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Solidification of supercooled water in the vicinity of a solid wall
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An experimental approach utilizing a Hele-Shaw cell for the investigation of the solidification of a supercooled
liquid in contact with a solid wall is presented. The setup is based on an idea presented by Marı́n et al. [A. G.
Marı́n et al., Phys. Rev. Lett. 113, 054301 (2014)], who investigated the planar freezing of a sessile drop without
supercooling. This apparatus overcomes optical distortions present when observing the freezing of sessile drops,
arising due to reflections and refraction of light on the drop surface. The facility is used to investigate the
freezing process of water drops, supercooled down to −20◦ C, and to qualitatively demonstrate that the growth
behavior is uninfluenced by the use of the Hele-Shaw cell. Different features during freezing, which are known
for sessile water drops, are also observed with the Hele-Shaw cell. The growth morphology within the first phase
of solidification is categorized according to the initial drop supercooling. Furthermore, freezing velocities within
this phase are related to data available in the literature for the growth of single ice dendrites.
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I. INTRODUCTION

Icing of solid structures is ubiquitous in nature and on
synthetic structures and may occur due to resublimation from
the vapor phase, i.e., frost formation [1–3], the impact and
accretion of liquid, supercooled drops [4,5], or ice particles
[6], or due to the freezing of drops at rest on a solid surface
[7–14]. While the reasons for icing are manifold, freezing
drops often represent a hazard for transportation systems,
such as aviation, shipping [15,16], and road traffic [17], but
also affect the operational reliability of power supply systems
[18]. Therefore, understanding the mechanisms during icing
of surfaces is of utmost importance.

Numerous studies exist concerning the solidification of a
sessile drop or a liquid in general, where the focus has typically
been on the macroscopic behavior, such as the shape evolution
during freezing [7,9,10,12,13], the influence of the surface
wettability [19–21], and surface roughness or structure [22,23]
on the freezing delay time, or the qualitative description of the
solidification process from a supercooled state [8,14,24,25].
Related to the latter aspect, an experimental facility is intro-
duced enabling the investigation of the interaction between
a solidifying supercooled drop and the surface below the
drop. It offers qualitative and quantitative insights into the
basic mechanisms taking place during solidification. Different
ice growth modes and characteristic speeds of solidification,
both depending on the liquid’s degree of supercooling, are
identified and quantified. The main feature of the facility is
that the sessile drop is effectively only two dimensional and
the dendrite or freezing front propagation can be captured
with high contrast using the planar image of a high-speed
camera.

II. EXPERIMENTAL FACILITY AND METHOD

The experimental facility consists of a cooling system, a
vertically oriented Hele-Shaw cell, and an optical system. A
cooling plate capable of maintaining a specified temperature
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by an external chiller is used for the experiments and allows
plate temperatures down to −30◦ C. The plate is placed in
a closed styrofoam chamber. To prevent the buildup of frost
and condensate on the cold surfaces, the environment within
the chamber is kept dry by the use of gaseous nitrogen.
A double-glass side window provides optical access to the
styrofoam chamber. The Hele-Shaw cell with an inserted drop
is pictured in Fig. 1. As shown in the figure, the drop is trapped
between two sheets of plexiglass, and a strip of copper, which
maintains a constant distance of 1 mm between the sidewalls,
serves as the substrate on which the drop is at rest. The
combination of the sidewalls and the substrate strip are stacked
and fixed by screws within an aluminum base. The temperature
of the drop is measured with a thermocouple immersed into the
copper, ending approximately 0.5 mm below the substrate’s
surface under the drop. For high thermal conductivity materials
like copper, the temperature gradient in the substrate region
between the drop and the thermocouple’s tip is negligible
and the drop’s base can be assumed to be at the temperature
measured within the substrate.

The freezing process is observed with a high-speed video
camera (Photron MC 2.1), operated at a frame rate of
2000 frames/s with a resolution of 512 × 256 pixels2. The
process is captured with a spatial resolution of approximately
13 μm/pixel. With an illuminated diffusor screen behind the
Hele-Shaw cell, the freezing process is captured in the form
of backlight shadowgraph videos.

