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Water droplet freezing is a common phenomenon in our daily life. In both natural
scenarios and industrial production, different surface inclinations bring distinctive defor-
mation and freezing dynamics to frozen droplets. We explore the freezing of pendent and
sessile droplets at different Bond number regimes. The effect of gravity on the droplet
freezing process is analyzed by considering droplet morphology, freezing front dynamics,
and freezing time. It is found that gravity can significantly influence droplet freezing
processes via shaping the initial droplet, resulting in the flattening or elongation of pendent
and sessile droplets, respectively. We show that the droplet initial geometry is the most
important parameter and it completely controls the droplet freezing. Despite the significant
difference in the initial droplet shape several remarkable similarities have been found for
pendent and sessile droplets at small and large Bond numbers. The final height of a frozen
droplet is found to be linearly proportional to its initial height. The time evolution of the
ice-liquid-air contact line is found to reproduce the power law %, but noticeably faster
than the Stefan 1D icing front propagation. As a consequence, the time to freeze a droplet
is faster than predicted by the Stefan model, and it is found to be dependent on the initial
droplet height and base radius through a simple power law.

DOLI: 10.1103/PhysRevFluids.7.103605

I. INTRODUCTION

Water droplet freezing is an important and commonly seen phenomenon in our daily life,
especially in cold-weather regions. This process also significantly affects many important industrial
applications. In the power delivery industry, the accumulated ice could cause damage to electrical
wires and transformers [1]. In the aerospace industry, ice formation on aircraft wings is a central
issue that may increase fuel consumption and threaten aviation safety [2]. In wind power plants, ice
accretion on wind turbine blades will drastically increase loads and reduce the system performance
[3]. On the other hand, the solidification of liquid droplets is also dominant in many additive
manufacturing processes, such as metal alloy droplet deposition [4], microdroplet 3D printing
[5], and laser welding [6]. The solidification dynamics and morphology would lead to different
microstructures and divergence of material characteristics. To further understand the mechanisms
governing this very common phenomenon, prevent undesirable ice formation, and better utilize
droplet solidification in productions, it is important to study the freezing features of water droplets.
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The freezing processes are the focus of many current studies in a broad scope. Since the first
reported shapes of freezing droplets half a century ago [7], the community has been trying to find
the conditions that would affect the droplet solidification process from many different aspects. The
substrate properties have been proved to be one of the most important aspects that would affect the
freezing process via substrate temperature [8,9] and wettability [10—14]. The environment medium
is also taken into consideration of the main factors that influence the freezing process. The still
gaseous medium is always considered as an adiabatic condition for its low thermal conductivity [15],
while the interface evolution would be greatly different when flow exists in the medium [16-19].
The properties related to the droplet itself are even much more complex. The initial conditions of
the droplet as well as the ambient condition such as humidity [20] largely determine the subsequent
process of the freezing kinetics. The supercooling [21] and impingement [9,22-24] affect the
freezing process by changing the initial properties and morphology of the droplet. Experiments
[25,26] indicate that the drop size is a critical factor that influences the heat change efficiency in
the freezing process. Different initial configurations exhibit both universality and diversities in the
freezing process [9,27]. The initial configuration of the droplet is determined by the balance of
surface tension, the intrinsic property of free liquid surfaces, and gravitational effects on Earth.
The surface tension force would change with the surface curvature and successively adapt the
droplet shape during the freezing process to minimize the surface energy [28]. The gravity puts
many restrictions on the experiments on Earth mainly due to reduced droplet size and detachment
from resolidified liquid-solid systems [29,30]. Several models are proposed to discuss the influence
of gravity on the solidification of droplets, but in such studies, the shape and thermal problems are
decoupled, and density variation is not considered [31] for simplicity. The effect of gravity in the
droplet freezing process has still not been well studied.

In this study, we mainly investigate the influence of gravity in water drops freezing on a
copper plate cooled below 0 °C. After a short description of the experimental setup and numerical
model, we qualitatively describe the freezing processes of pendent droplets and sessile droplets.
The gravitational effects on droplet morphology and freezing dynamics are extensively explored
with experimental and numerical results. Furthermore, several remarkable similarities are found
for pendent and sessile droplets, and for both small and large Bond numbers. The results present
intriguing laws for the droplet freezing process with different gravity directions.

