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Abstract: Icing/snowing/frosting is ubiquitous in nature and industrial processes, and the accretion
of ice mostly leads to catastrophic consequences. The existing understanding of icing is still limited,
particularly for aircraft icing, where direct observation of the freezing dynamics is inaccessible. In this
work, we investigate experimentally the impact and freezing of a water drop onto the supercooled
substrate at extremely low vapor pressure, to mimic an aircraft passing through clouds at a relatively
high altitude, engendering icing upon collisions with pendant drops. Special attention is focused
on the ice coverage induced by an impinging drop, from the perimeter pointing outward along
the radial direction. We observed two freezing regimes: (I) spread-recoil-freeze at the substrate
temperature of Ts = −15.4 ± 0.2 ◦C and (II) spread (incomplete)-freeze at the substrate temperature
of Ts = −22.1 ± 0.2 ◦C. The ice coverage is approximately one order of magnitude larger than the
frozen drop itself, and counterintuitively, larger supercooling yields smaller ice coverage in the
range of interest. We attribute the variation of ice coverage to the kinetics of vapor diffusion in the
two regimes. This fundamental understanding benefits the design of new anti-icing technologies
for aircraft.

Keywords: aircraft icing; anti-icing; drop impinging; ice coverage

1. Introduction

Icing, in the forms of bulk ice, snow, frost and others, is a fascinating phenomenon
that occurs widely in nature [1–4]. However, icing in many industries is unwanted, leading
to detrimental and occasionally catastrophic consequences [5,6]. In HVAC&R (heating,
ventilating, air conditioning and refrigerating) systems, heat exchangers that operate in
supercooled and humid environments are inevitably covered with a thick layer of frost,
yielding a non-negligible thermal resistance [7–9]. Therefore, both the system integrity and
the coefficient of performance are affected drastically. Despite being a complex and unortho-
dox phase change problem, an appreciable portion of the physics underlying condensation
frosting has been revealed recently as an in situ observation of frosting dynamics and is
accessible in most experiments [10–12]. Abundant anti-/de-frosting technologies [13–18],
both passive and active, have been developed to mitigate frosting problems.

Existing studies on another very important type of icing, aircraft icing [19,20], are
relatively limited, owing to the simple fact that direct observation of the freezing dynamics
is inaccessible for aircraft icing. In the literature [21–26], some researchers use impinging
drops on a supercooled substrate to mimic the scene in which icing occurs upon collisions
of pendent drops when an aircraft passes through clouds at a relatively high altitude. The
effects of surface chemistry and topography [27–30], drop size and impinging velocity
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in terms of Weber number [31,32], and system alignments [33–38] have been studied
extensively to reveal the freezing mechanism and evaluate the anti-icing performance of
each proposed anti-/de-icing method. Whereas these studies only focus on the spreading
and freezing of impinging drops themselves, little attention is paid to the transport and
phase change of the accompanying water vapor, which originates from the liquid-gas
interface of the impinging drops and diffuses to the surroundings under a concentration
gradient [39,40]. Once this vapor condenses and becomes frozen around a main impinging
drop, the actual ice coverage can be much larger than that covered directly by the frozen
drop itself. Note that ice grows thicker rapidly on all the covered regions as a result of a
massive supply of water vapor once the aircraft starts to descend.

In this work, we study the dynamics of a pendant water drop impinging and freezing
on the supercooled substrate at an extremely low vapor pressure, with special attention
to the vapor transport and the resultant extra ice coverage. We observe two freezing
regimes at different degrees of supercooling: (I) spread-recoil-freeze at a higher substrate
temperature of Ts = −15.4 ± 0.2 ◦C and (II) spread (incomplete)-freeze at a lower substrate
temperature of Ts = −22.1 ± 0.2 ◦C. Unlike what has been reported in the literature, we
find a thin layer of condensate/frost forms, surrounding the main drop and covering a
region of the size of one order of magnitude larger than that directly covered by the frozen
drop itself. Counterintuitively, larger supercooling yields smaller ice coverage in the range
of interest. We attribute the variation in ice coverage to the kinetics of vapor diffusion in
the two regimes. The competition of three characteristic time scales, i.e., the spreading
time, the icing nucleation time, and the cooling time, determines the impact and freezing
behaviors of the impinging drop, which in turn determines the intensity and lifespan of
vapor emission and thus the size of ice coverage.

