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Abstract Supercooled large droplet (SLD), which can cause run-back ridged
ice, will affect the aerodynamic performance of aircraft and poses a serious
threat to aircraft safety. However, there is little knowledge about the abnor-
mal run-back icing mechanism, which is vital for the development of aircraft
anti-icing technologies. The flow and freezing of supercooled droplet impinging
on inclined surface can help us better understand the run-back icing of SLD,
especially the coupling of water flow and phase change in the freezing process.
This paper experimentally investigates the freezing behavior of supercooled
water droplet impinging on inclined surface. By observing the processes of
water flow, ice formation and growth with a high-speed camera, the overflow
distance and the freezing time are recorded with different temperatures. Dif-
ferent from previous discoveries that droplet freezes as the form of two smaller
droplets on an inclined surface, we found two new frozen morphologies un-
der the condition of short nucleation time: ellipse and slender strip, when the
supercooling is high and low respectively. The overflow distance and freezing
time will increase with the decrease of ice growth rate, when supercooling
decreases. And the freezing time will increase dramatically when the super-
cooling is low enough. Finally, the mechanism of run-back freezing of droplet
based on nucleation and icing evolution is discussed. Droplet impact on the
inclined surface will result in large overflow distance when it nucleates after
its retraction stage.
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1 Introduction

Aircraft icing is one of the serious threats to aircraft safety. The run-back
ridged ice on wing surface, which is caused by supercooled large droplet (SLD),
can change the aerodynamic shape of aircraft and seriously affect flight safety
[1,2]. Although investigations have been carried out to understand the impact
freezing of supercooled large droplet, the mechanism of run-back freezing of
SLD is not well understood yet, and it can not satisfy the development of anti-
icing technologies. Therefore, it is necessary to study the run-back freezing of
supercooled droplet to better understand the icing accretion on aircraft.

Current studies on droplet freezing are mostly based on droplet impinging
on horizontal surfaces. For instance, S. Tabakova and F. Feuillebois [3] modeled
the solidification of a supercooled droplet as a one-phase Stefan problem, and
solved numerically with an implicit finite-difference technique. Zhao et al. [4]
numerically studied the impact and freezing of a droplet based on a newly
developed triple-phase lattice Boltzmann method, and analyzed the effect of
droplet velocity and temperature as well as surface property. In addition to
these numerical simulations [3–7], many researches have also been done on
droplet impact freezing experimentally.

Yang et al. [8] experimentally studied the freezing mechanism of super-
cooled droplet impinging on cold metal surfaces. The phenomena of instanta-
neous and non-instantaneous freezing of supercooled impinging droplet were
identified and the conditional boundaries for these two kinds of freezing were
found statistically. Xu et al. [9] investigated the shape changes of droplet im-
pacting on a cold surface with a high-speed camera, and found that higher
impact velocity expands the spreading diameter and promotes the retraction.
Jin et al. [10,11] reported the observations of the freezing processes of wa-
ter droplets on an ice surface, and their results showed once the droplet ini-
tial height is increased, the maximum spreading factor will increase while
the height of the ice bead reduces significantly. Zhang and Liu [12] classified
three types of freezing characteristics: spreading-freezing, recoiling-freezing
and finishing-freezing through phenomenological reproduction. Besides, a phys-
ical explanation of unsteady heat transfer process was proposed theoretically
based on the close-coupling between impact dynamics and phase change, which
results in the rapid freezing of supercooled large droplet impinging onto sur-
face. Wang et al. [13] found that droplet nucleates in different dynamic stages
will freeze in different shapes: basin, pancake and semisphere, corresponding
to instantaneous freezing, noninstantaneous freezing and quasi-static freezing
respectively.

However, physics with the run-back freezing of SLD is more similar to im-
pact freezing of supercooled droplet on inclined surface rather than horizontal
surface. Although many researches have been carried out on water layer flow
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on inclined surface [14–18], the mechanism of water flow and phase change in
the freezing process of droplet on inclined surface is not well understood yet.

Jin et al. [19,20] experimentally investigated the impact and freezing pro-
cesses of a water droplet on different inclined surfaces and surfaces with dif-
ferent inclined angles. The results show that the increase of droplet size leads
to the increase of spreading time, spreading maximum diameter, gliding maxi-
mum diameter and maximum displacement of foremost point [19]. The inclined
angle of surface was found to have an apparent influence on the spreading time,
and the water droplet would split into two smaller droplets once the inclined
angle of the surface was high enough (e.g. 60.0o) [20]. However, the droplet in
their experiment is room-temperature rather than supercooled, the icing the-
ory of which is different from that of supercooled water. Besides, the coupling
of water flow and phase change is not considered in their research.

In conclusion, the impact freezing of supercooled large droplet on inclined
surface is not well understood yet, which is helpful for the understanding
of run-back icing of SLD. This work experimentally investigates the freezing
process of supercooled droplet impinging on inclined copper. By observing
nucleation and icing of supercooled droplet, the law of overflow distance and
freezing time are analyzed, and the mechanism that nucleation and ice growth
affect droplet impact freezing is discussed.

