Dec. 2023

Transactions of Nanjing University of Aeronautics and Astronautics

Numerical Simulation of Double-Droplet Continuously
Impact on Cold Surface with Different Wettability

HU Anjie’, YUAN Qiaowei, GUO Kaiyue, LIU Dong

School of Civil Engineering and Architecture, Southwest University of Science and Technology,
Mianyang 621010, P.R. China

(Received 31 March 2023; revised 10 August 2023; accepted 15 October 2023)

Abstract: The numerical simulation method combining solidification/melting model and volume of fluid (VOF)
model is used to study the freezing behavior of double-droplet continuously impacting cold surfaces with varying
wettability under low-velocity conditions. The droplet spreading and phase transition processes under two contact
modes (diffusion contact and contraction contact) are compared. The simulation results indicate that the coalescence
of droplets has a significant impact on their morphology. When two droplets continuously impact the hydrophilic
surface, the maximum spreading factor of diffusion contact increases by 26 %—38% compared with that of a single
droplet impact, and the maximum spreading factor of contraction contact increases by 15%—30% compared with that
of a single droplet impact. On superhydrophobic surfaces, the maximum spreading coefficient difference between
single and double-droplet impacts is less than 2%, which can be ignored. In addition, an analysis is conducted on the
collision between double droplets and superhydrophobic surfaces at low temperatures, and the impact patterns of
complete rebound, partial rebound, and full adhesion on droplet aggregation and solidification processes under
different contact modes are obtained.
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0 Introduction

When an aircraft flying at a high altitude passes
through the cumulonimbus cloud layer in a low-tem-
perature environment, the supercooled droplets im-
pact the surface of the aircraft and freeze, which will
affect the dynamics of the aircraft and cause the air-
craft to crash. Due to the great threat of icing to air-
craft safety, numerous anti-icing methods have been
proposed. Taking inspiration from nature’s “lotus
leaf effect”, scientists have developed a bionic sur-
face with superhydrophobic properties, exhibiting
both low adhesion and effective self-cleaning capabil-
ities'". In the study conducted by Liu et al.'”’, exper-
imental methods were employed to examine droplet
impact on surfaces with varying wettability. Their

findings suggested that droplet impact on superhy-

*Corresponding author, E-mail address: anjie@swust.edu.cn.

drophobic surfaces exhibited remarkable hydropho-
bic characteristics. On the other hand, Sun et al.'®
used numerical simulations to examine the morpho-
logical evolution of droplets impacting superhydro-
phobic surfaces. They identified four distinct stages
during the process: Falling, spreading, contract-
ing, and rebounding. Previous studies have demon-
strated that superhydrophobic surfaces effectively re-
duce the contact time between droplets and the sur-
face, facilitating droplet rebound and making them
suitable for deicing applications. However, further
research is needed to fully comprehend the mecha-
nism of droplet icing on superhydrophobic surfaces.
In recent years, there have been experimental
and numerical investigations conducted on the mech-

anisms and phenomena of droplet icing on cold sur-
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faces, including both static and impact-freezing fea-
tures. Recent years have witnessed both experimen-
tal and numerical investigations focusing on the
mechanisms and phenomena of droplet icing on cold
surfaces, encompassing static and impact-freezing
features. Yang et al."*’ conducted a visual experi-
ment to examine the icing behavior of supercooled
droplets impacting a cylindrical surface. The study
emphasized the significance of temperature as cru-
cial factors affecting droplet solidification. Further-
more, previous research has suggested that enhanc-
ing the contact area can lead to higher nucleation
rates, lower critical adhesion temperatures, and
shorter freezing durations for droplets”””. However,
it is challenging to depict the movement of the phase
shift within the droplet due to experimental con-
straints. To tackle this concern, researchers have
utilized computational models as a supplementary
method to explore the freezing characteristics of
droplets in addition to experimental data. In this re-
gard, Blake et al."® introduced a technique that com-
bines the volume of fluid (VOF) coupled level-set
method to track the air-water interface and the en-
thalpy porous approach to model the liquid-solid in-
terface, effectively simulating the impact and solidi-
fication of supercooled water droplets on a cold sur-
face. Expanding on this, Chang et al."”’ employed
the same method to address the solidification prob-
lem, conducting a comprehensive analysis of the
temporal evolution of various thermophysical prop-
erties of the droplet. In a separate study, Zhang et
al."" conducted experiments and simulations to ex-
plore the behavior of droplets impacting a cold sur-
face. Their research effectively combined the VOF
model with the solidification/melting phase transi-
tion model, yielding results that closely matched the
experimental observations.

These research revealed the deep mechanism
of the droplet icing process. Nonetheless, most stud-
ies have focused on individual droplets, which
might not provide an accurate representation of real
icing conditions. This is because multiple droplets
can coalesce upon impact, forming larger droplets.

The interaction and intense contact between neigh-

boring droplets during the spreading and solidifica-
tion process introduce highly intricate impact dynam-
ics, which fundamentally differ from impacts involv-
ing a single droplet. Therefore, understanding the
behavior of multiple-droplet impacts is essential for
comprehensive icing analysis'""*". In their investiga-
tion, Gao et al.""" conducted a study on the dynamic
behavior of multiple droplets, analyzing the rebound
dynamics of double droplets impacting an inclined
superhydrophobic surface. The research unveiled a
significant correlation between droplet springback
behavior and droplet spacing. Likewise, Wang et al."”
investigated the rebound dynamics of double drop-
lets on a superhydrophobic surface, identifying re-
bound modes based on the center spacing and incli-
nation angle between the droplets.