2. Materials and Methods
2.1. Substrate Treatment and Characterization

We prepared a smooth hydrophobic silicon substrate to carry the freezing drops. A
single-side polished single crystal silicon water was chosen as the base material, as its
atomic smoothness can minimize the effect of surface heterogeneity. First, a raw silicon
wafer was cut into squares of 4 × 4 cm2. Second, the substrate was cleaned following a
standard protocol [41,42], i.e., rinsing subsequently with acetone, isopropyl alcohol and
deionized water, and dried in a nitrogen gas flow. Third, the substrate was silanized by a
two-step process consisting of a 30 min oxygen plasma treatment (SmartPlasma 2, Plasma
technology, Herrenberg, Germany) and a chemical vapor deposition (CVD) of trichloro (1H,
1H, 2H, 2H-perfluorooctyl) silane (Sigma-Aldrich, Saint Louis, MO, USA). Once removed
from the CVD chamber, the substrate becomes hydrophobic as its surface is bonded with a
monolayer of silane molecules. Right before every experiment, the substrate was cleaned
again by rinsing with isopropyl alcohol and deionized water and dried in a nitrogen gas
flow. The wettability of the prepared substrate was characterized by measuring the static
contact angle of a 5 µL deionized water drop using a high-resolution goniometer (FTA200,
Attension Theta, Västra Frölunda, Sweden). Results from the measurement show that
the static contact angle was 43.5 ± 2◦ and 102 ± 2◦ for a raw untreated substrate and a
silanized substrate, respectively.

2.2. Experimental Setup

We built a customized cryostage to investigate the impact and freezing of a water
drop in this work. The liquid used was deionized water (18 MΩ-cm, Millipore, Hatters
Ln, Watford, UK). Before the experiments, a container carrying the liquid was put into a
vacuum chamber for over 10 min to remove dissolved gas. Figure 1 shows a schematic of
the experimental setup. To eliminate the contamination from ambient particles and vapor,
the impact and freezing of drops occurred in an enclosure filled with non-condensable
gas (nitrogen), with the in-chamber temperature and pressure well balanced with the
surroundings of near 1 atmospheric pressure and room temperature T∞ = 20.2 ± 0.5 ◦C.
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The in-chamber relative humidity was smaller than 2% during the following experiments.
The cryostage consisted of a heat sink and a Peltier element, with the former connected to a
cooling circulator and the performance of the latter modulated by a Proportional-Integral-
Derivative (PID) controller. The prepared substrate was mounted onto the cryostage by
applying a thin layer of thermal paste to minimize the contact thermal resistance. During
the experiments, a water drop induced by a syringe pump left gently from a quartz
capillary tip and impacted the substrate, driven by the gravitational force. Determined by
the size of the quartz capillary, each drop generated was of a fixed volume of 7.1 ± 0.2 µL.
To avoid splashing where the mother drop broke into multiple small drops, we chose a
relatively small deposition height of 30.0 ± 0.1 mm, corresponding to a We ~15, where
We = ρghd/σ, with ρ being the density of water, g being the gravitational acceleration,
h being the deposition height, d being the drop diameter (before impact), and σ being the
surface tension of water to air. A high-speed camera was used to capture the freezing
dynamics of the impinging drop and the formation of condensation/frosting halo around
the mother drop from the top view.
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Figure 1. Schematic of the experimental setup.

3. Results and Discussion

We investigated the freezing dynamics of an impinging water drop and the ice cover-
age induced by its own vapor in extremely low vapor pressure. For the sake of simplicity,
we use the term “mother” drop to denote the impinging drop. When the substrate tem-
perature is not sufficiently low at Ts = −15.4 ± 0.2 ◦C, the mother drop gently impacts
the substrate and is stabilized after going through a typical spread-recoil process [43], i.e.,
regime I. As highlighted in Figure 2, icing nucleation is triggered at t = 150 ms, and the
icing front propagates from the substrate base upwards. Freezing of the mother drop is
completed at approximately t = 3.9 s. We noticed two characteristic features: (1) a bright
halo appears adjacent to the mother drop even before the occurrence of icing nucleation [39]
and (2) a small clear gap is located between the halo and the mother drop. Note that the
substrate region far beyond the mother drop becomes whiter during the impinging and
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freezing of the mother drop, indicating this area is covered with a thin layer of condensate
or frost. However, no further reliable information can be extracted from the direct captures.
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Figure 2. Freezing dynamics of the impinging drop at the substrate temperature of
Ts = −15.4 ± 0.2 ◦C, i.e., regime I: spread-recoil-freeze. The highlighted capture denotes the on-
set of icing nucleation.

