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Solidification of droplets is of great importance to various technological applications,
drawing considerable attention from scientists aiming to unravel the fundamental physical
mechanisms. In the case of multicomponent droplets undergoing solidification, the
emergence of concentration gradients may trigger significant interfacial flows that
dominate the freezing dynamics. Here, we experimentally investigate the fascinating
interfacial freezing dynamics of supercooled ethanol-water droplets, accompanied with
the migration and growth of massive ice particles. We reveal that this unique freezing
dynamics is driven by solidification-induced solutal Marangoni flow within the droplets.
Our model, which incorporates the temperature- and concentration-dependent properties
of the ethanol-water mixture, quantitatively predicts both the migration velocity and the
growth rate of the ice particles. The former is determined by the solutal Marangoni flow
velocity, while the latter is governed by a balance between the latent heat release and
the enhanced thermal dissipation by the Marangoni flow. Moreover, we show that the
final wrapping state of droplets can be modulated by the concentration of ethanol. Our
findings may pave the way for novel insights into the physicochemical hydrodynamics of
multicomponent liquids undergoing phase transitions.

Key words: drops, solidification/melting

1. Introduction

Solidification of droplets is ubiquitous in both natural environments and industrial
applications. The accumulation of frozen droplets on artificial surfaces can lead to a

© The Author(s), 2025. Published by Cambridge University Press. 1026 Al1-1

Check for
updates


https://orcid.org/0000-0003-0025-3895
https://orcid.org/0000-0002-0930-6343
mailto:chaosun@tsinghua.edu.cn
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/jfm.2025.11006&domain=pdf
https://doi.org/10.1017/jfm.2025.11006

https://doi.org/10.1017/jfm.2025.11006 Published online by Cambridge University Press

F. Wang, H. Zeng, Y. Du, X. Tang and C. Sun

(a) iy . . (0)
Initial state ——— Cooling stage —— Freezing stage T, Supercooled
droplet freezing
Y >
Warm droplet T,>T, T,>T, Liquid * 74> T, T, F3---=-=-=---
freezing ! _
Cold substrate Ice =T,
| T,<T, | | T,<T, | WG SE T Warm droplet freezing
1
£(s)
(b) ()
T Warm droplet freezing
; Surl)eriooleq T T,<T, Liquic_l‘ < ? Ty<T,
roplet freezing Warm substrate Ice | T=T,
| Ts > T”l l | T:, < Tm | TS <I Tm Supcr’icu() idroplet freezing

h
! Substrate Ice Liquid Z

Figure 1. Schematic diagrams illustrating droplet freezing dynamics. (a) For warm droplets, the liquid phase
temperature 7, remains above the freezing point 7, so the released latent heat at the freezing front is primarily
dissipated via ice-phase conduction. (b) In contrast, supercooled droplets (with 7; < T;,) enable additional
heat dissipation through the supercooled liquid during freezing. (c) Substrate temperature profiles over time
comparing warm (blue) and supercooled (red) droplet freezing scenarios. (d) Temperature profiles along the
dashed line in (a,b) during solidification for warm (blue) and supercooled (red) droplet freezing, showing
distinct thermal behaviours.

range of detrimental consequences to aviation safety (Cebeci & Kafyeke 2003), maritime
operations (Dehghani-Sanij et al. 2017) and wind turbines (Makkonen et al. 2001) in the
cold regions. Substantial efforts have been dedicated to enhancing our understanding of
the intricate dynamics of freezing droplets (Zadrazil et al. 2006; Tembely & Dolatabadi
2019; Kant et al. 2020a; Koldeweij et al. 2021; Grivet et al. 2022; Kavuri et al. 2023, 2025)
covering a wide array of factors, such as the influence of environmental medium (Graeber
et al. 2017; Lambley et al. 2023; Lyu et al. 2023), the inertia of droplets (Hu et al. 2020;
Thiévenaz et al. 2019, 2020), the composition of droplets (Kharal & Louf 2023; Zeng et al.
2023; Jiang et al. 2024) and the characteristics of substrates (de Ruiter, Soto & Varanasi
2018; Lolla et al. 2022; Wang et al. 2023).

