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GRAPHICAL ABSTRACT

e Freezing of water marbles coated with
various powders was studied.

e Various pathways of freezing were
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e The mathematical model of freezing is —
suggested.

e Qualitative analysis of marbles’ defor-
mation under cooling is supplied.

e De-pinning of the contact line governs
the eventual shape of frozen marbles.
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Controlled freezing of water marbles coated with various hydrophobic powders was studied in situ. Three main
pathways of freezing were registered, namely: i) freezing accompanied with the formation of the conical
“freezing tip” singularity; ii) freezing keeping the initial spherical shape of the marble; iii) freezing resulting in
the formation of flattened axisymmetric crystallized puddles. The mathematical model of freezing is reported.
Qualitative analysis of marbles’ deformation under cooling is supplied. The effective surface tension of the

studied water marbles is established experimentally. Thermal and elastic properties of water marbles, which are
close for the studied marbles, are not responsible for the observed diversity of the freezing pathways. De-pinning
of the contact line governs to the much extent the eventual shape of the frozen water marble. Strong pinning of
the contact line promotes the formation of the “freezing tip singularity”; whereas, weak pinning results in the
formation of flattened, oblate spheroid-like eventual shapes of the frozen water marbles.

1. Introduction

One of the most fascinating phenomena emerging from the inter-
section of the interface science and fluid mechanics is generation of
singular structures and interfacial flows [1-6]. One of such singularities
arises from the problem of the moving three-phase contact line. It is
known that classical hydrodynamic description of the moving contact
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line leads to a non-integrable stress singularity [2,3]. Another type of
singularity stems from the viscous motion of fluid with a free surface.
The flow field analysis based on Navier-Stokes equations showed a
singularity as the height of the fluid neck goes to zero [4]. Singularities
of the water strider interfacial propulsion mechanisms were addressed
recently in ref. [5]. The known singularity is observed under formation
of the Taylor cone, observed when a jet of charged particles emanates
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from the liquid/vapor interface above a threshold voltage [7,8].

Surface tension of water tends to oppose the formation of the
aforementioned singularities, usually surface tension does not like sharp
points, as mentioned in ref. [1]. Usually, the driving force responsible
for the singularity is balanced by the surface tension on a scale that is
much smaller than the scale of the flow; thus, it is quite challenging to
observe singularities experimentally. We address in our research the
freezing of non-stick water drops, providing a simple example of the
formation of a cusped singularity (also labeled “pointy” ice drop for-
mation) that is simple to reproduce and study [1,9-13]. Universality of
the conical tip shape appearing at the apex of the freezing droplets was
addressed in refs. [9,12]. It was demonstrated experimentally, that the
cone angle is independent of substrate temperature and wetting angle,
hinting to an universal physical mechanism which is independent of the
rate of solidification [9,11,12]. The role of gravity in formation of the
resulting shape of freezing droplet was clarified in ref. [11]. Influence of
the impurities on the formation of the “freezing tip” was studied in ref.
[13]. It was recently reported that a conical tip may be broken down due
to the presence of nanoparticles; instead, the top of a frozen nanofluid
droplet exhibits a flat plateau shape and such a plateau becomes larger
at higher particle concentrations [14].

Freezing and re-melting of liquid marbles, giving rise to the forma-
tion of the conical tip, was investigated in ref. [15]. Liquid marbles,
studied in the pioneering paper by Quéré et al. [19], are non-stick water
droplets coated with nano- or micron-sized particles, which are usually
hydrophobic [17-35]. Liquid marbles, which have been subjected to
intensive research recently, demonstrate a diversity of fascinating
properties; in particular, they enable transport of reactive fluids [17].
Liquid marbles respond to the surrounding gases and “breath” [19,25].
This made possible bio-medical applications of liquid marbles such as
mini-bio-reactors and mini-reservoirs for cells cultivation [19,21,22].
Liquid marbles allow numerous microfluidics applications [18,20,28].
The Belousov-Zhabotinsky reaction carried out in liquid marbles was
also demonstrated [31,32]. Liquid marbles also pose the fundamental
problems of the interface science, in particular the problem of their
conventional effective surface tension was intensively debated [26,27].
We address in our investigation crystallization of liquid marbles and
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demonstrate that three various eventual shapes emerge from freezing,
depending on the coating of a liquid marble and its adhesion to the
cooled substrate. Pointy ice marble formation is not the only possible
pathway of freezing. Somewhat surprisingly, we observed formation of
the oblate-spheroid-shaped marbles under their freezing.