2 Experimental setup and conditions

The experimental setup of our research group [13] is adapted in this paper to
observe the freezing process of supercooled droplet impact on inclined surface.
As shown in Fig.1, the experimental setup consists of five components: the
cooling circulatory system, supercooled droplet generation system, tempera-
ture measurement system, impact surfaces and the observation system.

The refrigerating water bath (AP15R-30-A12Y, PolyScience) can provide
cooling liquid as cold as -20◦C that circulates between the upper and lower
chambers, to cool down droplet generator and impact surface respectively.
The droplet generator is composed of a micro pump (LSP02-1B, Longerpump,
Ltd.) and a nozzle made from Teflon tube. By adjusting injection volume and
nozzle size, the droplet diameter can remain constant. Thermistors (PT100,
Heraeus) are attached on the side of impact surfaces and the tip of droplet
generator to measure the temperatures, as shown in Fig.1. The impact surface
is copper with the inclined angle of 60o. It is nickel electroplated and mirror
polished to enhance the reflection of surface, and then the ice on surface can
be clearly identified. The 1µm thick layer of hydrophobic coating is applied
uniformly on the surface of copper and the contact angle of droplet on the
surface is 121.8o. A high-speed camera (Phantom VEO710, Vision Research
Inc, USA) is used to record the whole freezing process of droplet impinging on
the inclined surface. A spectroscope is fixed in front of the camera lens and a
LED light is placed on the side of camera to provide a better observable light
environment.



4 Mingming Sun, Weiliang Kong, Fuxin Wang, Hong Liu

Fig. 1 Schematic of the experimental setup

During the experiment, the temperature and relatively humidity of labora-
tory are kept at 16◦C±2◦C and 56±4% respectively to minimize the influence
of experimental fluctuation. The drop passage is constant as 66cm, and droplet
impact velocity is 3.6m/s with the error less than 0.03m/s. The droplet is re-
garded as a sphere before it impact on surface and its diameter in this experi-
ment is 2.8±0.5mm. The temperature range of droplet is −5◦C∼−15◦C, with
the measurement error less than 0.1◦C. Every experiment under same con-
dition is conducted more than ten times to obtain the freezing results under
different nucleation times and the average values.

3 Results and discussions

3.1 The freezing process of supercooled droplet impact on inclined surface

Fig.2 shows the freezing process of droplet in different temperatures impinging
on inclined copper plate. The moment that droplet contacts the surface is
defined as t=0. After droplet impacts on surface, it spreads out and flows
downward. The droplet at -15◦C nucleates at 3ms, during its spreading stage.
Ice nucleus grows rapidly, which greatly affects the flowing of droplet. At 20ms,
the liquid at bottom freezes and droplet stops retraction. Droplet is completely
frozen at 186ms, in the shape of ellipse as a whole part. The -10◦C droplet
nucleates at 5ms, and the bottom liquid freezes at 28ms with high growth
rate of ice. Finally, it freezes at 977ms in the shape of ellipse. As for the -6◦C
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Fig. 2 The freezing process of supercooled droplet in different temperatures impinging on
inclined copper plate

droplet, it nucleates at 3ms, but the low growth rate of ice makes it freezes in
the shape of slender strip. The bottom liquid of droplet freezes at 32ms with
liquid above ice layer. The freezing time of -6◦C droplet is 2622ms, nearly
ten times of that of -15◦C droplet. The overflow distance (the distance from
impact point to the lowest point of frozen droplet) of -6◦C droplet is nearly the
same with -10◦C droplet, and longer than that of -15◦C droplet. The overflow
distance of -5◦C droplet is the longest. After it impacts on surface, it spreads
and then retracts, and keeps flowing downward. Droplet nucleates at 23ms and
the bottom liquid freezes at 58ms. Finally, it is completely frozen at 4212ms,
in the shape of slender strip.
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Fig. 3 The freezing law of supercooled droplet impinging on copper. (a) The overflow
distance under different nucleation times and icing velocities. (b) The freezing time under
different supercoolings.

3.2 The freezing law of supercooled droplet impinging on inclined surface

As can be seen from Fig.2, different nucleation time and icing velocity will
lead to different freezing results of droplet. The overflow distance of droplet in
different nucleation times and icing velocities is shown in Fig.3 (a). When the
icing velocity is higher than 0.20m/s with nucleation time less than 0.01ms,
the overflow distance is the shortest (16mm-18mm) and droplet freezes in
the shape of ellipse under this condition. With the increase of nucletaion time
under condition of high growth rate of ice, the overflow distance of droplet will
increase. When the icing velocity is slower than 0.20m/s, the range of overflow
distance is (18mm-22mm) and (22mm-30mm), corresponding to the condition
of nucleation time shorter than 0.01s and nucleation time longer than 0.01s
respectively. As the nucleation time increases, the overflow distance of droplet
will increase as well. When the nucleation time of droplet is longer than its
retraction time 0.05s (shown as the dotted line), the droplet will freeze as the
form of two smaller droplets, which is consistent with the results of Jin [20],
and the overflow distance will be longer.