Based on the temperature of the remaining liquid during solidification, droplet freezing
systems can be categorised into two types: (i) warm droplet freezing (figure la) and
(ii) supercooled droplet freezing (figure 1b). In the case of warm droplet freezing, the
initial droplet temperature 7, is higher than the freezing point 7,,, while the initial
substrate temperature 7 is lower than the freezing point T,,, as illustrated by the blue
solid line in figure 1(c). Owing to the presence of potential ice nucleation sites on the
undercooled substrate, such as pre-existing frost droplets and ice layers (Lolla et al. 2022;
Zeng, Wang & Sun 2024), the droplet starts to solidify immediately upon contact with
the undercooled substrate. During this process, the temperature of the remaining liquid
stays above the freezing point (Wang et al. 2024), as demonstrated by the blue solid
line in figure 1(d). Consequently, the latent heat released at the ice front can only be
consumed through heat conduction via the ice phase. In contrast, when it comes to the
freezing of supercooled droplets, at the initial state, both the droplet temperature 7, and the
substrate temperature T are higher than the freezing point 7,. Subsequently, the substrate
is gradually cooled to a temperature below the freezing point, as indicated by the red solid
line in figure 1(c). Simultaneously, the droplet is also cooled and enters a supercooled state
(Schremb et al. 2017; Chu et al. 2024) due to the ice nucleation energy barrier. Then, the
supercooled droplet undergoes a transition from its supercooled state to a mixture of ice
and liquid water at the freezing temperature, which is referred to as the recalescence stage
(Sebilleau et al. 2021). The red solid line in figure 1(d) represents the typical temperature
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distribution along the centreline of the freezing supercooled droplet, as marked by the
dashed line in figure 1(b). Throughout solidification, the temperature of the remaining
liquid remains supercooled (Schremb et al. 2017). As a result, the latent heat released at
the ice front can be consumed not only by heat conduction through the ice phase but also
by heat transfer within the supercooled liquid.

The freezing dynamics varies significantly between supercooled droplets and warm
droplets on cold surfaces. For warm pure water droplets, a unidirectional ice front
advancing away from the cold substrate was observed (Marin et al. 2014). This is attributed
to the dominant heat conduction through the ice phase, which dissipates the latent heat
released during solidification. Conversely, during the solidification of supercooled water
droplets on a cold wall, dendritic freezing dynamics were identified (Schremb et al. 2017).
This process requires consideration of heat conduction in both the supercooled liquid and
the adjacent solid substrate. Similarly, the freezing dynamics of warm saline droplets
resembles those of warm pure water droplets, with a slight difference in the tip angle
formed at the top of the droplets (Boulogne & Salonen 2020). This difference arises from
the volume expansion during solidification (Marin et al. 2014). However, for supercooled
saline droplets, an unexpected interfacial ice sprouting dynamics has been reported
(Chu et al. 2024). This unique phenomenon is attributed to the formation of a brine film
during the nucleation and recalescence process, which is accompanied by salt rejection.

To further explore the impact of composition changes on freezing dynamics, the role of
the solutal Marangoni effect becomes particularly interesting. If the composition rejected
near the ice front can significantly alter surface tension, a strong solutal Marangoni effect
may arise within the droplets, potentially influencing their freezing dynamics. Wang
et al. (2024) observed this effect in warm ethanol-water droplets on a cold substrate,
reporting the self-lifting freezing dynamics. The solutal Marangoni flow, driven by ethanol
enrichment at the ice front, created a pronounced dynamic growth angle at the liquid—
solid—gas tri-junction, resulting in the nearly doubling of the droplets’ final height due to
geometrical effects (Anderson, Worster & Davis 1996).

Building on these understandings, we now turn to the question of what occurs during
the solidification of supercooled ethanol-water droplets on a cold surface. The nucleation
and growth of ice crystals accompanied with the rejection of ethanol may involve more
intricate physical phenomena than those in previous work. The presence of Marangoni
flow could significantly enhance convective heat transfer and mass transport, leading to
novel freezing dynamics in supercooled ethanol-water droplets.

Here, we investigate experimentally the fascinating migration and growth dynamics of
ice particles at the interface of supercooled ethanol-water droplets. This phenomenon is
propelled by solutal Marangoni flow (Wang et al. 2024), which arises from the localised
enrichment of ethanol near the ice front (Dedovets, Monteux & Deville 2018). Our
findings reveal that this unique freezing dynamics is driven by solidification-induced
solutal Marangoni flow. Using a model that accounts for the property variations of the
ethanol-water mixture, we achieve quantitative agreement with experiments on two key
aspects: the ice particle migration velocity, predicted by the solutal Marangoni flow speed,
and its growth rate, modelled by balancing latent heat release against solutal-Marangoni-
enhanced thermal dissipation. This novel interfacial freezing process culminates in the
formation of beautiful patterns covered by ice particles (Ahmadi et al. 2019), the distinctive
dimensions of which are found to depend on the concentration of ethanol.

The paper is organised as follows. Section 2 describes the experimental set-up and the
properties of the binary droplets. Section 3 describes the experimental results, providing
a general picture of the interfacial freezing dynamics of supercooled binary droplets. In
§ 4, we focus on the interfacial temperature evolution of the supercooled binary droplets.
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Figure 2. Schematic view of the experimental set-up. In the experiments, the droplet is gently deposited onto

the copper substrate, with both the droplet and substrate preconditioned to room temperature. Subsequently,
the substrate undergoes progressive cooling down to 7y = —20 °C by a semiconductor cooler.

Heat exchanger

In § 5, we elucidate the Marangoni-driven dynamics of the ice particles at the droplet—air
interface. Finally, we end with conclusions and discussions in § 6.