At the beginning of each experiment, the Hele-Shaw cell
with an entrapped drop, both at room temperature, are placed
onto the cooling plate, which is precooled to 0◦ C. Afterward,
the cooling plate is cooled down at a moderate cooling rate of
approximately 0.2 K/s, resulting in a simultaneous cooldown
of the substrate and the drop. Based on the recalescence during
the first phase of solidification, the temperature at the moment
of freezing is obtained as the lowest value before the steep
rise of the temperature signal, corresponding to freezing at the
substrate surface. Drops of varying volumes ranging between
1.5 and 10 μl and diameters between 2 and 5 mm have been
used and no correlation between the drop volume and the
freezing process has been observed.
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FIG. 1. Schematic of the Hele-Shaw cell with inserted drop.

III. RESULTS AND OBSERVATIONS

It is commonly known that the freezing process of a
supercooled liquid can be subdivided into two phases.

(i) During the first phase of solidification, the super-
cooled liquid departs from the thermodynamic metastable
state, resulting in a mixture of liquid and solid at the
melting temperature, which is referred to as the recalescence
phase [26].

(ii) During the second phase of solidification, the remaining
liquid in the solid-liquid mixture solidifies in a thermodynam-
ically stable state at the melting temperature.

These phases are distinctly captured using the present
facility.

A. First phase of supercooled freezing

Figure 2 shows the first 22 ms of the solidification of a
supercooled sessile water drop. While the process observed
in the Hele-Shaw cell is depicted in the top row, the bottom
row of Fig. 2 shows the same process observed for a sessile
drop. The direct comparison indicates that the overall process
is the same in both cases, differing only in the visibility.
In the case of the sessile drop, the curved drop interface
causes reflections and refraction, resulting in low contrast of
the different regions within the drop. Furthermore, the exact
location of nucleation and the direction of the solidification
cannot be clearly determined from the high-speed videos. In
the case of the drop within the Hele-Shaw cell, these optical
distortions are suppressed and the solidification process and
the resulting phase distribution are clearly visible.

The sequences in Fig. 2 show the first phase of solidification
or the recalescence phase. Nucleation starts at an arbitrary
point of the solid substrate in the form of heterogeneous
nucleation and is followed by a rapid kinetic crystal growth.
It is driven by the initial liquid supercooling and leads to the
growth of a microscopic dendritic ice structure, filling out
the entire volume of the liquid. The process is accompanied
by a warming up of the solid-liquid mixture to the equilibrium
freezing temperature until the initial supercooling is exhausted.
Therefore, the degree of supercooling determines the portion
f of the liquid that is frozen after this first stage.

Considering the freezing of a thermally insulated volume of
supercooled liquid at temperature T , the latent heat of freezing
equals the sensible heat of warming up the solid-liquid mixture
as f L = cp(Tm − T ), where L, cp, and Tm are the liquid’s
latent heat of fusion, heat capacity, and equilibrium freezing
temperature, respectively [28]. Therefore, the solid fraction f

is given as

f = cp(Tm − T )

L
, (1)

which is commonly referred to as the Stefan number St. When
the supercooling is exhausted and the solid-liquid mixture is
in thermodynamic equilibrium at Tm, a further removal of heat
results in continued freezing of the remaining liquid entrapped
within the dendritic ice structure. In this case, the growth
direction of the solid-liquid interface is at each point in the
direction opposite to the heat flux.

B. Second phase of supercooled freezing

The processes involved in the second phase of solidification
are shown in Fig. 3, again for the Hele-Shaw cell (top row)
and a sessile drop (bottom row). After the first phase of
solidification has finished, the drop consists of a solid-liquid
mixture in thermodynamical equilibrium at T = Tm. Due
to continued cooling by the substrate, the remaining liquid
freezes, beginning at the substrate’s surface. In accordance
with the explanations above, the growth direction in the
beginning of the second phase of solidification is normal to
the substrate’s surface, i.e., in the negative direction of the
heat flux into the substrate. It has been shown that the freezing
front within a sessile drop becomes curved due to a boundary
constraint at the three-phase contact line of ice, water, and air
[7,9,10,12,13], namely, that the freezing front is perpendicular
to the liquid-gas interface. So far, this effect has been observed

FIG. 2. First phase of solidification of a water drop, supercooled to approximately −15.8◦ C [27]. Qualitative comparison of a drop within
the Hele-Shaw cell (top row) with a sessile drop (bottom row).