II. METHOD

A. Experiment setup

The gravitational effect on the freezing of singular water droplets can be studied with the
experimental setup shown in Fig. 1. In the experiment, distilled water droplets are cooled on a
copper substrate. A pipette is used to create a single droplet with a certain volume in the experiment.
To better control the droplet shape, a concave outline is manufactured on the substrate to fix the
solid-liquid-vapor contact line at the droplet base. Since the concave depth is much less than the
length scale of the droplet, the influence of the structure on the freezing process can be neglected.

A semiconductor cooler is embedded in the substrate to cool the substrate. A heat exchanger
connecting to a cold reservoir is attached to the opposite side of the semiconductor to maintain en-
ergy balance. The surface temperature of the substrate is measured with a thermocouple embedded
0.5 mm beneath the upper surface. The thermocouple is connected with a PID controller to adjust
the power supply to the semiconductor cooler so that we can obtain a constant surface temperature
with a variation of less than 0.2 K. In the experiments, the substrate is cooled from room temperature
to the desired temperature after droplet deposition. The substrate cooling process takes about 3 min,
giving an average cooling rate of about 0.3 K per second. After the substrate cools, there is sufficient
time for the droplet to reach a thermal equilibrium state before the freezing initiation. During droplet
freezing, the substrate surface temperature is controlled to —10 K below the freezing temperature.
The cooling area of the semiconductor cooler fully covers the contact region of the droplet with the
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FIG. 1. Sketch of the experiment setup. The setup is flexible to turnover, thus pendent droplet and sessile
droplet can be studied with the same apparatus.

substrate; thus the surface temperature in contact with the droplet can be assumed uniform during
the freezing process.

The experiments are conducted in a highly transparent plexiglass chamber with an inner size of
8 cm x 8 cm x 8 cm and a wall thickness of 5 mm. To prevent frost formation on the freezing
substrate, the chamber is filled with pure nitrogen gas at a slight overpressure. At the beginning
of every experiment, the chamber is flushed with nitrogen gas, while the flow rate is kept to the
minimum during observations to reduce any possible disturbance to the freezing process. The
temperature outside of the chamber is consistent with the temperature of the workspace at 298 K.

The freezing process is recorded using a high-speed imaging system from the side view with
back-light illumination. The imaging system utilizing a high-speed camera (Photron Nova S12)
combined with a long-distance microscope (Zoom 6000 by Navitar) results in a maximum resolution
of 5.7 pm/pixel. With this imaging system, we can precisely acquire high-resolution images for
analyzing the droplet freezing features versus time.

B. Numerical model

Based on previous studies of the freezing process of droplets [26,31,32], a simplified phenomeno-
logical model is developed in this study. The following widely used assumptions are adopted in
the model [21,33]: First, the gas-liquid interface is assumed to be axisymmetric, and the gravity
direction coincides with the axis of symmetric of the droplet. Second, the solidification front remains
flat in the freezing process, and heat transfer in the ice layer is 1D. Third, the inner flow inside the
unfrozen liquid is negligible. Fourth, the evaporation and heat transfer at the gas-liquid interface are
neglected. Finally, the temperature of the ice-water mixture remains constant in the freezing process.
The temperature variation of density and thermal diffusivity are not considered, and the change of
properties due to the phase change is assumed to happen suddenly at the solidification front.

With these assumptions, the droplet freezing process can be resolved from mass conservation of
the liquid-solid system as shown in Fig. 2(b). The initial profile as well as surface of the remaining
liquid in the freezing process are calculated by integrating the Young-Laplace equation along the
liquid-gas interface [34]. Dilatation is considered at the freezing front by the conservation of total
mass and receding contact angle [31]. With the presence of a contact line slip at the late stage of
freezing [35], a dynamic “growth angle,” which is defined as the angle between the tangents to
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FIG. 2. (a) A schematic diagram showing the features of the simple model developed in this study to
describe the solidification process of a droplet; (b) experimental droplet profiles compared with the calculation
results from the model. The open circle and dashed line represent the initial profile measured in the experiment
and calculated from the model, respectively. The solid circle and solid line represent the final profile measured
in the experiment and calculated from the model, respectively.

the solid-gas and liquid-gas interface, is implied to the model to predict the movement direction of
trijunction. The thermal problem can be characterized by the energy conservation at the freezing
front. Due to the second assumption we make, the temperature is linearly distributed between the
substrate and the front [33], and the front propagation can be described by the solution of a one-
phase Stefan problem at the beginning of the freezing process [36]. In the later stage of freezing,
considering that the freezing front takes a spherical shape [15], the conducted heat flux is calculated
along a virtual spherical cap [as shown in Fig. 2(a), the dashed line] confirmed by the freezing front
radius and liquid contact angle to the ice. The detailed derivation of the model is provided in the
Appendix.