2. Materials and methods
2.1. Materials

For manufacturing of liquid marbles we used three kinds of powders,
namely: Urchin-like particles based on aluminum oxide (SEM images are
shown in Fig. 1A).

Silicon dioxide (Aerosil 380, supplied by Avonik Germany, the spe-
cific area § = 380m2g~!, (SEM images are shown in Fig. 1B); Silicon
dioxide (Newsil 125, China, the specific areas = 125m?g~!, supplied by
the Wu Xi queue Chen Silicon Chemical Co. Ltd), (SEM images are
shown in Fig. 1C).

Powders were coated with H,1H,2H,2H-
perfluorodecyltrichlorosilane (abbreviated FDTS), labeled F-coating
(fluorinated coating) and n-Decyltriethoxysilane (abbreviated DTES)
labeled correspondingly S-coating (silanized coating). Thus, “powder
1F” means the urchin-like particles coated with FDTS, powder 1S means
respectively the urchin-like particles coated with DTES, etc., as sum-
marized in Table 1. When we speak about the “urchin-like particles” we

Table 1
Powders used for the manufacturing of liquid marbles and scenarios of their
freezing.

Powder Coating Labeling Freezing Scenario
Urchin-like particles FDTS 1F 11

Urchin-like particles DTES 1S I

Silicon dioxide (Aerosil 380) FDTS 2F I

Silicon dioxide (Aerosil 380) DTES 28 I

Silicon dioxide (Newsil 125) FDTS 3F 11

Silicon dioxide (Newsil 125) DTES 3S 1

Fig. 1. SEM images of the powders used in the investigation. A) Urchin-like particles based on aluminum oxide; B) Silicon dioxide powder (Aerosil 380); C) Silicon

dioxide powder (Newsil 125).
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mean particles coated with the aluminum oxide needles, such as shown
in Fig. 1A. Both of fluorinated and silanized coatings supplied pro-
nounced hydrophobic properties to the powders, as shown in Fig. 2.

Urchin-like hydrophobic particles, shown in Fig. 1A, were obtained
by the method of hydrothermal synthesis, from an aqueous-alcoholic
solution of aluminum salts taken at a ratio of Aly(SO4)3: AI(NO3)3
= 80: 20 m1% / mol%. The molar ratios of the components of the syn-
thesis were AI>*/ CO(NHy),/ H,0/ i-PrOH = 1: 2: 100: 5, the synthesis
scheme is described in detail in ref. [36]. The average diameter of the
spherules was 10 4+ 1 um. Aluminum nitrate was supplied by
Sigma-Aldrich, 2-propanol 98%, Urea 99% were supplied by Acros
Organics.

It should be emphasized, that all of the investigated powders are
inherently hydrophilic and cannot be used for manufacturing of liquid
marbles; they form stable water suspensions. In order to prepare liquid
marbles the powders were hydrophobized as follows: at the first stage of
the process 0.4 g of FDTS or DTES were introduced into 50 ml of hexane.
4.0 g of the particles were introduced into the solution under the mixing
concentration of 7.5%. The suspension was homogenized with the ul-
trasonic disperser Bandelin Sonopuls HD 3200 (module KE 76) during
two minutes. Afterwards, these particles were dried under t = 50°C
during 3 h and finally annealed under the temperature of 150 °C during
1 h. The manufactured hydrophobized urchin-like Al,O3 particles were
used for manufacturing of the icephobic, omniphobic coating, as
demonstrated in ref. [37]. Double-distilled water was used as a liquid.
Specific conductivity of water was p = 3.8 +£ 0.1MQ x cm at the tem-
perature of t = 25°C.

2.2. Methods

2.2.1. Manufacturing of liquid marbles

10 pl liquid marbles filled with the bi-distilled water and coated with
three kinds of powders listed in Section 2.1 were prepared. Aforemen-
tioned powders (see Section 2.1) were spread uniformly on a super-
hydrophobic surface. Water droplets with the volume of V = 10ul were
deposited using a precise micro-syringe on the powder layers; Rolling of
the droplets resulted in the formation of liquid marbles enwrapped with
the aforementioned hydrophobic powders, as shown in Fig. 3.

2.2.2. Freezing of liquid marbles and the temperature control under freezing

The marble was placed on the hydrophobic surface of the thermo-
electric module and the change in the shape of the marble during the
droplet cooling and crystallization was recorded using video filming, as
shown in Fig. 4. Change in the shape of marbles in a course of their
cooling and crystallization was monitored with the digital video camera

F
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with a resolution of 1920 x 1200 pixel.