052804-2



SOLIDIFICATION OF SUPERCOOLED WATER IN THE . . . PHYSICAL REVIEW E 94, 052804 (2016)

FIG. 3. Second phase of solidification of the supercooled drops of Fig. 2 [27]. According to Eq. (1), approximately 19% of the liquid is
already frozen at the beginning of this stage. The top row shows a drop in the Hele-Shaw cell and the bottom row a sessile drop.

within sessile drops freezing at Tm without any supercooling.
Here it is shown that the condition also holds for a drop in
which just the remaining liquid within a dendritic structure of
ice solidifies (Fig. 3).

While the curved freezing front is difficult to observe in
the case of the sessile drop, it can be clearly seen with the
Hele-Shaw setup. As shown in the figure, for both the sessile
drop and the drop within the Hele-Shaw cell, the second phase
of freezing results in a cusp shape on top of the frozen drop.
This is due to the above-mentioned boundary constraint at
the ice-water-air contact line, accompanied by the density
decrease and volume expansion during freezing, which finally
results in the observable shape. This phenomenon was only
reported for the case of a drop that freezes without initial
supercooling [7,10,12,13]; the same behavior is observable
during the second phase of freezing of a supercooled drop and
also for a drop in the Hele-Shaw cell.

During the evolution of this cusp shape, the first qualitative
difference between the freezing behavior of a sessile drop
and the planar one arises, namely, the position of the cusp on
the frozen drop. Since the freezing process and all influential
effects are axisymmetric in the case of the sessile drop, the
cusp is formed in the middle on top of the drop (north pole). In
the case of the drop in the Hele-Shaw cell, the cusp does not
appear in the symmetry plane of the drop due to the additional
forces acting between the liquid meniscus and the plexiglass
sidewalls. An uneven surface of the sidewalls may lead to
local pinning of the contact line, resulting in a nonuniform
contact line movement during volume expansion and finally
an asymmetric shape of the frozen drop.

Another qualitative difference of the overall behavior within
the Hele-Shaw cell compared to that of the sessile drop can
be seen in Fig. 3. After the first phase of solidification,
the solid-liquid mixture is instantaneously at the melting
temperature, while the plexiglass sidewalls are still at the
initial temperature of the drop. As described by Jung et al.
[8] for freezing sessile supercooled water drops, the fast
recalescence of the drop during the first freezing phase causes
the air around the drop to be supersaturated with respect to
the initial drop temperature. This supersaturation leads to a
condensation halo on the plexiglass sidewalls around the drop.
Since the frozen part of the drop is cooled down again below
the freezing temperature of water by the ongoing cooling of the
substrate, the supersaturation around the drop decreases. As
a consequence, starting from the substrate, the condensation
halo again dissolves.

C. Solidification at a solid wall

The above-mentioned two phases of solidification are well
known and described for the case of a supercooled drop freez-
ing without the influence of a neighboring substrate. Kong and
Liu [24] investigated the solidification of supercooled water
in the vicinity of a solid substrate with water temperatures
down to approximately −7◦ C and varying substrate materials.
They captured the solidification at the substrate with two
high-speed video cameras for a top view and a side view and
observed a further process taking place before the two phases
of solidification described above. They triggered nucleation at
a point on the substrate and found that the subsequent freezing
process starts with the propagation of a thin ice layer over the
substrate’s surface. This is also observed in the initial freezing
stage in the Hele-Shaw cell as a moving bright region next to
the substrate [27].

According to Kong and Liu [24], for water temperatures
above 270 K the ice growth parallel to the surface is followed
by the growth of ice normal to the surface, representing an
increase of the thickness of the initial ice layer. However,
in the case of water temperatures below 270 K, Kong and Liu
observed that the thin ice layer on top of the substrate becomes
unstable at a certain point behind the moving three-phase con-
tact line (of ice, water, and substrate) of the propagating layer,
resulting in the growth of dendritic ice into the bulk of the liq-
uid. For the range of relatively low supercooling, they observed
single dendrites and hexahedral shapes of ice crystals emerging
from the initial ice layer on the substrate. In the present study
we observed the process for larger liquid supercoolings of up to
20 K. We found that not only is there a temperature transition
between the cases of purely planar and dendritic ice growth
within the bulk, but there are also several transitions between
different growth modes of dendritic growth.

