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Bubble formation in freezing droplets during icing and condensation frosting

Fugiang Chu, Shaokang Li, Haichuan Jin, Jun Zhang, Dongsheng Wen*
School of Aeronautic Science and Engineering, Beihang University, Beijing 100191, China

Abstract

Freezing of water droplets on solid surfaces has been focused for many years, but there are still some significant
mechanisms unrevealed. Here, we reported that bubble formation phenomenon always occurs in freezing droplets,
regardless of millimeter sessile droplets or micro-scale condensed droplets. In the second stage of freezing (the
first stage is nucleation), air dissolved in liquid water is separated out in the ice front, forming many isolated
bubbles. As the ice front grows upwards quickly, these old bubbles are entrapped in ice before they could float up
and new bubbles form. We also proposed a theoretical model to elucidate the relationship between bubble
formation and its influencing factors, mainly including the gas solubility, the subcooled degree, the freezing time,
as well as the droplet size and the surface contact angle. Due to the bubble formation, the final ice droplet is
actually a porous media rather than solid ice. According to our measurements, the bubble volume fraction in an ice
droplet is as large as 6%. These results may bring some new changes in anti-icing/deicing techniques, such as
more accurate assessment of ice quantity and ice adhesion.

Icing phenomenon is ubiquitous in nature and industry. When the ambient temperature is below the freezing
point, icing of a water droplet occurs. In most instances, icing is undesired and causes numerous problems, such as
reduction of the crop production in agriculture [1], threaten to the flight safety in aviation [2], and heat transfer
deterioration in heat exchanger systems [3]. Thus, to avoid the hazards of icing, icing mechanisms and anti-icing
technologies have received considerable attentions over the past decades. Researchers have figured out the ice
nucleation physics (homogeneous nucleation at liquid-free interface or heterogeneous nucleation at solid-liquid
interface) under humidity or gas flow environments [4,5], investigated the freezing front growth and droplet shape
evolution features [6,7], and revealed the pointy tip formation mechanism at the later stage of icing [8,9]. Some
unique phenomena or behaviors during icing like frost halo [10], dry zone [11], droplet trampolining [12], droplet
fragmentation and bursting [13,14] are also focused with their mechanism explained perfectly. Besides these
studies on icing, many anti-icing methods are proposed to suppress the ice accretion, one of which is the
application of nanoengineered surfaces. Researchers fabricated numerous surfaces with various structures and
wettability and used them to delay the ice nucleation [15-17], reduce the ice adhesion [18,19], and even self-clean
subcooled droplets or melting frost [20-22], and have achieved expected results.

However, there are still some significant phenomena unfocused. For example, although one may have
observed tiny bubbles trapped in ice cubes frozen in fridges [23] or big bubbles embedded in natural pond ice [24],
nobody really notices and attaches importance to the bubble formation in an icing droplet. Because of the
peculiarity of the droplet icing dynamics, bubble formation in a small icing droplet is more fascinating but also
more complicated compared with that in bulk ice. In this letter, we conducted icing and condensation frosting
experiments and demonstrated that bubble formation phenomenon is universal in icing droplets (the average
bubble volume fraction in ice droplets is up to 6%), regardless of the millimeter sessile droplets or micro-scale
condensed droplets. Via a well-designed re-icing process, we clearly observed the bubble formation in the ice
front and explained its mechanism. Then a theoretical model coupled with the droplet freezing physics was
proposed to elucidate the relationship between the bubble formation and its influencing factors.

In this work, two kinds of Al-based surfaces were used as the experimental surfaces with surface S1
fabricated by the chemical etching—deposition method [25] and surface S2 fabricated by the chemical etching
method [26] (See Fig. S1 in supplementary materials [27] CNSZEM K} i BH) for the two surfaces’ SEM images).
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At room temperature (20°C), both S1 and S2 are superhydrophobic, but when the test droplets are subcooled
under the icing conditions, the two surface CAs decrease. This is mainly due to the capillary condensation and
thin water film formation adjacent to the triple phase line [28]. Table 1 shows the detailed CA measurement results
for S1 and S2 at both room and subcooled temperatures, where the standard deviations are based on five
measurements. Then we conducted icing experiments and condensation frosting experiments (See Fig. S2 in
supplementary materials for the schematic of the experimental system). In the icing experiments, we used
millimeter sessile droplets (deionized water without degas processing) of 1 pL, 2 pL, and 4 pL volume; in the
condensation frosting experiments, the condensed droplets are micro-scale with various sizes. During the
experiments, the lab temperature was measured to be 20.0+1.0°C with a relative humidity range from 20% to 40%.
The cold surface temperatures were —20.0+0.1°C for surface S1 and —15.020.1°C for surface S2 (See Fig. S3 in
supplementary materials for the temperature and humidity variations during the experiments).