Cooling liquid marbles from t = 124+ 0.5°C to — 12 £ 0.5 °C was
performed with the thermo-electric modulus with a power of W =95 W,
enabling the maximal temperature change of 84 °C. The cooling rate
was 20 =1 °C/min. Cooling was performed with the thermo-electric
modulus under circulation of refrigerant trough the copper heat
exchanger. The surface temperature was controlled with the dual laser
IR sensor and the K-type thermocouple. Initial temperature and relative
humidity (RH) in the experimental cell were set as t = 25 +0.5 °C; RH
=40 + 1%. The testing was carried out with the experimental cell
described in Fig. 4. Geometrical parameters of the cell are supplied in
Fig. 4.

An accurate temperature control is of a primary importance of the
experimental data. The temperature control within the cooled working
cell was carried out with a pair of thermocouples: the first one measured
the surface temperature of the cold plate, and the second one controlled
the air temperature at the distance of 3 mm from the surface.

The details of the temperature control are addressed in detail in
Appendix A.

2.2.3. Measurement of the effective surface tension of liquid marbles

The effective surface tension of liquid marbles was established with
the “maximal marble height” method (also mentioned in the literature
as the “maximal puddle height method™) suggested in ref. [38] and
developed in refs. [39-42]. The maximum height of the liquid marble
was determined using a laboratory goniometer (CRUSS DSA-100,
GmbH) with the software CRUSS ADVANCE. The volume of water in
liquid marble was gradually increased to 1000 ul and the maximum
(saturation) height of the puddle was taken, as shown in Fig. 5. The
effective surface tension of the studied marbles was calculated using Eq.
(1.

POH

, (@)
4sin® <§>

Vett =

where H,,, is the maximal height of a puddle (see Fig. 5), 7.4 is the
effective surface tension of the marble-air interface (i.e. the effective
surface tension of the marble), p is the density of water, and @ is the
apparent contact angle of the marble, depicted in Fig. 5. Effective sur-
face tensions of the studied liquid marbles are summarized in Table 2.

2.2.4. Monitoring of the shape of the frozen water marbles and
measurement of the contact area during crystallization

Continuous monitoring of the shape of the frozen liquid marbles was
carried out with the digital camera and it is illustrated in Fig. 6. The

S

Fig. 2. Apparent contact angles of the fluorinated (left) and silanized (right) urchin-like particles based on aluminum oxide are depicted. 10ul water droplet is placed

on the powders. Scale bar is 1 mm.
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Fig. 3. Images of the liquid marbles used in the investigation are presented. The coating powders are: 1F) Fluorinated urchin-like particles based on aluminum oxide;
2F) Fluorinated silicon dioxide powder (Aerosil 380); 3F) Fluorinated silicon dioxide powder (Newsil 125). Scale bar is 1 mm.

PMMA (plexiglass)
5 40 MM
10
=
g Thermocouples
N @<«10 MMy
v

Thermoelectric module

Fig. 4. Scheme of the experimental cell is depicted.

measurement of the contact radii of the cooled marbles was carried out
in situ with the frozen marbles imaged using the laboratory goniometer.
The contact radius of liquid marbles grew under cooling, as shown in
Fig. 7. The diameter of the triple line was estimated with the KRUSS
ADVANCE software as shown in Fig. 7. The results obtained for different
marbles are presented in Table 3. Monitoring of the freezing enabled
estimation of the velocity of crystallization front within a marble.

3. Results and discussion
3.1. Experimental observations

The total time of crystallization 7. was established with imaging (see
Section 2.2.2 and Fig. 4) as 7, = 20 —25s for the marbles labeled 1F, 18,
2F, 2S and 7, = 15-20s for the marbles labeled 3F-3S. Thus, we
conclude that the total time span of crystallization was close for all kinds
of the studied hydrophobic coatings and only slightly dependent on the
specific coating,

Three very different pathways (scenarios) were observed under
freezing of the studied liquid marbles, namely: formation of typical
“freezing tip” singularity, shown in Fig. 6A (labeled “scenario I), for-
mation of the spherical frozen marbles, keeping their initial shape,
depicted in Fig. 6B (denoted “scenario II) and formation of “flattened
marbles” (labeled scenario III) illustrated in Fig. 6C. Formation of the
marbles crowned with the freezing tip and flattened marbles is illus-
trated with the Supplementary Video 1. The singular freezing tips well-
known to investigators were observed when 1S and 3S liquid marbles
were cooled. The opening angle of the cone tip was established as
a = 135 —-140° (as shown in Fig. 7) and it was independent of the kind
of coating. This value is very close to that reported by other research
groups (see refs. [9,10,12]). This finding supports the idea that the