The different growth modes are categorized in Table I and
can be described as follows. As already observed by Kong
and Liu [24] and described above, for low supercoolings, the
initial ice layer remains stable and its thickness increases by
planar growth normal to the substrate’s surface. In this case,
the presented first phase of supercooled solidification is not
observable. While Kong and Liu [24] mentioned a threshold of
approximately �T = 2.6 K, we found the transition to occur at
approximately �T = 4.7 K. For larger supercooling between
approximately �T = 4.7 and 7.2 K, the ice layer becomes
unstable long after the growth of the initial ice layer, when the
layer has already covered a large part of the wetted substrate.
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TABLE I. Different freezing regimes of the first phase of
supercooled solidification for different supercooling. The initial ice
layer moves from the right to the left and its front is at the left side
of each photograph. Inserted vertical lines mark the position of first
visible instabilities.

Description Supercooling (K) Detail

Planar 0, . . . ,4.7

Late dendrites 4.7, . . . ,7.2

Single dendrites 7.2, . . . ,9.9

Inhomogeneous front 9.9, . . . ,12.0

Homogeneous front 12.0, . . .

As observed by Kong and Liu [24], this instability results in
the growth of single dendrites and hexahedral ice crystals.
If the supercooling is in the range of approximately �T =
7.2, . . . ,9.9 K, many more single dendrites and hexahedral
ice crystals emerge from the ice layer than in the case of
lower supercooling. The time of their occurrence after the
initial ice layer growth is much shorter, i.e., they appear closer
behind the front of the initial ice layer (compare photographs
in Table I). For the supercooling range of approximately
�T = 9.9, . . . ,12.0 K, not only single dendrites but a mesh
of dendrites evolves at a small distance behind the moving
contact line. In this case, the dendrites’ orientations are
random, resulting in an inhomogeneous distribution of the
ice. If the supercooling is even higher, with �T > 12.0 K, the
dendrites are all oriented parallel, leading to a homogeneous
ice distribution after the first phase of solidification, as shown
in Fig. 2. The dendrites all grow at the same speed, resulting
in the parallel propagation of a relatively smooth envelope of
the mushy region.

The front velocity vf through the drop’s bulk is plotted as
a function of the supercooling in Fig. 4. Depending on the
liquid’s supercooling and according to the categorization in

FIG. 4. Freezing velocity within the bulk liquid as a function of
the liquid supercooling. Depending on supercooling, this velocity
represents the dendrite tip velocity or that of the envelope of the
mushy region. Comparison with results for a single dendrite tip by
Shibkov et al. [29].

FIG. 5. Initial ice layer velocity parallel to the substrate’s surface
as a function of the liquid’s supercooling. Comparison with the front
velocity within the bulk.

Table I, it represents the velocity of the dendrite tips, or the
normal velocity of the mushy region envelope. For comparison
purposes, the tip velocity of a freely growing single dendrite,
experimentally obtained by Shibkov et al. [29], is also shown
in Fig. 4. For lower supercooling of up to approximately �T =
10 K, the front velocity within our experiments compares very
well with that of a single dendrite. In this temperature range, the
influence of neighboring dendrites on the growth speed of an
individual dendrite is negligible, as already shown numerically
by Criscione et al. [30].

For supercooling above 10 K, the front velocity within
our experiments is slightly higher than that of a single
dendrite, representing a small thermal influence between the
propagating dendrites. This temperature was found before
as the threshold subdividing the regimes of single dendrite
propagation and inhomogeneous front propagation within the
bulk liquid (see Table I). In the case of larger supercooling,
the influence of kinetic effects during molecular attachment at
the water-ice interface on the dendrite tip velocity increases.
While this effect plays an important role for supercooling
above approximately 4–5 K in the case of a single dendrite
[29], it becomes important at approximately �T > 14 K for
our experiments. For even higher supercooling, the growth
velocity of a single dendrite and the front velocity observed
within the present study compare very well again. Since the
effect of neighboring dendrites on the growth of an individual
dendrite is presumably only of thermal nature, this behavior
of the growth velocities for higher supercooling indicates that
the growth is dominated by kinetic effects in the range of high
supercooling.