TABLE 1. Experimental surfaces and droplets
Surfaces CA (20°C) CA (Subcooled) Droplets
Sessile droplets (1 puL, 2 pL, 4 pul)
and condensed droplets
Sessile droplets (1 puL, 2 pL, 4 pul)
and condensed droplets

S1 159.1£1.6° 147.2+1.2° (-20°C)

S2 151.7£1.7° 129.0+1.7° (=15°C)

Icing of a droplet usually experiences two stages including nucleation/recalescence and freezing, where the
former is a very rapid, kinetically controlled process, and the latter is a heat transfer controlled process [4]. Figure
1(a) shows a typical icing phenomenon of a sessile droplet (2 pL droplet on S1) from top-view, where we can see
the nucleation/recalescence and the onset of freezing very clearly. What is surprising is that, after the onset of
freezing, many tiny bubbles begin to appear, and when the whole droplet is frozen, one can see dense spots
distributed on/in the top-view droplet (See supplementary video S1). These spots are bubbles whose size is of 10
um scale. Figure 1(b) shows the deicing process of the ice droplet in Fig. 1(a) from top-view. From the partial
enlarged drawings, one can see many tiny bubbles surrounding or embedded in the unmelted ice cover. Even when
the ice melts completely, these bubbles exist for a period (See supplementary video S2). The side-view images in
Fig. 1(c) also clearly shows the fast-moving bubbles around the unmelted ice cover (See supplementary video S3).
These images in Fig. 1(b) and (c) are strong evidences of the bubble formation in icing droplets.
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FIG. 1. (a) Direct observation of bubble formation during freezing of a sessile droplet from top-view. In the
second stage of freezing, air dissolved in subcooled water droplet dissolves out due to water-ice phase change,
forming isolated bubbles of micron scale. The partial enlarged drawing shows these bubbles more clearly. (b)
Indirect proof of bubble formation in freezing droplets via observing its melting process of an ice droplet from
top-view. From the partial enlarged drawings, one can see many tiny bubbles surrounding or embedded in the
unmelted ice cover. Even when the ice melts completely, these bubbles exist for a period. (¢) Indirect proof of
bubble formation in freezing droplets via observing the melting process from side-view. Many bubbles surround

the unmelted ice cover, moving quickly.

Bubble formation not only exists in the process of icing of millimeter sessile droplets, but also occurs in
micro-scale condensed droplets during condensation frosting. Figure 2(a) shows the condensation frosting process
on surface S1 (See supplementary video S4). From the partial enlarged drawing, one can see the differences
between the ice droplets behind the frost front and the water droplet ahead. There are entrapped bubbles (dark blue
dots in the images) in the ice droplets, while the water droplets are limpid. Similarly, observe the defrosting
droplets shown in Fig. 2(b), the bubbles embedded in the unmelted ice are also proof of the bubble formation in
icing droplets during condensation frosting (See supplementary video S5).
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FIG. 2. (a) Direct observation of bubble formation in freezing droplets during condensation frosting. From the
partial enlarged drawing, one can see the differences between the ice droplets behind the frost front and the water
droplet ahead. Those tiny, dark blue dots are bubbles entrapped in ice droplets. (b) Indirect proof of bubble
formation in freezing droplets during condensation frosting via observing the defrosting process. The partial
enlarged drawing shows clearly that there are many bubbles (blue dots) embedded in the unmelted ice covers of
droplets.