Although some droplets with low icing velocity have the same overflow
distance (18mm-22mm) as droplets with high icing velocity, their frozen mor-
phologies and freezing times are much different. Droplet with high icing veloc-
ity freezes in the shape of ellipse ,corrsponding to short freezing time under
high supercooling in Fig.3 (b). However, the droplet with short nucleation
time and low icing velocity freezes in the shape of slender strip, correspond-
ing to long freezing time under low supercooling in Fig.3 (b). It can be seen
that the freezing time in Fig.3 (b) can be divided into two regions: nonlinear
increase region and linear increase region. If the supercooling degree is larger
than 7◦C, the freezing time decreases linearly with the increase of horizontal
growth rate of ice, when supercooling degree increases (Fig.4). But if the su-
percooling is smaller than 7◦C, the freezing time of droplet is much longer and
it increases dramatically when the supercooling decreases, which corresponds
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Fig. 4 The horizontal growth rate of ice under differnt supercoolings

with -5◦C and -6◦C droplet in Fig.2. According to the icing theory in super-
cooled water by Kong and Liu [21], vertical growth rate of ice will decrease
dramatically when the supercooling degree is low enough, even though the
horizontal growth rate of ice does not change much. The low vertical growth
rate of ice will result in much longer freezing time when droplet freezes in
the shape of thick strips, as shown in Fig.2. And the horizontal growth rate
of ice under different supercoolings is shown in Fig.4. The horizontal growth
rate of ice increases with the increase of supercooling, which corresponds with
the results of Schremb and Tropea [22], but a little higher than the results
of Kong and Liu [21]. Because Schremb and Tropea [22] obtained the results
from supercooled droplet and their experimental conditions are more similiar
to that of this paper. It can be seen form Fig.4 that the data of horizontal
growth rate of ice in this experiment is close to previous studies.

3.3 The mechanism of impact freezing of supercooled droplet on inclined
surface

The impact freezing of supercooled droplet on inclined surface is the cou-
pling process of the dynamic process of water flow and the phase change of
nucleation and ice growth. As shown in Fig.5 (a), after droplet impacts on
inclined surface, it will spread, retract, and keep flowing downward, which is
affected by droplet properties and surface inclined angle. The phase change
is composed of nucleation and ice growth, as shown in Fig.5 (b). The nucle-
ation of supercooled water is random and can be affected by many factors,
such as dynamics, surface properties [23–25]. After droplet nucleates, the ice
nucleus keeps growing, in horizontal and vertical directions, until the droplet



8 Mingming Sun, Weiliang Kong, Fuxin Wang, Hong Liu

Fig. 5 Diagram of coupling process of droplet dynamics and phase change

is completely frozen on surface. The growth rate of ice is mainly affected by
supercooling and substrate conductivities [21].

As for the coupling process of droplet impact on surface, the dynamic
process of droplet is not only affected by droplet momentum, but also the
nucleation and ice growth. The nucleation time and the ice growth rate have a
decisive effect on the impact freezing of supercooled droplet, as shown in Fig.5
(c).

Different frozen shapes of droplet after its impact on the inclined surface are
shown in Fig.5 (d). When the icing velocity is high, the retraction and flow of
droplet will be inhibited by fast ice growth under the condition of short nucle-
ation time, and droplet will freeze in the shape of ellipse. With the increase of
nuceation time, the influence of ice growth on water flow falls down. Although
droplet still freezes in the shape of ellipse, its overflow distance and freezing
time will be longer. When the icing velocity is slow, droplet will freeze in the
shape of slender strip due to large extent of retraction in horizontal direction,
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and the freezing time will be much longer due to low vertical growth rate of
ice when the supercooling is low enough. As the nucleation time increases, the
overflow distance will increase as well.

In conclusion, the water flow, nucleation and ice growth all influence the
freezing of supercooled droplet impinging on inclined surface. The impact
freezing of supercooled droplet is nucleation-dominated when the icing ve-
locity is high, and it is ice growth-dominated in the opposite case. In terms of
run-back icing of aircraft, the droplet with adequate water can keep flowing
downward if the nucleation time is longer than its retraction time, and finally
results in accumulated ridged ice on the wing with particularly large overflow
distance.

4 Conclusions

The present work experimentally investigates the freezing of supercooled droplet
impact on inclined copper. The frozen morphologies, overflow distance and
freezing time are recorded with different supercoolings. And the mechanism of
run-back freezing of supercooled droplet is analyzed. The conclusions are as
follows:

(1) Different from previous discoveries that room-temperature water droplet
freezes as the from of two smaller droplets on an inclined surface, two frozen
shapes of supercooled droplet are found under the condition of short nucleation
time: ellipse and slender strip. The former appears when the supercooling is
high, while the latter occurs when the supercooling is low.

(2) When supercooling decreases, the overflow distance and freezing time
will increase with the decrease of ice growth velocity. And the freezing time
will increase dramatically when the supercooling is low enough.

(3) Theoretical analysis shows that the run-back freezing of supercooled
droplet impinging on inclined surface will result in large overflow distance and
long freezing time, if droplet nucleates after its retraction stage and the icing
velocity is smaller than 0.20m/s.
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