2. Materials and methods

Experiments are conducted in a custom-built transparent environmental chamber with
internal dimensions of 8cm x 8cm x 8 cm. This chamber allows for humidity control
and temperature monitoring, as depicted in figure 2. The droplets used in the experiments
are either deionised water or ethanol-water solutions. The ethanol, supplied by Shanghai
Titan Scientific Co. Ltd (General-reagent, >99.7 %), is mixed with deionised water
(18.2 M$2 cm electrical conductivity) from a Milli-Q water purification system (Merck,
Germany). Microlitre droplets are generated using a microsyringe and dispensing needle.
The substrate is gradually cooled by an embedded semiconductor cooler. A heat exchanger
connected to a cold reservoir is attached to the opposite side of the semiconductor
to maintain energy balance. A thermocouple, embedded 0.5 mm below the substrate’s
upper surface, measures its temperature. Connected to a Proportional-Integral-Derivative
controller, the thermocouple regulates the power supply to the semiconductor cooler,
ensuring a variation of less than 0.2 K during experiments.

In the experiments, droplets with various volume (Vj) and volume fraction of ethanol
(co) are gently deposited onto the nickel-plated copper substrate at room temperature
(Tp =25 °C). Then, the substrate is slowly cooled by an embedded peltier cooler down
to Ty = —20°C, and the droplet is gradually cooled into a supercooled state before the
sudden nucleation of ice crystals (Chu et al. 2024). The freezing dynamics of the droplets
is recorded by high-speed cameras (Photron Nova S12) from both the top-down view and
side view, and the temperature evolution is recorded by an infrared camera (Telops FAST
L200, Stirling-cooled Mercury Cadmium Telluride detector) from the top-down view.

The physical properties of the binary droplets employed in this work are summarised
in table 1. The freezing point of the ethanol-water mixture, along with its surface tension
and density at T = 20 °C were determined by fitting polynomial functions to experimental
data (Dean 1999; Khattab et al. 2012; Kuchuk, Yu & Golikova 2012). The viscosity of
the ethanol-water mixture at 7 = —20 °C was obtained by interpolating the measurement
data from the literature (Halfpap & Sorensen 1982).
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Concentration Freezing point Surface tension Density Viscosity
co (VW) T (°C) ymNm™)  p(gem™®)  u(mPas)
0 0 72.41 1.00 4.29
0.05 —1.61 60.30 0.991 5.77
0.10 —3.35 51.49 0.985 8.44
0.15 —5.38 45.14 0.979 11.27
0.20 —7.79 40.79 0.974 14.40
0.37 -20 34.20 0.953 25.67

Table 1. Properties of ethanol-water droplets: surface tension and density at 7 = 20 °C and viscosity at
T =-20°C.

(a)

Supercooled water drop

T,=-14°C

(b) Supercooled
ethanol-water drop

Figure 3. Side view for the freezing dynamics of supercooled droplets. (@) In the case of pure water
droplets (Vp =150 1), the explosive nucleation phenomena (recalescence) is observed, when the substrate
temperature T is cooled down to approximately —14 °C. (b) By contrast, the ethanol-water droplets (co = 0.05,
Vo=150nl) can remain unfrozen for several minutes, with the substrate temperature maintaining
T; = —20°C. Subsequently, dispersed ice particles are observed at the droplet-air interface, migrating
uni-directionally and growing slowly, which is quite different from that of the pure water case.

3. Observation of the interfacial freezing dynamics

Figure 3 presents the typical freezing dynamics of supercooled droplets (see
supplementary movie S1 available at https://doi.org/10.1017/jfm.2025.11006). For a pure
water droplet (Vo = 150 pl, figure 3a), the rapid recalescence process is observed when the
substrate temperature approaches the nucleation temperature 75 ~ —14 °C. The dendritic
ice front, as indicated by the blue dashed line in figure 3(a), advances rapidly with a
velocity of approximately 10 cm s~!, aligning with prior studies (Schremb ez al. 2017).
In contrast, for an ethanol-water droplet (Vo = 150 nl, co = 0.05, figure 3b), the initial
formation of the dendritic ice front is also observed, as indicated by the blue dashed line

1026 A11-5


https://doi.org/10.1017/jfm.2025.11006
https://doi.org/10.1017/jfm.2025.11006
https://doi.org/10.1017/jfm.2025.11006

https://doi.org/10.1017/jfm.2025.11006 Published online by Cambridge University Press

F. Wang, H. Zeng, Y. Du, X. Tang and C. Sun

(a) (b)
Side view Ice particle Vice Vice Side view Ice particle ice
Air s el — Air i S— ::__B
Liquid Ice disk Liquid Ice disk
— N
| Substrate | | Substrate

Ice disk /,’
cp=0.20

Figure 4. Top-down view for the freezing dynamics of supercooled ethanol-water droplets. (a,b) Sketch for two
typical freezing processes observed in experiments, corresponding to the experimental snapshots (c,d). Since
the ice nucleation process is stochastic, it can occur at the solid-liquid interface (a) and near the solid—liquid—
air triple point (). (¢) When the ice nucleation occurs at the solid-liquid interface (co =0.15, Vo =500 ul,
Ty, = —20°C), an expanding ice disk can be observed from the top-down view. Subsequently, the migrating
ice particles are observed, moving away from the centre of the ice disk with a velocity vjc.. (d) When the
ice nucleation occurs near the solid—liquid—air triple point (co = 0.20, Vp =500 pl, 75 = —20 °C), the ice disk
becomes much smaller than that of the former case. Subsequently, the migrating ice particles are observed,
moving towards the other side of the droplet.

in figure 3(b). However, a surprising phenomenon occurs: ice particles detach and move
away from the ice front at the droplet—air interface (indicated by red arrows), migrating
toward the droplet’s opposite side (as shown by the red dashed line in the schematic of
figure 3b). These ice particles travel faster than the advancing ice front, with their amount
and size progressively increasing, forming spikes at the droplet—air interface (as indicated
by the red arrows at = 150 ms).