From Figs. 1 and 2, we demonstrated that the bubble formation phenomenon is universal in icing droplets,
regardless of the droplet scale, millimeter scale or micro-scale. In addition, we deduced that the bubble formation
also exists in the icing process of impacting droplets [29], though we did not conducted related experiments. As
known, water can dissolve a certain volume of air (for example, 1000 ml water at 0°C can dissolve about 30 ml
air), so when the water solidifies into ice, the dissolved air has to dissolve out, forming bubbles in solid ice. To see
the bubble formation in icing droplets more clearly, we designed a re-icing process, which means refreezing a
partially melted ice droplet (like those shown in Fig. 1(b) and (c)) before the ice in the droplet melts completely.
As mentioned above, the first stage of a pure water droplet icing is nucleation/recalescence, which could make the
droplet appear clouding [4]. As a result, it is hard to see how the bubble forms in an icing droplet. However, the
re-icing process is different. Because of the existence of ice, the re-icing process does not experience the clouded
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recalescence stage, so droplet keeps transparent in the freezing stage. Figure 3(a) shows two images during the
re-icing process. As seen, the re-icing droplet is transparent that one can see the ice front clearly, as well as the
bubbles separated out from the ice front (See supplementary video S6). Because the rising speed of bubbles is
smaller than the ice front speed, old bubbles are entrapped in ice before they could float up and new bubbles form,

until the droplet is frozen completely.

Bubbles

FIG. 3. (a) Bubble formation mechanism determination through a controlled re-icing process of a partially melted
ice droplet. During the re-icing process, the unmelted ice provides enough nucleation sites, so heterogeneous
nucleation at the solid surface-liquid interface does not occur, and the clouding phenomenon due to recalescence
does not appear either. Therefore, the bubble formation mechanism is observed more clearly that bubbles are
separated out in the ice front, and as the ice front grows upwards, old bubbles are entrapped in ice before they
could float up and new bubbles form, until the droplet is frozen completely. (b) Schematic of bubble formation in
freezing droplets. Assuming that the ice front is flat, and the bubble is incompressible and will not spill into the
surrounding air. Water evaporation during icing is also neglected. In the schematic, /4 is the ice front height, d4 is
the moving distance of ice front during dz time, and r is the ice front radius; R is the curvature radius of the droplet,
b is the base radius of the droplet and 5/=Rsinf, where 6 is the surface contact angle.

To assess the bubble formation rate and determine its influencing factors, a theoretical model coupled with
the droplet icing physics was proposed. In the model, we assume that the ice front is flat, and the bubble is
incompressible and will not spill into the surrounding air (the bubble volume is conservative). Water evaporation
during icing is also neglected (the water volume is conservative). As shown in Fig. 3(b), after infinitesimal time,

dt, the ice front move up d#, then solidified water volume, dVyater, 1S calculated as

dv.

water

=v(1-)zr’dh (1)

where v is the ratio of ice and water densities; £ is the bubble volume fraction in ice, and assume S is constant
everywhere; r is the radius of the ice front. Considering the conservation of water and bubble volumes, bubble
volume fraction, £, has a relation with the air solubility in water, a. That is a=/»v(1-p). So, released bubble

volume during dt time is written as

-1
AV, e :(1+$) zridh (2)

According to literature [30], when assuming the ice front is flat, the relationship between the ice front height, 4,
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and the time, 7, can be derived as A= (2BATY) *3, where B=Aice/piceLm; AT is the subcooled temperature; Aice and pice
are the thermal conductivity and the density of ice, respectively; L is the latent heat of water solidification. So,

1
dh BAT \2
== _j (3)
dr 2t
According to Marin et al. [8], at the later stage of freezing or for the droplet on hydrophilic surfaces, dr?/d=—BAT.
With the boundary condition that =0, r=b, 7 is derived as

r’ =2BATt+b* (4)

where b is the base radius of the droplet. b is also related to the curvature radius of the droplet, R, and the surface
CA, 6. That means b=Rsiné. Thus, substituting Egs. (3) and (4) into Eq. (2) gets the bubble formation rate in icing
droplets on hydrophilic surfaces,

dr va t

For the droplet on hydrophobic surfaces, a critical time, foi = R2c0s’6/2BAT, when r=R should be considered. Thus,