Fig. 5. Establishment of the effective surface tension of the marbles with the
“maximal puddle height” method is depicted. The maximal (saturation) height
and the apparent contact angles are shown for various types of marbles. Scale
bar is 2 mm.

formation of the tip is due to the fact, that the density of ice is lower than
the density of water [9-12]. Thus, the physical mechanism of formation
of the freezing tip is universal and independent of the interfacial prop-
erties of the frozen liquid [9-12]. However, the eventual shaping of the
frozen marble is not universal, and it depends strongly on the adhesion
between the coating powder and the cooled solid substrate, as it will be
shown below.

Supplementary material related to this article can be found online at
doi:10.1016/j.colsurfa.2021.128125.

Formation of spherical crystallized droplets (scenario II) were
inherent for the marbles coated with the spherical Aerosil 380 silicone
dioxide nanoparticles coated with FDTS (powder 2F), as shown in
Fig. 6B. Urchin-like particles and silicon dioxide Newsil 125 coated with
FDTS gave rise to flattened droplets (scenario III) when cooled as shown
in Fig. 6C. The experimental results are summarized in Table 1. Actually
pathway II is an intermediate one between pathways I and III.

What is the physical reasoning explaining the difference in the
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Table 2

Values of effective surface tension of the liquid marbles.
Powder Coating Labeling Puddle volume, ul Hppax, mm 0,° A mJ/m?
Urchin-like particles FDTS 1F 1000 + 5 56+0.1 160 + 2 75.4+2
Urchin-like particles DTES 1S 54 +0.1 71.4+2
Silicon dioxide (Aerosil 380) FDTS 2F 5.5+0.1 735+ 2
Silicon dioxide (Aerosil 380) DTES 2S 55+0.1 719 +2
Silicon dioxide (Newsil 125) FDTS 3F 57 +0.1 79.2 +£2
Silicon dioxide (Newsil 125) DTES 3S 5.2+0.1 66.2 + 2

1 mm conical tip

1 mm spherical marble

4 mm fIatteneq marble

Fig. 6. Pristine liquid marbles (left column) and crystallized marbles (right
column) are shown. Three main scenarios of freezing of liquid marbles are
demonstrated: I) Formation of a conical tip (Scenario I); II) Formation of a
spherical crystallized marble (Scenario II); III) Formation of the flattened
crystallized marble (Scenario III). Scale bar is 1 mm.

aforementioned scenarios of freezing of liquid marbles? Three main
physical factors may be responsible for this difference, namely:

i) difference in the freezing process itself due to the various thermo-
physical properties of the liquid marbles;
ii) difference in the interfacial and elastic properties of the liquid
marbles due to the physical properties of the coating powders;
iii) difference in the interfacial contact occurring between the mar-
bles and the cooled surface.

We address consequently these groups of physical reasons below.

3.2. The thermal model of the initial stage of marble solidification

Consider the initial stage of freezing the marble. Strictly speaking,
the correct calculation of water crystallization in the marble should
account for the latent heat of the phase change. Fortunately, a contri-
bution of the latent heat to the transient thermal state of the marble is
negligible because of a relatively low initial velocity of the crystalliza-

1.80 mm

Fig. 7. Change in the radius of the triple line for freezing water marble coated
with various powders. The freezing tip angle is shown for 1S and 3S marbles.
The right column (taken at t = 40s) corresponds to the complete freezing of the
marbles. Scale bar is 1 mm.

tion front (this will be shown below). Therefore, the problem is reduced
to the ordinary transient axisymmetric heat conduction equation:

Jar o oT 10 T
ﬂca*a("a) *;a(";) 2)

where x is the axial coordinate measured from the marble bottom and r
is the radial coordinate measured from the vertical axis of symmetry, p,
¢, and k are the averaged density, heat capacity (per unit mass), and
thermal conductivity of the medium, respectively; consider that the
thermal properties of the cooled marbles are not uniform in the marble
volume, which includes water, ice, and the coating. Note that this
approximate thermal model ignores possible ice particles suspended in
water and the thermal effect of motion of these particles in the
convective flows of water. Eq. (2) should be accompanied by the initial
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Table 3
De-pining of the triple line under crystallization.
Powder Coating  Labeling De-pinning Parameter, & —
Ar
™
Urchin-like particles FDTS 1F 0.21
Urchin-like particles DTES 1S 0.047
Silicon dioxide (Aerosil FDTS 2F 0.13
380)

