase
and the jet phase as shown by line (iii) in Fig. 4, he retraction
process of the droplet is considered, which is dominant by
the surface tension. When the capillary wave meets at the
center of the cavity, the thin liquid jet forms®® (Fig. 1(b)).
When the thin hexadecane liquid layer solidifies, the capillary
wave can not propagate to the center, then the thin liquid jet
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FIG. 1. Droplet dynamics as a function of AT at Hy = 45 cm. (a) Isothermal case, 7,, = 25°C, (b) Jet phase, T,, = 10.4°C, AT =7.6°C, (¢)
Flat phase, T;, = 8.9°C, AT = 9.1°C, (d) Bowl phase, T;, = 5.4°C, AT = 12.6°C. The red arrow represents the onset of capillary wave, and
the blue arrow represents the end of capillary wave. Scale bar: 2 mm. Multimedia available online.
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FIG. 2. The initial expansion stage experiencing the inertia-dominant and viscous-dominant stage for different Hy and 7,,, .

is suppressed (Fig. 1(c)). The characteristic time scale for
the liquid jet Tje; can be described by the capillary time scale

37
D3
Tjer ~ Teap ~ H p_y() (6)

Teap™ s

According to previous studies on “liquid lens™3%3%, the
thickness of hexadecane liquid layer e can be estimated by
considering the balance of the Laplace pressure across wa-
ter/hexadecane (%), water/air (¥,,), and hexadecane/air (},)
interface, as shown in Fig. 5(b), and it can be expressed as,

-28
p«g’

)

e~

where S = Yiwa — Yha — Ywn is the spreading parameter, and

Py = g—: - (pw — pn)- The subscripts /, w, and a represent hex-

adecane, water, and air, respectively.

Then, by balancing 7;,; with 7y, the transition condition
between the jet phase and the flat phase can be derived,

_Sp.va Y
AT ~ [ 8
psgks \/ pDJ ®

where the transition supercooling temperature AT is indepen-
dent on Hy, which is consistent with the experimental results
as presented by line (iii) in Fig. 4.

In summary, the impacting and freezing dynamics of a
droplet impacting on a supercooled liquid pool have been
experimentally studied. Coupling with the solidification
effect, the droplet dynamics varies from the jet phase, to
the flat phase, then to the bowl phase, with the increase of
supercooling temperature A7. Based on experimental results
and scaling analysis, the transition between each phase is
primarily determined by the supercooling temperature of the
liquid pool AT at a high Weber number. These results for
impacting and freezing dynamics may provide insight into
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FIG. 3. Synchronized high-speed and thermal images at 7 = 16 ms and Hy = 25 cm. (a) Bowl phase, T;, = 2.5°C, (b) Flat phase, T,, = 7.2°C,
(c) Jet phase, T;, = 9.6°C, (d) the maximum temperature (7,,4y) in the thermal images at 7 = 16 ms as a function of 7,,. Scale bar: 2 mm.
Multimedia available online.
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relevant applications involving the solidification process,
such as material manufacturing®, food engineering***! and
biochemical analysis*?.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of the exper-
imental setup (Sec. I); table for liquid properties (Sec. II).
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