The observed interfacial freezing dynamics of the supercooled ethanol-water droplet
is quite different from that of the recalescent freezing dynamics of the supercooled
water droplet. Given the stochastic nature of the initial ice nucleation process (Gurganus,
Kostinski & Shaw 2013), we capture the freezing dynamics of the large supercooled
binary droplet via a top-down view, as shown in figure 4 and supplementary movie S2.
In order to eliminate the curvature effect of the droplet—air interface on the interfacial
freezing dynamics, we perform experiments with large droplets (Vp =500 nl), whose
initial deposition diameter (Dg =~ 2 cm) is much larger than the capillary length (/. =
Jy/(pg)~2.7 mm, g is the gravitational constant). As a result, gravity flattens the
large droplet into a liquid puddle, which has a large aspect ratio of Dg/ho =~ 10, where
ho=4Vy/ (7 D(2)) ~ 1.6 mm is the average droplet thickness.

In experiments, according to the initial ice nucleation position, the freezing processes
of the supercooled ethanol-water droplet can be categorised into two types: (i) ice
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nucleation occurs at the solid—liquid interface, as sketched in figure 4(a); (ii) ice nucleation
occurs near the solid-liquid—air triple point, as sketched in figure 4(b). When the initial
ice nucleation position is far from the liquid—air interface (Vo =500 pl, co = 0.15), the
growth of the circular ice disk at the bottom interface of the droplet is observed, as
shown in figure 4(c), which is similar to previous studies on the ice crystal growing on
a undercooled substrate (Grivet et al. 2022). Subsequently, some ice particles form at
the droplet—air interface within the affected region of the ice disk, as indicated by the
red arrows in figure 4(c). Then, the ice particles migrate and grow at the droplet—air
interface, moving away from the centre of the ice disk, as indicated by the yellow arrows
in figure 4(c). Finally, the ice particles fully cover the droplet—air interface. When the
initial ice nucleation position is near the liquid—air interface or at the liquid—air interface
(Vo =500 pl, co = 0.20), the ice disk at the solid-liquid interface is much smaller than that
in the former case, as shown in figure 4(d). Similarly, massive ice particles are observed
forming, migrating and growing at the droplet—air interface, moving uni-directionally
towards the other side of the droplet, and ultimately covering the entire interface of the
supercooled ethanol-water droplet. Varying the initial ethanol concentration ¢ (e.g. 0.05,
0.10) yields a similar overall process of ice particle migration and growth at the droplet
surface, but with a concentration-dependent velocity to be investigated in the following
sections.

4. Interfacial temperature evolution of the supercooled binary droplets

To understand the mechanism of the interfacial freezing dynamics, we first use the thermal
camera. We investigate the interfacial temperature evolution of the supercooled ethanol—
water droplets from the top-down view, as shown in figure 5. The initial temperature
of droplets (7};,) approximately equals the substrate temperature Ty, T, ~ Ty = —20°C,
which is far below the freezing point (7,), confirming the supercooled state of droplets.
When the initial ice nucleation position is far from the liquid—air interface (Vo =500 1,
co = 0.15), the growth of the circular ice disk at the bottom interface can also be inferred
as well from the thermal imaging snapshot, as indicated by the circular warm region
within the droplet in figure 5(a) (f =0.2 s). Subsequently, when ice particles migrate
at the droplet—air interface, due to the released latent heat during the growth of the ice
particles, the local temperature near the ice particles increases rapidly to the freezing
point (Tjce = T;,), as shown in figure 5(a) (t = 0.8 s). Finally, when the ice particles fully
cover the droplet—air interface, the interfacial temperature of the droplet approximately
equals the freezing point 7;,. When the initial ice nucleation position is near the liquid—air
interface or at the liquid—air interface (Vo = 500 w1, co = 0.20), the interfacial temperature
evolution is similar to that in the former case.