With the physical properties given in Table I, the calculation results are compared to experiments
to validate the reliability of this model. Figure 2(b) shows typical initial and final profiles obtained
experimentally. These data correspond to a droplet with supercooling, which is the temperature
difference between the cold wall and the freezing point, AT = T,, — T,, = 10 K and volume of
Vo = 7.8 ul in different directions of gravity. Through experiments, we can get appropriate values
of Vj to calculate the theoretical droplet profile with the model. Good agreements are found between
the theoretical and experimental results for both the initial and final droplet profile.

TABLE I. Specific values of physical properties used in the calculation.

Parameters Units Water Ice
Density kg/m? 1000 917
Thermal diffusivity mm?/s 0.132 1.176
Heat capacity kJ/kgK — 2.028
Latent heat kl/kg 3334 —
Surface tension N/m 0.0728 —
Gravity m/s? 9.81 9.81

103605-4



INFLUENCE OF GRAVITY ON THE FREEZING DYNAMICS ...

Supercooling Recalescence Freezing process Solid cooling Profiles
(@) 0.5 mm is ii.s iii.s ivs (c) 3
——

Pendent, Initial
—Pendent, Frozen|
- Sessile, Initial
2 |- Sessile, Frozen

Bo<1

0
R(mm)

Pendent, Initial
— Pendent, Frozen
- - “Sessile, Initial
Sessile, Frozen

Bo>1

0s 0.1s 83s 619s R(mm)

FIG. 3. Experimental results of pendent and sessile water droplets freezing on a cold substrate; (a, b) Side-
view snapshots for droplets at different freezing stages; (c, d) initial and final droplet profiles extracted from
(a) and (b), respectively. (a) For the Bo < 1 case, the droplet base radius is Ry = 2 mm and its initial volume is
Vo = 8.5 ul; (b) for the Bo > 1 case, the droplet base radius is Ry = 4 mm and its initial volume is Vp = 78 ul.

III. RESULT AND DISCUSSION

A. Qualitative description of the droplet solidification

As shown in Fig. 3, both sessile and pendent droplets have similar freezing processes, which can
be divided into four stages: (1) supercooling, (2) recalescence, (3) freezing, and (4) solid cooling
[21]. During this process an important shape change happens to the droplet, making a spherelike
water droplet turn into an ice cone with a sharp tip. The freezing of water droplets first starts with
supercooling. In this process, the mean temperature of the water droplet can decrease to below the
melt temperature. Then the accumulated supercooling degree is released in the recalescence stage,
leading to rapid ice crystal formation and usually accomplished within several tens of milliseconds
[17]. After the recalescence stage, the droplet turns into a mixed-phase state consisting of water-ice
mixture with temperature equal to the freezing temperature [20]. Droplet shape also changes a little
bit due to volume expansion. In the freezing stage, the ice layer starts to grow from the wall to
the droplet apex, forming a moving ice-water interface within the droplet. During the advancement
of this interface, which is also referred to as the “icing front,” the volume of the remaining liquid
decreases and its shape also changes due to surface tension effects. Finally, a sharp tip is formed at
the apex position of the droplet [15]. In the experiments, we varied the direction of gravity subjected
to the droplet by flipping the direction of the cold substrate.

Figure 3 presents the side view snapshots acquired in the experiment of a typical freezing process
at different Bond numbers for the same volume droplets at both sessile and pendent states. As shown
in Figs. 3(a) and 3(b) (i.s—iv.s), when placed on the upper surface of the cold plate, the droplet is
usually referred to as a “sessile droplet.” For a sessile droplet, the direction of gravity is opposite
to the direction of ice growth and tends to flatten the droplets on the contact solid surface. When a
droplet is suspended on the lower surface of the cold plate, as shown in Figs. 3(a) and 3(b) (i.p—iv.p)
the direction of gravity coincides with the direction of ice growth and tends to repel the droplet
away from the solid surface, known as a “pendent droplet.” The Bond number, which is defined as
A ,ongq /o, is a dimensionless parameter used to characterize the level of deformation of droplets
in a gravity field by evaluating the importance of gravitational forces compared to surface tension
forces, in which Ap is the density difference between the liquid and gas phases, g is the gravity
acceleration, D,, = (6V) /71)1/ 3 is the equivalent diameter defined with the droplet initial volume
Vo, and o is surface tension. When the Bond number is greater than 1, gravitational forces dominate
the shape of the free surface, and the droplet is deformed due to gravity. When the Bond number is
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smaller than 1, the shape of the droplet is controlled by surface tension and its shape is a spherical
cap [37].