1
1 Z
M:;{HLJ {(-2BATt + R’ sin’ 9)-(%)2 (5)

the bubble formation rate in icing droplets on hydrophobic surfaces is

1
,] 5
V4 1+L -(2BATt+stin29)- % , 1<t
dvb bbl va 2
&V bubble _ (6)
dr -1 >
ﬂ(nij -(—2BATt+ 2R* —R’*sin’ .9)-(%}2 , >ty
va 2t

According to Egs. (5) and (6), the bubble formation rate in icing droplet is related to the air solubility, a, the
subcooled temperature, AT, the droplet curvature radius, R, the surface CA, 6, as well as the time, ¢. Figure 4
draws these relations. As Fig. 4(a) shows, the bubble formation rate increases with increasing air solubility
(actually, the increasing is approximately linear). Figure 4(a) also shows the variation of the bubble formation rate
versus time. On a superhydrophobic surface with a 150° CA, the bubble formation rate first decreases quickly, and
then increases slowly until the ice front radius reaches the maximum value. After that, the bubble formation rate
continues to decrease until the droplet is frozen completely. From Fig. 4(d), with different CAs, the variations of
the bubble formation rate versus time are different. When CA is 90°, the bubble formation rate decreases
monotonously; when CA is 130°, the bubble formation rate also decreases but has a turning point. These results
are all attributed to the droplet icing physics. Figure 4(b) shows the relation between the bubble formation rate and
the subcooled temperature. As seen, the subcooled temperature mainly affects the variation gradient and the
location of the turning point (if CA >90°). In addition, it should be noted that, in Fig. 4(b), the areas enclosed
between the bubble formation rate curves and the x-axis are equal, which indicates that the subcooled temperature
does not influence the total bubble volume. Figure 4(c) shows the relation between the bubble formation rate and
the droplet curvature radius. As seen, although these bubble formation rates are different, they are actually
self-similar for different droplet curvature radii.
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FIG. 4. Relations between bubble formation rate and (a) gas solubility, a, (b) subcooled degree, AT, (c) droplet
curvature radius, R, (d) surface contact angle, 6. When discussing one parameter’s influence, other parameters are

set constant.

To assess the bubble volume fraction in an ice droplet, we extracted the profiles of the water droplet and the
ice droplet, as shown in Fig. 5(a), and then performed integrations along the y-axis to get the droplet volumes,
Viwater and Vice. Thus, the bubble volume fraction in an ice droplet is equal to 1— Viyater/VVice, Where v is the density
ratio of ice and water, which takes a value of 0.92. Figure 5(b) shows some results for the droplet icing on surfaces
S1 and S2. The average value of bubble volume fraction is 6.10% with a standard deviation of 1.67%. That means
that the ice droplet is actually a porous media rather than solid ice with a bubble volume fraction as high as 6%.
This may change our previous perception, and may also bring some new changes in anti-icing/deicing techniques,

such as more accurate assessment of ice quantity and ice adhesion.
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FIG. 5. (a) Calculation method of water droplet volume, Vyater, and ice droplet volume, Vic.. The droplet profiles
are extracted first and then integrations are performed along the y-axis to get the droplet volumes. The bubble
volume fraction in an ice droplet is equal to 1— Vyater/vVice, Where v is the ratio of ice and water densities. (b)
Bubble volume data in ice droplets on surfaces S1 and S2. The average value of bubble volume fraction is 6.10%
with a standard deviation of 1.67%.

6 /7



In summary, we demonstrated the bubble formation phenomenon in freezing droplets from micro-scale to
millimeter scale, which lacks concern in previous literature. According to our measurements, the average value of
bubble volume fraction in ice droplets is as high as 6%. Via a designed re-icing process, we clearly observed the
bubbles are dissolved out from the ice front in an icing droplet, and then proposed a theoretical model coupled
with the droplet icing physics. Based on the model, the bubble formation rate and its relationship with the main
influencing factors (the gas solubility, the subcooled degree, the freezing time, the droplet size and the surface
contact angle) were determined. This work may bring new perception that the ice droplet is actually a porous
media rather than solid ice, and produce positive influence in related engineering fields such as anti-icing and
deicing. However, about the bubble formation in icing droplets, this work is just the beginning; there are still
many points to be concerned, such as bubble size, shape, distribution, etc.

This work is supported by the National Postdoctoral Program for Innovative Talents (No. BX20180024).
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