To obtain the typical velocity of the interfacial freezing dynamics from the thermal
imaging snapshots, we extract the temperature distribution along the centreline of the
droplet (figure 5c,d), indicated by the white dashed line in figure 5(a,b). Analysing the
transition points of the temperature profiles, indicated by the red circles in figure 5(c,d),
yields the typical migrating velocity of ice particles vj... Furthermore, the temperature
profiles in figure 5(c,d) are replotted into spatiotemporal phase diagrams, as shown in
figure 6(a,b). The horizontal axis represents time, and the vertical axis represents space.
The slope in the spatiotemporal diagrams, indicated by the white dashed line, determines
the typical migrating velocity of ice particles v;... For the given substrate temperature
T, = —20°C, the migrating velocity of ice particles vj., is found to decrease with the
ethanol concentration cg.
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Figure 5. Thermal imaging for the freezing supercooled ethanol-water droplets. (@) Top-down view for the
case of ice nucleates at the solid-liquid interface (co =0.15, Vo =500 pl, Ty = —20 °C). (b) Top-down view
for the case of ice nucleates near the solid-liquid—air triple point (co =0.20, Vo =500 pl, 75 = —20°C).
(c,d) Temperature distribution along the white dashed line (horizontal axis x) in (a,b), respectively. The
temperature of the supercooled liquid 7, is almost equal to the substrate temperature 75 = —20 °C. The white
dotted lines in (a,b) and the red circles in (c,d) are for the ice-water interface.

5. Marangoni-driven dynamics of ice particles

In order to fully understand the concentration-related mechanism of the interfacial freezing
dynamics, we track the migration and growth of individual ice particles using the open-
source software, ImageJ (Schneider, Rasband & Eliceiri 2012), as sketched in figure 7(a)
(details for image-processing procedure can be found in Appendix A). The displacement of
ice particles £ as a function of time, at different ethanol concentrations cy, is depicted in
figure 7(b). From this plot, it is found that the displacement of ice particles £ increases
almost linearly with time. In other words, the ice particles migrate at the droplet—air
interface with a constant velocity v;... By fitting the experimental results with the linear
functions indicated by the red solid line in figure 7(b), the migrating velocity of the ice
particles v;c, can be determined from the slope. Furthermore, it is found that the migrating
velocity vj. decreases with the ethanol concentration cp, which is consistent with the
results obtained from the thermal imaging snapshots in figure 6. Similarly, as shown in
figure 7(c), the radius of the ice particles R;.. is also found to increase almost linearly
with time. By fitting the experimental results with the linear functions indicated by the
red solid line in figure 7(c), the growth rate of the ice particles R;.. can be determined
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Figure 6. Spatiotemporal diagrams of thermal imaging snapshots. (a,b) Spatiotemporal diagrams
corresponding to the thermal snapshots in figure 5(a,b), respectively. From the spatiotemporal diagrams, the
typical migrating velocity of ice particles vj., can be determined, as indicated by the white dashed line. (c) The
migrating velocity of ice particles vj., at different ethanol concentrations cg. The blue triangles represent the
experimental data, and the red dashed line represents the linear fitting result. For the given substrate temperature
T = —20 °C, the migrating velocity of ice particles vj., decreases with the ethanol concentration co. The error
bars in (c) are for the standard deviations obtained from the linear fits.
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Figure 7. Dynamics of migration and growth of the dispersed ice particles at the droplet-air interface.
(a) Top-down view sketch for the migration and growth of the dispersed ice particles at the droplet—air interface.
(b) The displacement of ice particles & and (c) the equivalent radius of ice particles R;., as a function of time,
at different ethanol concentrations cg. The dots are for the experimental data, and the red solid lines are for the
linear fitting results.

from the slope, and it is also found that the growth rate Rice decreases with the ethanol
concentration c.

5.1. Marangoni-driven migration of ice particles

Considering the small Stokes number of the migrating ice particles Stk=
PUiceRice/(181) < 0.1, we assume that the migration velocity of the ice particles
Vice 18 determined by the solutal Marangoni flow at the droplet—air interface, as sketched
in figure 8(a). During solidification of supercooled ethanol-water droplets, the local
concentration of ethanol cpg, in the vicinity of the ice front increases, reaching the
saturation concentration cgq, at which 7, (csqr) = Ts. Consequently, the surface tension
Yiow near the ice front is smaller than that away from the ice front ., which triggers
the solutal Marangoni flow across the droplet and drives ice particles to move (Lohse
& Zhang 2020). Then, the migration velocity v;.. can be estimated by balancing the
Marangoni stress Ay /Dy with the viscous stress vy, /1,
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Figure 8. Migrating velocity of the ice particles. (@) The side view for the sketch of ice particle migration, and
the zoomed-in figure is the side view for the sketch of solutal Marangoni flow near the solid-liquid—air triple
point. During the formation of the ice disk, the ethanol is rejected from the ice, leading to the local enrichment
of ethanol concentration cpg;, and the decrease of surface tension yj,,. While the ethanol concentration far
away from the ice-water interface cjo, ~ co remains almost undisturbed, and the local surface tension ypigh
is higher than yj,,,. Therefore, the surface tension gradient triggers the solutal Marangoni flow v, away from
the triple point, which drives the motion of ice particles. (b) The migrating velocity of ice particles v;., as a
function of the ethanol concentration cy. (c¢) The dimensionless migrating velocity of ice particles vic./Vaf
as a function of Marangoni number Ma. The dots are for the experimental data, the red solid line is for the
model prediction of vjc., and the red dashed line is for the scaling relation vjce/vgifr ~ Ma. The error bars in
(b) are for the standard deviations obtained from the linear fits, and the error bars of blue circles in (c) are for
the standard deviation calculated from at least 10 data points.