The initial and final droplet profiles extracted from the experiment snapshots are presented in
Figs. 3(c) and 3(d). Figure 3(c) compares the results for Bo < 1 cases, where the base radius
of droplets is Ry = 2 mm and droplet volume is Vy = 8.5 uL. The results show that the initial
shape and the final shape of the sessile droplet and pendent droplet with the same base radius and
volume are very similar in this regime. This comparison indicates that for cases with Bo < 1, the
shape of the liquid-gas interface for both sessile and pendent droplets remains controlled by surface
tension during the icing and the change of gravity direction does not induce a noticeable difference.
However, as shown in Fig. 3(d), for cases with Bo > 1, both the initial and final shape of droplets
shows a noticeable difference. Here the base radius of droplets is Ry = 4 mm and droplet volume is
Vo = 78 ul. Before freezing, the pendent droplet tends to have a larger initial height and a smaller
contact angle than the sessile droplet with the same volume. The droplet thickness before freezing
is 2.5 mm and 3.0 mm for the sessile case and the pendent case, respectively, corresponding to a
significant difference of 20%. This significant difference is a result of different directions of gravity
on the free surface of the droplet. The gravity direction changes the pressure distribution inside
the droplet: according to Eq. (A1), the pressure outside the droplet being equal to the atmospheric
pressure at the droplet cusp, the pressure inside the pendent droplets is lower than in sessile droplets
at the droplet cusp due to the hydrostatic pressure distribution inside the droplet. This pressure
distribution results in smaller liquid surface curvature at the same vertical distance to the apex.
After freezing, the difference in droplet profiles becomes more distinguishable between sessile and
pendent droplets. The droplet thickness after freezing is 3.0 mm and 3.7 mm for the sessile case
and the pendent case, respectively, indicating a height difference of 0.7 mm comparing with 0.5 mm
for droplet initial shape. The difference in droplet height is further increased, and the cone shape is
more pronounced for the frozen pendent droplet.

One further fact that emerged from these observations is that for all cases we have investigated,
a similar tip structure has been observed to appear on the apex of the drop at the end of the freezing
stage. The gravitational direction obviously changes the initial geometry of large droplets (Bo >
1) and results in different frozen geometry as will be discussed in the following. However, the
formation of the icing tip is not affected by gravity direction because at the end of the icing, the liquid
volume is becoming smaller and smaller with a Bond number becoming rapidly much smaller than
1 so that the final tip shape is controlled by surface tension and independent of any gravity effect.

B. Droplet height

We now turn to the quantitative analysis of the effect of gravity direction on the final droplet
shape after freezing. As analyzed in the previous section, the gravity direction has a great influence
on the droplet shape. For Bond numbers larger than 1, the height of pendent droplets measured in
our experiments [see Fig. 3(d)] are larger than that of sessile droplets for both initial shape and final
shape. In addition, the time it takes to freeze the entire droplet is directly related to the height of
the droplet, and the freezing time is also expected to be impacted by the gravity direction. Figure 4
shows the normalized droplet heights Hy/H,,, o and H,,/H,, for sessile and pendent droplets as
a function of the Bond number. H,,, o is the equivalent droplet height defined as the height of a
spherical cap with the same volume Vj and base radius Ry, while H,, is the droplet height obtained
using the model when neglecting gravity. Both Hy/H,, o = 1 and H,/H,; = 1 correspond to the
droplet height when gravity effects are negligible. For droplets with Bond numbers smaller than 1
(droplet base radius Ry = 2 mm), the droplet volume is varied from 4.2 ul to 12.2 ul, and 6.2 pul to
18.2 ul for sessile and pendent droplets, respectively. For Bond numbers larger than 1 (droplets with
base radius fixed to Ry = 4 mm), the droplet volume is varied from 33 ul to 83 ul for both sessile
and pendent droplets. The experiment data points are averaged over a set of repeated experiments,
and the corresponding standard deviation is also presented using error bars in the figure.
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FIG. 4. Effects of gravity on droplet (a) initial and (b) final shapes for various Bond numbers. The initial
Hy and final H,, droplet heights are normalized by their corresponding equivalent height H,, ¢ and H,, (see
text), respectively. Vertical bars show £1 s.d. The horizontal black dashed line denotes the no-gravity case.
The “P” note and red on the legend mean pendent droplet, while the “S” note and blue mean sessile droplet.
Insert: the deformation strength vs the Bond number.