When the substrate temperature is sufficiently low at Ts = −22.1 ± 0.2 ◦C, spreading
of the mother drop is interrupted, as shown in Figure 3, i.e., regime II. Icing nucleation
occurs almost upon contact between liquid and substrate, at a barely measurable time
of t = 3 ms, as highlighted. Spreading of the mother drop is confined in the solidified
contact line, and thus the resultant drop shape falls between the maximum spreading and
its equilibrium shape when in the liquid state. Owing to an apparently larger contact area
and also a lower substrate temperature, the mother drop is frozen in less than 1 s, much
faster than that of regime I. In addition, the frozen mother drop is much more clear than
that of regime I, particularly near the contact line where the ice crystal is almost transparent
(darker). Importantly, the substrate region near the mother drop becomes only slightly
brighter after the impinging and freezing of the mother drop, much less pronounced than
that in regime I.
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Figure 3. Freezing dynamics of the impinging drop at the substrate temperature of
Ts = −22.1 ± 0.2 ◦C, i.e., regime II: spread (incomplete)-freeze. The highlighted capture denotes
the onset of icing nucleation.

By comparing the direct captures of the two regimes, we can anticipate that an appre-
ciable area of the substrate is covered by the condensate/frost induced by the impinging
and freezing of the mother drop. However, we can’t detect the edge of this condensate/frost
covered area based on the direct captures, i.e., the actual size of ice coverage. Therefore, we
propose a Matlab-based image processing program, as shown in Figure 4, to extract the
information of this condensate/frost layer. Figure 4a shows the last capture from Figure 2
(regime I) for demonstration. In step 1, we carried out an image calculation by subtracting
the background, i.e., the capture right before the incidence of impinging of the mother
drop. Figure 4b shows the calculated result, showing only the mother drop and its induced
condensate/frost layer. In step 2, we adjusted the local intensity by enhancing the contrast
and brightness. Figure 4c shows the final image processing result, from which we can
readily identify the edge of the condensate/frost layer. To measure quantitatively the size
of ice coverage, we plotted the normalized intensity as a function of the location along the
radial direction, as shown in Figure 4d. Note that the contact radius rc of the mother drop
is used as a reference, to indicate the size of actual ice coverage compared to the size of
the frozen mother drop itself. The whole substrate is categorized into four sections (for
regime I): the frozen mother drop, the depletion zone, the invasion of condensate/frost,
and the clear region that is unaffected.
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Figure 4. An example showing the imaging processing method (a–c) and the variation of normalized
intensity along the radial direction (d).

Figures 5 and 6 show the growing dynamics of the condensate/frost layer during the
impact and freezing of the mother drop. For regime I, at the higher substrate temperature
of Ts = −15.4 ± 0.2 ◦C, the condensate/frost layer expands radially from the contact
line. The actual ice coverage grows to approximately four times the contact radius of
the mother drop, or 16 times the contact area covered by the frozen mother drop. The
depletion zone appears after the occurrence of icing nucleation in the mother drop, and its
size also increases slightly as the freezing proceeds. For regime II, at the lower substrate
temperature of Ts = −22.1 ± 0.2 ◦C, the condensate/frost layer also expands radially
from the contact line after the impinging and freezing of the mother drop. However, the
expansion stops at a very early stage of t = 90 ms, and the resultant ice coverage remains
constant, whereas the condensate/frost layer only grows thicker afterward. The final ice
coverage is only approximately 1.75 times the contact radius of the frozen mother drop, or
three times the contact area covered by the frozen mother drop. Note that this result is quite
counterintuitive, with a lower substrate temperature yielding a much smaller ice coverage.
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(b) at the substrate temperature of Ts = −15.4 ± 0.2 ◦C.

Crystals 2021, 11, x  7 of 11 
 

 

 
Figure 5. Growing dynamics of the condensate/frost region (a) and the resultant intensity profiles 
(b) at the substrate temperature of Ts = −15.4 ± 0.2 °C.  

 
Figure 6. Growing dynamics of condensate/frost region (a) and the resultant intensity profiles (b) 
at the substrate temperature of Ts = −22.1 ± 0.2 °C. 

Figure 6. Growing dynamics of condensate/frost region (a) and the resultant intensity profiles (b) at
the substrate temperature of Ts = −22.1 ± 0.2 ◦C.