Ayl

uDy

Vice = Um =
where w is the viscosity of the binary mixture at the saturated concentration ¢y, = 0.37,
Dy =2 cm is the droplet diameter, [ = ho/2 is the typical length scale, taken as half the
average droplet thickness hg = Vy/( Ré) ~ 1.6 mm to account for the compensating flow
near the substrate (Gelderblom, Diddens & Marin 2022). Here, Ay = Y9 — Vsar iS the
typical surface tension difference; the surface tension far from the ice front ) remains the
initial state, which is determined by the initial concentration cp, and the surface tension
near the ice front yy, is determined by the saturated state, determined by the saturated
concentration cyq, as listed in table 1. It should be noted that the ice formed in a binary
liquid system is considered to be porous (Wei, Zhang & Ni 2025), which is similar to sea
ice (Du et al. 2023, 2025). While the ice phase consists solely of water, the porous ice
is filled with the concentrated ethanol-water mixture. Therefore, we assume a saturated
concentration near the ice front.
After incorporating the concentration-dependent properties of the ethanol-water
mixture, the estimated ice particle migration velocity vi.. (5.1) agrees well with the
experimental observations, as shown in figure 8(b). The minor discrepancies can likely
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be attributed to several factors: (i) potential contamination by impurities or surfactants,
as reported by Marin et al. (2016, 2019); Diddens (2017); (ii) the finite thickness of the
ice particles, which reduces the liquid film thickness above the substrate and increases
viscous dissipation; (iii) the use of liquid properties (surface tension and density) measured
at room temperature, while the experiments were conducted under an undercooling of
T =—-20°C; (iv) possible collective effects arising from interactions between multiple
ice particles; (v) the limited applicability of the model’s simplifying assumptions as the
ice particles grow larger and migrate away from the source toward the droplet edge.

Qualitatively, for a given substrate temperature, the migration velocity v is found
to decrease with concentration cg as shown in figure 8(b), which arises from the
concentration-related surface tension difference Ay (cg). Considering Ay (co) = yo(co) —
ysat> the initial surface tension j decreases with concentration cg, while the saturated
surface tension yq,, is almost constant for the given substrate temperature 7. Thus, both
Ay and v, decrease with concentration cg.

Additionally, it should be noted that, although the temperature gradient in figure 5
might trigger the thermal Marangoni flows to drive the ice particle to move, the thermal
Marangoni effect is much weaker than the solutal Marangoni effect in our experiments.
The typical surface tension difference induced by temperature Ayr can be estimated by
Ayr ~ |dy /dT|AT <2 mN/m, where |dy /dT| 22 x 10~* N/(m K), and the temperature
difference AT =T,, — Ty < 20 K, while the typical surface tension difference induced by
the ethanol concentration Ay, should be of the order of 10 mN/m, as listed in table 1. As
a result, the thermal Marangoni effect on interfacial freezing dynamics could be ignored
in the present work.

Furthermore, the migrating velocity of the ice particles v;. is non-dimensioned by
the typical velocity of solute diffusion vy = Z/Dy, where I =1 x 107° m? s~! is the
mass diffusivity of ethanol in water and Dg is the diameter of the droplet. Then, the
dimensionless migrating velocity v;c./vgjfr can be described by the solutal Marangoni
number Ma:

vice _ AV _ (5.2)
Vaiff 219

This scaling relation (5.2) agrees well with the experimental data, as shown in
figure 8(c). Indeed, the dimensionless migrating velocity vic./vgiy also reflects the
effective Péclet number Pe at the droplet—air interface, Pe = Dovice/ Z = vice/vaify- Hence,
the large dimensionless migrating velocity vice/vgifr>> 1 in figure 8(c) suggests the
effective Péclet number Pe > 1, and convection is dominant at the droplet—air interface.

5.2. Marangoni-driven growth of ice particles

Similarly, we turn to analysing the physical mechanism of ice particle growth. As sketched
in figure 9(a), ice particles migrate uni-directionally with a constant velocity v;c. at the
droplet—air interface. For the leading ice particles (as sketched in the red dashed box), the
interfacial temperature behind the ice particles approximately equals the freezing point
Ty, while the interfacial temperature ahead of the ice particles remains supercooled 7j;; =
T; < T, as revealed by the thermal snapshots in figure 5. The growth dynamics of ice
particles can therefore be modelled with the classical two-phase Stefan problem (Ahmadi
et al. 2019; Huerre et al. 2021), in which the latent heat is gradually dissipated into the
heat sink (the supercooled liquid) to keep the system at or just below the freezing point. By
balancing the thermal fluxes at the ice-water interface, the growth rate of the ice particles
Rjc. can be expressed as follows:
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Figure 9. Growth rate of the ice particles. (a) The side view for the sketch of ice particle growth, and the
zoomed-in figure is the top-down view for the sketch of the temperature distribution around the ice particle.
According to the thermal snapshots, the liquid ahead of migrating ice particles remains supercooled. Therefore,
the heat transfer within the supercooled liquid predominantly consumes the released latent heat during ice
particle growth. (b) The growth rate of ice particles R[a, as a function of the ethanol concentration cg. (¢) The
dimensionless migrating velocity of ice particles Rice/ vgifr as a function of Marangoni number Ma and Stefan
number St. The dots are for the experimental data, the red solid lines are for the model predictions, and the red
dashed line is for the scaling relation R,-Cg /vdife ~ MaSt. The error bars in (b) are for the standard deviations
obtained from the linear fits, and the error bars in (c) are for the standard deviation calculated from at least 10
data points.