First, the comparison of the results between the experiments and the simple model shows a
satisfactory agreement for both the initial [Fig. 4(a)] and final [Fig. 4(b)] shapes of the droplet. This
indicates that the droplet shape is always controlled by the balance of surface tension and gravity.
Indeed, the viscous-capillary time t, = wD,, /o being several orders of magnitude smaller than the
freezing time, surface tension adjusts instantaneously to gravity.

Gravity has an increasing effect on the initial droplet height when increasing the Bond numbers as
shown in Fig. 4. For Bond numbers smaller than 1, the droplet initial shape and final shape satisfy
Ho ~ H.y o and H, ~ H,,, respectively. For an initial Bond number larger than one, the gravity
direction induces a clear effect on the droplet shape and final height. As long as the Bond number
based on the remaining liquid volume to ice is larger than one, a pendent liquid volume is elongated
in the gravity direction, while a sessile liquid volume is flattened.

To quantify the gravity impact on the freezing, we introduce the droplet relative deformation as

|Hp,s - Heql

€ps = Hy 1
where the p and s subscripts represent the pendent and sessile case, respectively. ¢, and e, are
reported in the insert of Fig. 4(a) and Fig. 4(b). Concerning the effect of deformation on the initial
shape we observe that the impact of gravity is almost symmetric comparing the sessile and the
pendent droplets, and e, ~ e,. However, when considering the final ice shape, there is a clear
difference between the sessile and pendent droplets, and e, > e,. For the sessile droplet icing
dilation and gravity deformation are acting in opposite directions, and the gravity effect is almost
compensated for droplets considered here. For the pendent droplet, the icing dilatation and the shape
elongation in the gravity direction are acting in the same way to increase the droplet final height, so
that a stronger deformation is observed, as clearly shown in Fig. 3.

We finally compare the final droplet height H,, to the initial droplet height Hy in Fig. 5. The
experiment results for all the cases, pendent and sessile droplets as well as small and large Bond
numbers, are reported. A remarkable linear relation is observed between H,, and Hj as

H, ~ 1.27H, 2

which shows a homothetic translation of the drop height during the icing. As shown in the figure, this
relation is in good agreement with both the experiment of Sebilleau et al. [20] for a water droplet
of initial volume Vy = 8.5 ul (Bond number Bo = 0.87, Hy = 1.09 mm, H,, = 1.26H,) and the
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FIG. 5. Maximum drop height H,, as a function of Hy. The black dashed line shows H,, = 1.27H, from
relation (2).

direct numerical simulation from Lyu et al. [28] of a spherical cap water drop with an initial volume
Vo = 2.09 ul (Bond number Bo = 0.34, Hy = 1 mm, H,, = 1.23H,)). This vertical translation of the
droplet height is dependent on the density ratio between the ice and the liquid so that the prefactor
in Eq. (2) is varying with the density ratio between the ice and the liquid.

C. Freezing front dynamics

To show how gravity influences the droplet freezing dynamics, Fig. 6 reports the vertical position
Z; of the ice-water-air contact line and the radius of the freezing front R, [as defined in Fig. 2(a)] as
a function of time ¢ for both sessile and pendent droplets at different Bond numbers. For Bond
numbers smaller than 1, both the sessile droplet and the pendent droplet have the same icing
dynamics. As shown in Fig. 6(a) for Bo = 1.12 the evolution of Z; and Ry is very close for the

(a) (b) |
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FIG. 6. Temporal evolution of the freezing surface contact line Z; and the freezing front radius R;. (a) Small
droplets with Bo = 1.12; (b) large droplets with Bo = 4.02. The experimental data are presented with symbols
and colors for different gravity directions and front parameters. The solution for the classic Stefan problem
z(t) = 2x/a;t, shown with the black dashed line, is determined with the same freezing conditions.
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FIG. 7. Front height Z; as a function of freezing time 7, corresponding to the case presented in Fig. 6. The
red and circular marker represents the pendent droplets, while the blue and square marker represents the sessile
droplets. The dashed lines with slopes of 0.5 are to guide the eye. Insert shows a zoom of the front propagation
at the end of freezing processes for droplets whose Bond number is 4.02.

two cases. Due to a liquid spherical cap shape controlled by surface tension, the front propagation
and shape evolution for pendent and sessile droplets are similar in the entire freezing process, which
further supports the idea of the limited effect of gravity in the freezing of droplets at small Bond
numbers.