Crystals 2021, 11, 691 8 of 11

By analyzing the experimental results above, we show that the ice coverage induced
by an impinging drop is much larger than the area covered directly by the frozen drop
itself. In particular, a higher substrate temperature (regime I) yields a condensate/frost
layer of the area of over one order of magnitude of that of the frozen drop. As this
condensate/frost layer consists of microdrops from the vapor emitted from the main
drop, we need to study the vapor transport kinetics to reveal the physics involved. For a
pendant mother drop at room temperature T∞, it is surrounded by its own vapor due to
diffusion-controlled evaporation. This vapor becomes oversaturated once the mother drop
approaches the supercooled substrate. Afterward, dynamic behaviors of the mother drop at
the two different regimes facilitate or hinder the vapor transfer as determined by the local
thermophysical conditions. To explain how the dynamic impact and freezing behaviors
affect the vapor transfer, we compare the magnitude of three time scales for the mother
drop: the spreading time ts, the cooling time tc, and the icing nucleation time tn. First, the
spreading time is determined by the drop size and liquid properties, ts ~ µr/σ, where µ is
the dynamic viscosity of water and r is the drop radius before impact. The magnitude of
ts is approximately 10 ms for the given parameter settings [39]. Second, the cooling time
tc can be estimated by applying the energy balance equation, tcQ ∼ ρVCp∆T, where

Q ∼ kA
T∞−Tsur f

h is the average heat transfer rate occurring at the contact area, with V
being the drop volume, Cp being the specific heat of water, ∆T = T∞ − Tsur f being the
temperature difference of the pendant main drop and the supercooled substrate, k being
the thermal conductivity of water, and A being the contact area. Introducing a geometrical

factor f (θ) =
(

sin θ
1+cos θ

)3(
1 − sin θ

3+3 cos θ

)
and the thermal diffusivity α ≡ k

ρCp
, with θ being

the equilibrium contact angle, we can obtain tc ∼ rc
2 f (θ)/α, meaning the magnitude of

tc depends on the contact angle and the contact radius [44]. Lastly, the icing nucleation
time tn can be evaluated by adopting Fletcher’s classic nucleation theory for heterogeneous
icing nucleation and assuming the foreign particle with the size approaching infinity (i.e., a
flat surface), tn ∼ 1/J and J = K exp(−∆G∗/kBT) [45,46], with J being the nucleation
rate, K being a kinetic constant, ∆G∗ being the free energy barrier for heterogeneous icing
nucleation, and kB being the Boltzmann constant. Note that J is determined largely by
∆G∗, which in turn strongly depends on the degree of supercooling. We can thus deduce
that the magnitude of tn varies drastically when the substrate temperature changes from
−15.4 ◦C to −22.1 ◦C.

After analyzing the three time scales, we can then explain the impact and freezing
behaviors of the mother drop. More importantly, we can illustrate how such drop be-
haviors affect the vapor transfer kinetics and yield the resultant ice coverage, as shown
schematically in Figure 7. For a higher substrate temperature at regime I, ts < tc < tn,
the impinging mother drop goes through a typical spread-recoil process and becomes
stabilized. Subsequently, the drop is supercooled to a temperature close to the substrate
temperature Ts, and then icing nucleation occurs at the liquid-substrate interface. Both
the bright halo and the depletion zone stem from the complete spread-recoil process. The
bright halo is caused by overlapping condensation/frosting near the maximum spreading,
and the physics were revealed in our earlier work [39]. The depletion zone is caused by the
receding contact line, which collects condensate produced in the spreading, leaving the
following newly formed condensate microdrops readily evaporated off once the mother
drop is frozen. Note that the mother drop is supercooled before icing nucleation occurs;
the freezing thus includes a rapid recalescence stage when a large amount of vapor is
released [40], explaining why the mother drop in regime I yields a much larger ice coverage.
For a lower substrate temperature at regime II, tn < ts < tc, spreading of the mother drop
is interrupted by icing nucleation, which pins the contact line. In addition, icing nucleation
occurs so fast that the remaining liquid inside the mother drop is still warm. Accordingly,
the freezing occurs isothermally, and the emission of vapor is suppressed comparing to
that of regime I. Note that once the mother drop is frozen completely, vapor emission stops,
and thus the condensate/frost region ceases to expand. The total freezing time for regime



Crystals 2021, 11, 691 9 of 11

II is much shorter than that of regime I due to an apparently larger contact area, which is
also one reason why the actual ice coverage for regime II is smaller.
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4. Conclusions

In summary, we experimentally studied the freezing of an impinging drop on the
supercooled substrate in extremely low vapor pressure, mimicking the scene of aircraft
icing. Unlike what has been reported in the literature, we placed our focus on the vapor
transfer accompanying the impact and freezing of the impinging drop. We find the actual
ice coverage induced by an impinging drop is much larger than the area covered directly
by the frozen drop itself. By comparing the two freezing regimes, we show smaller
supercooling yields a larger ice coverage due to the extra vapor emission in the recalescence
stage and a prolonged freezing time of the impinging drop. The physics revealed in this
work can benefit the rational designs of anti-/de-icing technologies that aim to mitigate
aircraft icing problems.
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