Silicon dioxide (Aerosil DTES 28 0.17
380)

Silicon dioxide (Newsil FDTS 3F 0.84
125)

Silicon dioxide (Newsil DTES 3S 0.16
125)

condition and the boundary conditions to obtain a complete parabolic
problem. These conditions can be estimated using the actual tempera-
ture measurements presented in Fig. 8. The initial temperature of the
marble is assumed to be uniform and equal to the initial temperature of
the cold plate:

T(0,x,r) = Ty 3

A parabolic extrapolation of the Curve 1 depicting in Fig. 8 the
temperature of the cold plate yields Top = 12.8 °C. Due to the stable
temperature stratification of air under the marble, it can be assumed, as
it was done in ref. [43], that the heat conduction is the only mode of heat
transfer from the lower surface of the marble to the cooled isothermal
metal plate. It means that the heat transfer coefficient at the marble
surface can be estimated as:

h= kair / 5x (4)

where kg = 0.023W/(m x K) is the thermal conductivity of air and
Sx is the local distance (along the vertical axis of the marble) from the
cold plate to the marble surface. The corresponding boundary condition
of the third kind at the marble surface is:

kT /(0n) = h(T — Tyu) )

where Ty (t) is the measured temperature of the cold plate and T isthe
local outer normal to the marble surface.

To estimate heat transfer on the side and top surface of the marble,
we need the to know the local air temperature, Ty, outside the thermal
boundary layer. Approximate values of this temperature can be deter-
mined by linear interpolation between two measured temperatures: the

\ T~
-4 { \ -
™N
8 \»\
8 \ 4
A\‘\‘\
-12 T T T T T T T T
0 10 20 30 40 50 60 70 80 17.5S

Fig. 8. Time variation of temperature in the working cell: curve 1 — the tem-
perature of the cold plate, curve 2 — the temperature of air at the height of 3 mm
above the plate.
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temperature of the cold plate, Tpjae, and the air temperature, T, at a
height H above the plate:

x
Toie (1, ) = Ty (1) + (Taient — Tplace) H ©

Note that the temperature of air was measured at the height H =3
mm, that is approximately equal to the initial diameter of the marble.

It is not a simple task to obtain the heat transfer coefficient, h, at both
the side and upper surfaces of the marble. Therefore, we used estima-
tions based on the limiting value of the Nusselt number Nu = 2ah/k,;; =
2 for the slowly moving air and took into account the physical condition
of continuous variation of the heat transfer coefficient along the marble
surface. The details of the calculation of the thermal field in the cooled
marble are supplied in Appendix B, using the approach reported in refs.
[43-45]. Typical temperature field in the frozen marble is shown in
Fig. 9. The calculated temperature profiles along the vertical axis of the
marble at the initial stage of water crystallization are supplied in Fig. 10.
The kinetics of upward propagation of a conventional crystallization
front (i.e. the point T = 0 °C) along the marble axis v is illustrated with
Fig. 11. It is seen that the velocity of propagation of the crystallization
front grows with time, and at the final stage of the process (between 20
and 24 s of freezing) attains the value of v; = 0.175™", which is in an
excellent agreement with the experimentally established with imaging
value v =~ 0.1822,

It should be emphasized that the temperature distribution predicted
by the computational model is the same for all kinds of the marbles, and
it could not explain the difference in the freezing scenarios, illustrated
with Fig. 6. This is quite expectable due to the fact that the role of
thermal properties of all the powders used for the marbles’
manufacturing is insignificant.

X, mm

axial heat flux

15 T, ()C

5.44

4.65

3.86

3.08

2.29

1.50

0.72

-0.06

-1.10
7, mm 0.5
Fig. 9. Typical temperature field at the initial stage of the marble freezing is

shown; x is the axial coordinate measured from the marble bottom and r is the
radial coordinate measured from the vertical axis of symmetry.
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_4 T T T T
0.0 0.5 1.0 1.5 20

X, mm

Fig. 10. Temperature profiles along the vertical axis of the marble at the initial
stage of water crystallization are supplied.

2.0

Xy, MM

0.5

0.0 T T T
8 12 16 20

T
24 1-1,,5

Fig. 11. Upward propagation of the point T =0 °C (denoted xs) along the
marble axis is shown.