However, for Bond numbers larger than 1, the dynamics of the icing are different when
comparing sessile and pendent droplets. This is clear in Fig. 6(b) when the case Bo = 4.02 is
reported. Pendent droplets have larger droplet heights than sessile droplets due to gravity-induced
deformation, and as a consequence, the total freezing time for a pendent droplet is longer than that of
a sessile droplet. Surprisingly, despite a different freezing time, the position Z; of the ice-water-air
contact line follows the same evolution for the two cases. The time evolution of the freezing front
radius R; indicates that the radii of the freezing fronts also exhibit noticeable difference between
sessile and pendent droplets, a direct consequence of a difference in droplet shape between the
two cases. Figure 6 also shows comparison with the Stefan solution corresponding to a 1D front
propagation as

2(t) = 2n(et)°?, 3)

where «; is the thermal diffusivity of the solid phase and A is a parameter determined by the Stefan
conditions [28]. The Stefan solution can describe the experimental evolution at the beginning of the
icing for both small and large Bond numbers. But a clear difference is then observed during the
icing. As observed, the freezing is faster than the Stefan 1D solution for both small and large Bo
cases. The departure happens at about 2 sec after the initiation and gradually deviates in the later
stage of the freezing process. As observed, the freezing is faster than the Stefan 1D solution. For
a detailed inspection of the difference with the Stefan evolution, the evolution processes of Z; are
reported using a log-log plot in Fig. 7. As shown, Z, follows the same power-law evolution as given
by the 1D Stefan solution (3) for both sessile droplets and pendent droplets:

Zp ot 4)

This result is consistent with most of the results from the literature. However, we observe here
that the prefactor is larger than the one given by the Stefan solution (3). This difference is clearly
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FIG. 8. Relation between the droplet freezing time ¢, and droplet shape. (a). The final droplet height H,,
is normalized using Ry to eliminate the influence of different base radii while f,, is normalized using the
Stefan and Fourier numbers according to Eq. (2). The dashed line with slopes of 0.60 corresponds to Eq. (7)
with C = 2.1 and the dashed line with slope 0.5 is to guide the eye. (b). Measured freezing time vs predicted
freezing time. The dash line with a slope of 0.43 represents the value predicted with Eq. (8).

identified from the plot. Very interestingly, all the cases considered, small and large Bond numbers
as well as sessile and pendent droplets, are following the same evolution. Thus, faster icing dynamics
cannot be attributed to any gravity effect on the droplet shape. Such a difference was recently
discussed in Refs. [20,28,38]. This fast evolution can be partially attributed to the constriction of the
heat flux in the droplet during the freezing process. The based radius in contact with the cold surface
remains constant while the icing front surface is decreasing. In addition, the ambient humidity
has been shown to significantly impact the icing kinetics because of either condensation at the
droplet surface reducing the ice front propagation or evaporation at the droplet surface increasing the
solidification process. Here the use of nitrogen to prevent frost formation on the freezing substrate
results in some evaporation at the droplet surface. Thus the faster icing kinetics observed here is
attributed to a combination of droplet geometry and water evaporation at the droplet surface.

D. Droplet freezing time

We finally consider the freezing time ?4,., i.e., the required time to completely freeze the droplet.
From the 1D Stefan solidification solution given by Eq. (3), t7,. can be related to the final drop
height as

Hy = 20 (et ). (5)

When the temperature of the liquid equals the freezing temperature as a result of the recales-
cence and when the latent heat L is much larger than the sensible heat contribution, it yields
A = /c;AT /2L where c; is the ice heat capacity. Introducing the Stefan number St = ¢;AT /L and
the Fourier number Fo = kits,./c; piR(z), with p; the ice density, to normalize the freezing time ¢4, in
Eq. (5), the normalized final drop height is expected to evolve with the normalized freezing time as

(6)

Figure 8(a) reports the evolution of H,,/Ry as a function of St x Fo for all the experiments. The
droplet freezing times and initial heights are obtained in 62 independent freezing experiments with
ten different Bond numbers, for sessile and pendent droplets. The experimental points all collapse
on a single curve showing no significant effect of gravity. A clear power law is also observed but
with an exponent o« = 0.60 larger than the one given by the Stefan solution according to Eq. (6).
From Fig. 8(a), a relation can be proposed to relate the height of the iced drop H,, and the freezing