piL Rice =kiVT; — ki VT, (5.3)

where po; and Ly are the density of liquids and the latent heat of solidification, k;, k; are the
thermal conductivities of the ice phase and the liquid phase, 7;, 7; are the temperatures
within the ice phase and the liquid phase.

Since the ice particles migrate along the droplet—air interface, the released latent heat is
dissipated primarily into the supercooled liquid (see the last term in (5.3)). Consequently,
we need to account for the convective heat transfer induced by the particle migration
velocity v;... Considering the quasi-static advection—diffusion equation,

Viee VT = oy V2T, (5.4)

where a; = k; /(pic)) is the thermal diffusivity coefficient of the liquid, ¢, is the specific
heat capacity of liquid. )

Assuming a typical length scale [*, (5.3) simplifies to o;Lf Rjc = kAT /I*, and (5.4)
reduces to v AT /I* = ozlAT/l_*z. Then, by combining (5.3) and (5.4) to eliminate [*, the
growth rate of the ice particles R;.. can be expressed as follows:

_ Viceki AT

Rice = 5.5
wce al,O[Lf ( )
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Qualitatively, the growth rate of the ice particles Ric. is also found to decrease with
concentration cg, as shown in figure 9(b). The reason is that for a given substrate
temperature T, with increasing concentration cg, the freezing point of the binary droplets
Ty, decreases, and thus the supercooling temperature decreases AT (co) = Ty (co) — Ts.
Thus, both v;., and AT decrease with cg, and consequently R;., decreases more drastically
with concentration ¢ (5.5), compared with vjc, (figure 8b).

The growth rate of the ice particles R;.. is also non-dimensioned by the typical velocity
of solute diffusion vgyr= %/Dy. Then, the dimensionless growth rate of ice particles
Iéice /vaiff can be described by the solutal Marangoni number Ma and the Stefan number
St

Rice N Vice Do cp AT

- ~ MasSt, (5.6)
Vdiff 9 Lf

where St = ¢, AT /Ly is the Stefan number (Zeng et al. 2022). This scaling relation (5.6)
again agrees well with the experimental data, as shown in figure 9(c). Moreover, in the
present experiments, evaporative cooling of the ethanol-water mixture has little effect
on the reported interfacial freezing dynamics (see detailed analysis in Appendix B). By
contrast, when a highly volatile liquid (e.g. ether) is mixed with another whose melting
point is near room temperature (e.g. hexadecane), selective evaporation can release enough
latent heat to freeze the droplet, as demonstrated by Kant ef al. (2020b) and Zeng et al.
(2023).

5.3. Final wrapping state of the binary droplet

Based on our understanding of ice particle dynamics, we now focus on the final wrapping
state of freezing supercooled ethanol-water droplets, when the droplet is fully covered by
dispersed ice particles, as shown in figure 10(a—d). With increasing concentration cg, the
final radius Ryq of the ice particles is found to decrease, while the thickness A;c, of the
ice particles increases, which can be inferred from the transparency of ice particles. The
dependence of final wrapping state on concentration cg can be explained by considering
the characteristic time scale 7. for ice particles travelling across the droplet, t. ~ Ro/Vice,
where Rop~ 1 cm is the initial radius of the droplet in experiments for all cg. Then, the
equivalent radius of ice particles Rfpq at the final wrapping state can be expressed as
follows:

cp AT Ry

L (5.7

Rﬁnal =T Rjce ~
The predictions of the final radius of ice particles Rjpnq well describe the trend of the
experimental data, as shown in figure 10(e). From (5.7), the final radius of the ice particles
Rfinai 1s found to be determined solely by the supercooling temperature AT'. Therefore, the
freezing point depression effect of the ethanol concentration cq results in the final radius
of the ice particles Ry, decreasing with concentration co. Then, the final radius Ry is
further non-dimensioned by the radius of the droplet Ry, and the dimensionless radius of
ice particles at the final state Rfq/ Ro can be expressed as follows:

Rfinal i TeRice
Ro Ro
This scaling relation (5.8) is further validated by the experimental data, as shown in

figure 10(f). Besides, as the concentration co decreases, the characteristic time scale
7. = Ro/vice also decreases. If we assume that the ice growth along the thickness direction
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Figure 10. Final wrapping state of the frozen supercooled ethanol-water droplet. (a—d) Top-down view for the
final wrapping state of the frozen supercooled ethanol-water droplets at different ethanol concentrations co.
(e) Equivalent radius of ice particles Ry at the final wrapping state as a function of ethanol concentration cy.
(f) Dimensionless radius of ice particles Rypuq1/Ro at the final wrapping state as a function of Stefan number
St. The dots are for the experimental data, the red solid lines are for the model predictions, and the red dashed
line is for the linear relation between Rynq;/ Ro and St. The error bars are for the standard deviation of at least
15 data points.

obeys the diffusive growth dynamics 4. ~ /7. (Ghabache, Josserand & Séon 2016), then
the ice particles would be thinner and consequently more transparent as the concentration
co decreases.