3.3. Analysis of the elastic stresses and deformation of the marbles under
freezing

It is reasonable to assume that deformation of the frozen liquid
marbles arises as the interplay of the gravity and thermal induced
stresses [46-50]; thus, it will be useful to introduce the dimensionless
parameter, defined as follows:

T !
Cyr

where oy and og are stresses due to the thermal effects and gravity
correspondingly. For the gravity-inspired stresses we reasonably adopt:

om = pgR, ®)

where p is the effective density of the marble which is very close to the
density of water and R is the initial radius of the non-deformed marble.
For the estimation of o we involve the generalized Young law derived
and experimentally tested for the liquid marbles [47]:

4y,
on = Tffﬁm )]

where 7., and ey are the effective surface tension and thermal strain
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correspondingly; thus the effective modulus Young of the marble is

estimated as Epp = 4§§ff and it depends on the effective surface tension
and radius of the marble only [47]. The effective surface tension of the
marbles was established with the “maximal puddle method” with Eq. (1)
as described in detail in Section 2.2.3. The effective surface tensions for
various coating powders are summarized in Table 2, and it recognized
from the supplied data that the effective surface tension of the marbles in
confined within a very narrow range, namely y.; =~ 66 —79 (these
results coincide with the findings reported by the other groups [38-42]).

The thermal strain ¢, is estimated as follows: the density of ice in the
temperature range from — 5 to — 10 °C is about 918 kg/m®. This means
that the coefficient of volumetric expansion in the transition from water
to ice with the above temperature is equal to « = 0.072, and the coef-
ficient of linear expansion is @; = a/3 = 0.024. If the ice occupies the
lower spherical segment of the marble, simple transformations give the
following relative elongation of the marble coating layer in this segment:

€h = Al/l() = alﬁicc(l _Eicc/z)ﬁicc = hicc/a <1 (10)
where hj is the height of the segment. The value of ¢y increases
monotonically with Pice up to € max = @1/2 at hice = 1. In this case, the

average relative elongation of the coating is: ¢ = «;/4 = 0.6%. Sub-
stitution of Eqgs. (8)-(10) into Eq. (7) yields:

11—t
4}’gff€,h N 4}’4[(1] h (1 2)

PgR* PgR?

Y~ 1D

Assuming e, = 6.0 x 1073, 7,5 2= 70 x 103Y p=~ 10° X andR =~
1.0 x 10~*m we estimate ¥ = 0.17. This means that the stresses due to
the thermal effects and gravity are of the same order of magnitude;
however, gravity-inspired stresses prevail on the thermal ones. It should
be emphasized that the values of y,; are very close for different coating
powders as it is recognized from the data supplied in Table 2. Thus, we
conclude that the values of the dimensionless constant ¥ are also close
for various marbles frozen in our study. Hence, the elastic properties of
the studied marbles do not constitute the difference in the shaping of the
marbles under their cooling, illustrated with Fig. 6.

3.4. Pinning of the contact line and its role in the shaping of the frozen
marbles

We already concluded that thermal and elastic properties of the
liquid marbles are hardly responsible for the dramatic difference in the
shaping under freezing. The clue is locked in the behavior of the triple
line under cooling of liquid marbles [51,52]. We established that some
of the explored powders promoted strong pinning of the contact line to
the substrate under freezing, whereas some of them provided distinct
de-pinning of the contact line under cooling, as shown in Fig. 7. In order
to quantify the effect of de-pinning it is instructive to introduce the
dimensionless de-pinning parameter ¢ defined according to Eq. (12):

_rp—ry  Ar

14 12)

To To

where ry and ry are the initial and final radii of the contact line, shown in
Fig. 7. The numerical values of the dimensionless de-pinning parameter
¢, as established experimentally, are supplied in Table 3. It is seen that,
when the contact line of the marbles is strongly pinned under crystal-
lization, the “freezing tip” singularity, corresponding to Scenario I of the
process is observed (coating 1S and 3S), depicted in Fig. 6A. Strong
pinning also may promote formation of the eventual spherical shape of
the frozen marble (Scenario 1I, shown in Fig. 6B, coatings 2F and 2S).
The value of the parameter ¢ corresponding to Scenarios I and II is
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£ =~ 0.047 —0.17. When the triple line is de-pinned under freezing
(coatings 1F and 3F), Scenario III is realized and flattened, oblate
spheroid shaped frozen marbles are observed (see Fig. 6C). This situa-
tion takes place under the high values of & namely ¢ =~ 0.21 —0.84.
Thus, we conclude that the effect of pinning of the triple line plays a
crucial role on shaping of the frozen liquid marbles.