H,,/Ry  St'/? Fo!/2,
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time as
H,,/Ry = C St*° Fo® (7

with the value C ~ 2.1 obtained by fitting the experimental points. The difference with the 1D
Stefan problem is related to the geometrical constriction of the liquid remaining to ice when pushed
by the dilatation induced by the water solidification, but also to the operating conditions related to
the recalescence stage and water evaporation at the droplet surface in the ambient nitrogen [20].
Combining relation (7) with relation (2) between H,, and Hy, the freezing time can be expressed as
a function of the initial drop height and base radius as

ol 5313
trr, 043 —— H'7 R,)/". 8
Ire kAT 00 ®
As shown in Fig. 8(b), this simple relation allows determining the freezing time as a function of
the prior known parameters. In particular the freezing time is shown to increase as R(l)/ 3 Hg 3 for
both sessile and pendent droplets, large and small Bond numbers. Thus, the longer time required to
freeze a pendent droplet compared to a sessile droplet of the same volume is completely taken into

account by considering their initial geometry.

IV. CONCLUSIONS

The effect of gravity on water droplet freezing on a cold solid surface has been investigated. The
experiments with pendent and sessile droplets have been conducted for Bond numbers smaller and
larger than unity. For Bond numbers smaller than unity, the freezing process of sessile and pendant
droplets is not affected by gravity because the shape of the liquid part of the droplet is controlled
by surface tension during the entire freezing process. For Bond numbers larger than unity, gravity
modifies the initial shape of the droplet: sessile droplets are flattened while pendents droplet are
elongated. It results in a longer time to ice for a pendent droplet than for a sessile droplet. Despite
these differences in the initial droplet shape, several remarkable similarities have been found for
all the configurations, pendent and sessile droplets, small and large Bond numbers. (1) The final
height of a frozen droplet is found to be linearly proportional to its initial height H, = 1.27H,.
(2) The time evolution of the ice-liquid-air contact line is found to follow the classical power law
173, thus noticeably faster than the Stefan 1D icing front propagation because of the effect of the
initial recalescence and water evaporation at the droplet surface. (3) As a consequence, the time
to freeze a droplet is faster than predicted by the Stefan model, and it has been found to evolve
as tp, X HO5 3 R(l)/ 3. Thus, the initial geometry of the droplet is completely controlling the icing
process.
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APPENDIX: DESCRIPTION ON THE SIMPLE MODEL

Based on previous studies, we have proposed a simplified model here. The geometry calculation
in the model is first inspired by Refs. [31,32], and the heat transfer calculation is optimized by
correcting the heat flux in the later stage of freezing. The detailed descriptions on this model are
given in the following parts.
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1. Liquid shape

For a droplet in the gravity field, the droplet shape is determined by the balance of the gravity
and surface tension. The gravity causes a downward positive pressure gradient inside the droplet.
However, with different deposition directions, the gravity has different effects on the droplet shape.
For any point on a free surface of the water droplet, the curvature « can be described by the Young-
Laplace equation as shown below:

=Ko+ 2287 (Al)
o

Here the choice of sign = is related to the direction of gravity, the plus sign for sessile droplets, and
the minus sign for pendent droplet. oy is the liquid density, ko refers to the curvature at the droplet
apex, z is the vertical distance to the droplet apex, and o is the surface tension for the water-air

interface. Normalized by the capillary length [ = /pog, then Eq. (A1) can be rewritten as
K= kp (A2)

with k* = k1, z* = z/l. As shown in Fig. 2(a), integrating Eq. (A2) with the arc length s along with
the liquid-gas interface from the droplet apex to the droplet base, the equation can be solved by
introducing the tangential angle ¢ between arc length and horizontal line [34].