6. Conclusion and discussions

In conclusion, we present a compelling study on the interfacial freezing dynamics of
supercooled ethanol-water droplets, revealing the critical role of the internal solutal
Marangoni flow, triggered by the localised enriched concentration of ethanol near the ice
front. By incorporating the fluid’s property variations, our model quantitatively predicts
the ice particle’s migration velocity via the Marangoni flow and its growth rate via a
balance of latent heat and solutal-Marangoni-enhanced thermal dissipation.

Our findings may advance the fundamental understanding of complex physicochemical
hydrodynamics in the context of multicomponent liquids undergoing phase transitions and
may further pave the way for droplet-based technological innovations in manufacturing
and material science (Lohse & Zhang 2020; Gao et al. 2025; Wang et al. 2025). More
efforts are needed to understand the morphological evolution and instability of the
solidification front within multicomponent liquid systems, spanning from the molecular
scale (Facq, Danede & Chazallon 2013; Wabhl et al. 2020) to the nanometre scale (Ahmadi
et al. 2019; Grivet et al. 2022) and further to the macroscopic scale (Anderson & Guba
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Figure 11. Image-processing procedure for analysing the displacement & and the radius R;, of the ice particles.
For a typical snapshot (¢ = 3.5 s in figure 4c), the original picture first undergoes binarisation and denoising.
Then, using edge-detection methods, the outline of the ice particle is obtained. Subsequently, we can calculate
the area S and the mass centre of the ice particle (x, y). Then, we calculate the equivalent radius R;c. = /S/7,
under the assumption of the circular shape of the ice particle. We can also calculate the displacement & =
\/ (x — x0)2 + (y — y0)? of the ice particle, where (xq, yo) is the initial position of the ice particle.

2020; Du et al. 2025), especially when the solidification process is coupled with other
physical processes, such as flash evaporation (Kant et al. 2020b; Zeng et al. 2023).

Supplementary movies. Supplementary movies are available at https://doi.org/10.1017/jfm.2025.11006.
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Appendix A. Imaging processing procedure

For a typical snapshot (f =3.5 s in figure 4c), the original picture (the yellow dashed
box) first undergoes binarisation and denoising, as shown in figure 11. The white region
represents the ice particle. Then, we use edge-detection methods to obtain the outline
of the ice particle, as indicated by the black solid line in the last image of figure 11.
Subsequently, we can calculate the area S and the mass centre of the ice particle (x, y), as
indicated by the blue dots in the last image of figure 11. Then, we calculate the equivalent
radius Rjc. = +/S/m, under the assumption of the circular shape of the ice particle,
as indicated by the red circles. Additionally, we can also calculate the displacement
£ =/(x —x0)2 + (y — y0)? of the ice particle, where (xo, yo) is the initial position of the
ice particle. Using these image-processing and data-processing procedures, the migration
and growth dynamics of a single ice particle can be extracted from the experimental
snapshots, as sketched in figure 7(a).

Appendix B. Discussions of the evaporation-cooling effect

To assess the influence of droplet evaporation on the observed interfacial freezing
dynamics, we compute the evaporation rate of ethanol-water films (initial volume Vj =
500 nl, radius Rp =1 cm) with different ethanol fractions using the numerical models
reported by Zeng et al. (2023) and Wakata et al. (2024, 2025). Figure 12 shows the ethanol
evaporation rate for films with various ethanol fractions (cop=0.05, 0.10, 0.15, 0.20).
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Figure 12. Ethanol evaporation rate of ethanol-water liquid films (initial volume V = 150 pl,
radius Ry = 1 cm) with various ethanol fractions.

The typical ethanol evaporation flux can be estimated as #iemanor ~ 0.4 mg/600 s ~
1072 kg s~!. Therefore, the heat flux induced by ethanol evaporation can be estimated
as follows:

Qevap = LeMethanol ™~ 1070 Kkys™! s 6.1)

where L, = 841 kJ kg~! is the latent heat of vaporisation of ethanol.
By contrast, the typical growth rate of the ice particles R;.. ~ 1 mms~!, so the released
latent heat of ice particle growth can be estimated as follows:

Qice = priceﬂRORice ~107'KJ Sila (6.2)

where pj.. =917 kg m~3 is the density of ice.

The released latent heat of ice particle growth is much larger than the heat flux induced
by ethanol evaporation, Qjce > Q.vap. Therefore, ethanol evaporation has a negligible
effect on the reported interfacial freezing dynamics.
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