Most likely, this phenomenon of de-pinning of the triple line is
constituted by two physical effects:

i) formation of an ice layer in the lower part of the marble;
ii) adhesion of the coating powder to the cooled surface.

It is natural to assume that the horizontal expansion of the ice layer
(the density of which is less than the density of water), when the
diameter of this ice layer approaches the contact diameter of the marble,
leads to tangential expansion of the marble coating, which gives rise to
the de-pinning of the triple line. Consider the situation when the triple-
line is de-pinned (Scenario III). The tensile stresses emerging from the
tangential expansion of the marble are partially compensated by the
elastic properties of the marble. With the simultaneous action of gravity,
a moment comes when the easily deformable shell of the upper part of
the marble (where water has not yet frozen) takes a shape, as if
continuing the comparatively flatter lower part of the marble. Appar-
ently, this is how an ice marble is obtained in the form of an oblate
spheroid. The stronger adhesion of the coating powder to the cooled
surface prevents the thermal expansion; in this situation (Scenario I) the
traditional “freezing tip” is formed. Scenario II promoting formation of
the spherical eventual marbles is intermediate between Scenarios I and
II. The rigorous mathematical model of the process is desirable.

4. Conclusions

Adhesion of hydrophobic powders to the liquid/air interfaces is
important for a variety of applications including mineral flotation [53],
catalysis [54] and formation of liquid marbles. Liquid marbles are
non-stick droplets coated with hydrophobic or moderately hydrophilic
powders [16-25]. Such non-stick droplets were intensively studied in
the last decade due to their potential for a diversity of microfluidic and
biological applications [18-20]. We studied cooling of the liquid mar-
bles coated with hydrophobized urchin-like particles based on alumina,
and silica particles. We established that very different pathways of
freezing of liquid marbles are possible, namely: i) cooling resulting in
the formation of the crystallized marbles crowned with the “freezing tip”
singularity, ii) freezing giving rise to the eventual spherical shapes, iii)
freezing resulting in the formation of the flattened crystallized samples.
The opening angle of the conical freezing tip was established as
a = 135 — 140°, and it was independent of the kind of hydrophobic
powder coating. This value is very close to that reported by other

Appendix A. Precise temperature control of marbles’ freezing

See Appendix Fig. Al.
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research groups and, thus, it hints to the universal nature of formation of
this singularity discussed in refs. [9-14], and it is reasonably related to
the difference in the densities of water and ice. We suggest the thermal
model of the initial period of marbles’ freezing. The model predicts
accurately the experimentally established velocity of the motion of the
crystallization front within the frozen marble. The model is universal for
various marbles but does not supply an explanation for the diversity of
the pathways of crystallization in the cooled marbles. We also report the
effective surface tension of the studied marbles [38-42]. It turns out,
that the effective surface tensions and Young moduli of all of the
investigated marbles are very close one to another [46-50]. Thus, we
conclude that neither thermal nor elastic properties of the liquid marbles
are responsible for the difference in the pathways of their crystallization
and eventual shaping. We related the diversity in the behavior of frozen
water marbles to the effect of pinning of the contact line of the marbles
[51,52], which may be strong or weak, depending on the adhesion of the
coating powder to the cooled solid substrate. Strong pinning of the
contact line promotes the formation of the freezing tip singularity,
whereas, a weak pinning, in turn, gives rise to the formation of flattened
eventual shapes of the crystallized water marbles. We conclude that
various shapes emerge from the freezing of liquid marbles, depending on
the effect of pinning of the contact line under cooling.
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In fact, only the temperature of the thermocouple bead is measured. This temperature is systematically different from the plate temperature or the

air temperature.

In a cell cooled from below, a stable temperature stratification of air takes place. This means that the air is almost immovable and the main source
of the error in the temperature measurements is the heat supplied to the bead along the thermocouple wires. This error can be easily estimated
theoretically, but the best way to do it is a comparison of the measurements using two thermocouples with the wires of different thickness. The results
of such a comparison are presented in Fig. 1A. This figure shows the temperature measurements of a cold plate, but the thermocouple is not pressed
against the surface of the plate. Therefore, the main source of measurement error (as for the thermocouple surrounded by air) is associated with the
heat supplied along the thermocouple wires. One can see that the effect of diameter of the thermocouple wires is significant. The thermocouples with
the wires of diameter 0.1 mm were used for the temperature measurements.
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Fig. 1A. A typical comparison of temperature measurements using the thermocouples with wires of diameter 0.5 mm (1) and 0.1 mm (2).