2. Freezing stage

According to the conservation of mass at the solidification front Z = Z;. The radius and remain-
ing volume follows the relation as

dR; b4

= tan(3 — ¢+ ). (A3)
av
— = —7pR>. A4
17 T OR; (A4)

The sketch of the drop is shown in Fig. 2(a), where R; is the radius of the front, Z is the axial
coordinate, V is the remaining liquid drop volume, ¢ is the angle between the flat solidification
front and the liquid interface at the trijunction point, ¢; is the dynamic growth angle referring to the
angle between the tangential lines of gas-liquid interface and gas-solid interface, and p = p;/p; is
solid to liquid density ratio. The initial conditions are

Ry(0) = Ry, V(0) = Vo, (A5)

where Ry is the radius of droplet base, and Vj is the initial volume of the droplet. When the above
equation is normalized by ry = R;/Ry, 2 = Z/Ry, and v = V/Rg, we can obtain the dimensionless
differential equations at the icing front z = zy as

dr; T

¢ (— - ) A6

iz an( b+ (A6)
dv 2
e (A7)
dz

with the appropriate initial conditions:
rs(0) =1, v(0) = vo. (A8)

The ¢ is determined by the shape of the remaining liquid droplet, which can be derived from
Eq. (A1) with given base radius r = ry and remaining volume v. As shown in previous studies, the
contact angle between frozen and liquid water can be influenced by the conditions at the contact line
[22]. With the flat ice front assumption, the ice profile growth does not always follow the tangential
direction of the liquid-gas interface [32]. When the liquid contact angle ¢, exceeds the critical
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receding angle, the dynamic growth angle ¢; is nonzero, which is determined by the conditions at
the trijunction line. The contact line slips at a speed Uy, which follows the geometrical relation as

shown in the figure:
U, = U( : : ) (A9)
" \antgr — 9 an(gp))’

where Uy is the solidification front advancing speed. The slip speed is also associated with the
contact angle, and the relation between them is given by [32,33]

19 =2 (4. >4,
U, = oy, , (A10)
0 (¢f < ¢r)

where 7 is the characteristic slip velocity related to the solidification rate at the freezing front and
¢, is the critical receding angle. The energy balance at the freezing front can be described as

dt z

Though the flat solidification front is observed in some experiments at the beginning of the icing,
the ice front is not flat near the interface, and at the end of the icing the front is more like a spherical
cap [15]. Considering the actual shape of the solidification front, in the later freezing process, the
actual area that brings heat away from the remaining liquid is increased when compared with a
flat interface. For simplicity, two-stage approximation is usually applied to models to simulate the
unique change in front shape [39]. In this model, the heat transfer area is regarded as a spherical cap
once the ice layer thickness exceeds #, the height of the corresponding spherical cap. The critical
height is given by & = ry(1/sing. — cos¢. ), where r; is the ice front radius and ¢, is the base angle
of the spherical cap ¢. = /2 — ¢. Thus the effective heat transfer area can be expressed as

s nr? (zr < h)
2n2 —sing)] @ = h)

where r. = r;/cos(¢y) is the radius of curvature for the spherical cap. Thus the relation between the
solidification front height and the freezing time can be given by

- kAT
nrip—* =/—dA. (A1l)

(A12)

’ kAT ( "

- 7 <

de priLm /

— = (A13)
dt 2k; AT

°f >h
rsco8(¢ ) piLlm n(Zf + re[sin(¢y) — 1]) & >4

Combining these equations, we can obtain a simple model that can be used to describe the
dynamic process of droplet freezing in different gravity conditions. With a given set of conditions
droplet volume, base radius, and direction of gravity, the initial droplet shape can be calculated.
The equations give different solutions for the initial droplet profile with different gravity directions.
Then the initial droplet profile, as well as the droplet volume and base radius, are used as input
parameters of the calculation for freezing. In the freezing stage, the droplet can be divided into two
parts: the ice part and the remaining liquid. Both of them are coupled with the evolution of the
liquid volume v. The shape of the ice part is determined by the previously calculated evolution of
the height of the freezing front and the radial distance r, of the ice-water-air contact line, while
the shape of the remaining liquid is updated at each time step of the calculation according to the
remaining liquid volume v and front radius r,. The prediction of the critical receding angle ¢, is
based on the inflection point in the droplet profile [32]. Thus we can regard ¢, as a variable related to
the initial contact angle ¢y as ¢, = &g, for different droplets in the calculation. With the conditions
confirmed by the initial shape and prediction of the inflexion point, it is found that = 1.1 mm/sis a
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reasonable value for all the experiment cases, and & = 0.5 agrees well for most cases while £ = 0.8
for the pendent droplet with a base radius Ry = 4 mm contact with the substrate. Equations (A6),
(A7), and (A13) are integrated using a fourth-order Runge-Kutta scheme. For the stop criteria of the
numerical resolution, the integration procedure stops at v = € (¢ = 1 x 107% « 1 in this study).
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