The layer velocity vp of the initial ice layer parallel to the
substrate surface as a function of the supercooling is shown in
Fig. 5. For comparison purposes, the measured front velocity
vf is also shown. The layer velocity is well represented by a
linear relation up to a supercooling of �T ≈ 10 K. For higher
supercooling, the slope of this dependence decreases, but
remains linear. The decreasing slope is probably due to kinetic
effects. It should be emphasized here that this change of slope
of the linear relation coincides with the threshold between
the propagation of single dendrites and an inhomogeneous
front within the bulk liquid. The velocity of the ice layer front
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parallel to the substrate surface is much higher than the velocity
of the dendrite front within the bulk liquid.

As shown by Kong and Liu [24], besides temperature, the
layer velocity at the substrate depends also on the substrate’s
thermal properties. Schremb et al. [4] investigated the freezing
of water drops, initially at room temperature, impacting a cold
aluminum surface. They observed the process in a top view
and measured the velocity of the dendritic front propagating
through the spread out water drops. Due to the top view
observation, they did not measure the normal front velocity vf

within the bulk liquid, but rather the velocity of the intersection
line of the dendritic front with the impact surface, which
represents the velocity of the initial ice layer vp. Based on
the contact temperature at the substrate surface, calculated
according to [31], they estimated the drop temperature, which
is relevant for the freezing process, to be −14.7◦ C, and
measured a velocity of 0.32 m/s. In contrast to Schremb et al.
[4], a different substrate material, namely, copper, is used in
the present study, but also a layer velocity of 0.32 m/s for
a given supercooling of −14.7◦ C is obtained. Kong and Liu
[24] found a strong dependence of the layer velocity on the
substrate’s properties for a supercooling of up to 7 K. However,
the comparison of the present results with the measured
velocity of Schremb et al. [4] suggests that there is only a
weak dependence on the substrate’s properties in the case of
higher supercooling, at least when comparing high thermal
conductivity materials like copper and aluminum.

IV. CONCLUSION

An experimental approach for the investigation of the
freezing process of sessile supercooled water drops has been
presented. By making use of a Hele-Shaw cell, into which a
drop is inserted, this method allows observation of the process
in a quasi-two-dimensional manner, without optical distortions
arising from the drop’s free surface. Thereby, the visibility of
the process in terms of contrast and optical distortions is en-
hanced. The freezing process of water drops supercooled down
to −20◦ C has been captured with a high-speed video system.

It has been qualitatively shown that the freezing process
within the Hele-Shaw cell is the same as in a free sessile drop.
Findings by Kong and Liu [24] concerning the freezing process
of a supercooled melt next to a solid substrate have been

confirmed, namely, before the two phases of solidification,
an ice layer propagates over the substrate’s surface. For
large supercooling, this layer becomes unstable, resulting in
different modes of dendritic growth. We have categorized these
growth modes according to the liquid’s supercooling. Freezing
velocities of the initial ice layer and the ice propagating through
the drop’s bulk have been analyzed and compared to available
experimental data of freezing processes within a liquid at rest
or during drop impact. We have found that there is no difference
of the propagation velocity of multiple dendrites compared to
that of a single dendrite in the case of low supercooling. For
higher supercooling, a small mutual influence of the dendrites
is observed, as long as the freezing process is dominated by
heat diffusion. For even higher supercooling, when the process
is dominated by kinetic effects, there is no mutual influence
of the dendrites and the normal growth velocity of a dendritic
front again equals that of a single dendrite.

Kong and Liu [24] found a crucial influence of the
substrate’s thermal properties on the growth velocity of the
initial ice layer parallel to the surface, at least for the observed
range of supercooling of up to 7 K. However, a comparison
of growth velocities obtained within the present study to
the growth velocity measured by Schremb et al. [4] for an
impacting drop suggests that the substrate’s influence on the
growth velocity is negligible for higher supercooling. The
initial ice layer is in direct contact with the substrate below the
drop and presumably mechanically interlocking with it during
the freezing process. Furthermore, the ice layer’s growth
velocity is the velocity that determines how fast a surface
is covered by ice and therefore it is the most relevant freezing
velocity for the case of icing of surfaces. Hence, future studies
should focus on the influence of the substrate’s properties on
the speed of the initial ice layer, especially in the case of higher
supercooling.
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