Appendix B. Calculation of the thermal field in the frozen marble

The calculation of the thermal field in the frozen marble was carried out for the initial period of time when the deformation of the marble is
insignificant. The radius of the spherical marble was taken to be a = 1.46 mm, including the coating thickness 5§ = 0.06 mm. The volumetric heat
capacity of water weakly depends on temperature, and this value was considered constant: p,,cy = 4.2 MJ/! (m®K). On the other hand, the temperature
dependence of the thermal conductivity coefficient should be taken into account. For this, we used the linear approximation:

ky =0.564+0.02 x (273 —T) (B1)

where the water temperature is measured in Kelvin, and the value of k,, is obtained in Y- For ice (at T < 273 K), the temperature dependence of both

mxK*
the volumetric heat capacity and the thermal conductivity coefficient should be taken into account:
PiceCice [MI/(m’K) | = 1.9-0.04 x (273 - T[K]) (B2)
kice[W/(m x K)] =2.240.02 x (273 = T[K]) (B3)

In the thin region of the phase transition (mushy zone), it was taken pc ~ 3 MJ /(m® K) and k ~ 1.4 m"XVK. For the marble coating material, the

following constant values of thermal properties were used: pc = 4 MJ/(m®K), k =2 W Note that additional calculations showed a very weak effect of
the coating on the cooling and freezing of water in the marble.

The heat conduction problem was solved using an implicit finite-difference scheme of the second order of approximation on an orthogonal grid
with splitting the differential operator on the right side of Eq. (1) into two parts and alternately integrating the equation at each time step along a set of
grid lines in the axial and radial directions. To use a simple rectangular grid with a constant step in both coordinates, the computational domain was
simplified by cutting off the spherical protrusions. This slight distortion is just a technique that does not considerably affect the calculation results. The
flat contact area with radius equal to 0.85 mm at the bottom of the marble was taken into account in the calculations. The numerical solution of the
problem was carried out on a grid with 80 intervals along the radius and 100 intervals along the vertical axis of the marble. The time integration step
was varied. Its minimum value is 0.01 s. Note that a similar computational procedure was used in solving diverse physical problems [1-3].

Before the numerical calculation, it is interesting to compare the velocities of heat propagation in water and air. Such a comparison can be based on
the Fourier number:

Fo = K[/d2 (B4)



A. Starostin et al. Colloids and Surfaces A: Physicochemical and Engineering Aspects 636 (2022) 128125

where k = k/(pc) is the thermal diffusivity of the medium and d is the thickness of the medium layer. The condition Fo =1 corresponds to the
characteristic time of heating or cooling the layer. Obviously, the ratio of cooling time values for water and air layers of the same thickness can be
written as follows:

tw/tair = Kair/Kw (Bs)

At temperature about 0 °C, the thermal diffusivities of these substances are: x,; = 1.88 x 10~° m?/s and Kkw =1.32x 1077 mz/s, and Eq. (9) yields
tw/tar = 142. This is sufficient to conclude that cooling of water in the marble is much slower than that of ambient air. As a result, a relatively cold air
surrounding the upper part of the marble is an additional thermal factor which contribute to cooling and solidification of the marble. In addition, the
thermal stratification of air at the top of the marble is unstable and this leads to a significant local intensification of convective cooling the marble. This
effect was also taken into account in approximate numerical calculations.

Note that an accurate estimation of the time of the marble solidification is too complicated because of complex thermal conditions at the marble
surface. The more or less reliable results can be obtained only on the basis of complex numerical analysis.

According to the measurements of the cold plate temperature shown in Fig. 8, the solidification of water in the marble is impossible at t < t;, when
the plate temperature is greater than 0 °C. Therefore, it is convenient to measure the time of solidification as a difference t - t;. As to the vertical axial
coordinate of the marble we use the difference x — x;, where x; is the coordinate of the flat contact surface.

Some results of the numerical calculations are presented in Figs. 9-11. As was mentioned, these results are not accurate mainly due to uncertainty
in the heat transfer conditions at the marble surface. However, the calculations show the character of the temperature field with a freezing zone near
the marble bottom (Fig. 9), typical profiles of temperature along the marble axis (Fig. 10), and the upward propagation of a conventional front of
crystallization (Fig. 11). Note that there is a qualitative agreement between the calculations for the initial stage of the marble freezing and the
corresponding laboratory observations.
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