However, the majority of dropleticing re-
search has been focused on single droplet impact ic-
ing. Multi-droplet impact icing is more commonly
observed in practical scenarios, yet only a limited
number of study have explored this phenome-
non" '), This study aimed to investigate the dynam-
ics and ice formation characteristics of double drop-
lets impacting a solid surface through numerical sim-
ulation. For this purpose, the commercial computa-
tional fluid dynamics (CFD) software ANSYS Flu-
ent'"® was utilized. The VOF model ™" was utilized
to simulate the behavior of droplets, while the en-
thalpy-porosity model was adopted to study the so-
lidification process of the droplets. The study specifi-
cally focused on examining the impact of the contact
angle on the solidification process during both
spreading and contracting phases. By tracking the
spreading factor and morphological changes over
time during the impact-freezing process, valuable in-
sights were obtained into the polymerization and
freezing characteristics of the double droplet when it

impacts a cold surface.
1 Numerical Model

1.1 Multiphase model

In this study, the VOF model, originally pro-
posed by Hirt and Nichols""' based on the Eulerian

method, is utilized. This model effectively tracks
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the interface between the gas and liquid phases, en-
abling accurate calculation of the fluid distribution in
each computational cell within this framework.

__volume of the jth phase

;=

(1)

cell volume

where za_,zl. In this simulation, a two-phase
flow model is utilized, treating the mixture of water
and ice, along with liquid water, as a single liquid
phase, while considering air as the second phase. In
this model, the mass transition equation is repre-

sented as

ad
a (a;0,)+ V(a0,u)=0

where p; 1s the density of the jth phase, and u the ve-

ji=1,2 (2)

locity of the fluid.
The conservation of momentum is extended to
encompass the entire computational domain by con-

sidering a single grid element.
ad
o (pu)+ V(pouu)=
—Vp+VuVu+(Vu)" )+ pog+ F,+ Sy

where the total fluid density p and the average vis-

(3)

cosity u in each cell are as follows
p=(a;0;) ,U:z].(ajﬂj)
j=1,2 (4)
The gas-liquid interface is influenced by the
volume surface tension F. Additionally, the freez-
ing process is taken into account through the mo-
mentum source term Sy. To compute the surface
tension force, we employ the continuum surface
force (CSF) model proposed by Brackbill et al.'*”
in this study
okNVa
% 0.5( o1t ps)

where the surface tension coefficient ¢ and the inter-

(5)

face curvature k are related as
Va
|Va |
e

k=V- (6)

0.5

The determination of the contact angle at the
wall involved an assessment of the free interfacial
normal vector in the control body at the wall, influ-
encing the interfacial curvature and the source terms
related to surface tension. The mathematical expres-

sion for the normal vector is

n=n,cosf,+t,sind, (7)
where n,, is the unit vector normal, tangential to the

wall ¢,,, and 0, the prescribed contact angle.
1.2 Solidification/melting model

On the cold surface, droplets undergo a pro-
cess of solidification, which consists of five distinct
stages: Droplet impact, nucleation, recalescence,
and solid cooling. To account for the complexities
and uncertainties in predicting nucleation delay, this
study assumes nucleation occurs upon droplet im-
pact with the cold surface. Moreover, the recales-
cence process is considered to be much faster than
the evolution of the contact line, as this commonly
adopted in previous studies.

The enthalpy-porosity phase change model is
utilized in this study to simulate the solidification-
melting process within the double droplet*’. Nota-
bly, the recalescence phase is neglected in this mod-

el, and the energy equation governing the process is

d
a*[(,oh)JrV(,Ou/z):V(/lVT) (8)

where A represents the thermal conductivity, and
the enthalpy value 4 is defined as the combined sum
of latent enthalpy A, and sensible enthalpy &,
shown as

h=h. =+ h. 9)
where the sensible enthalpy 4, is mathematically ex-

pressed as
T
ho=hat ] CdT (10)
Tnf

where the reference enthalpy 4., the reference tem-
perature T\, and the thermal capacity C, are impor-
tant parameters in the simulation. The latent enthal-
py during the solidification/melting process is gov-
erned by the liquid water fraction present in the
droplet, shown as

hy= Ly (11)
where L is the latent heat and y the liquid water frac-
tionand. Tare relevant parameters in the model.
The liquid water fraction is assumed to be a function

of temperature

O T < Tsolid
T B Tsolid
y - m Tsolid < T< Tliquid (12)

1 T > Tliquid
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where the critical temperatures T, and T are de-
fined as the temperatures at which complete solidifi-
cation and melting of the droplet occur, respective-
ly. To preserve the shape of the ice-water interface,
a small interval of [ Ty, Tl is always set in the
model.

In previous studies, the enthalpy-porosity
method has been consistently utilized to simulate the
ice-water mixing area. This method treats the ice-
water mixing area as a porous region, and the mo-

mentum source term Sy in Eq.(3) is expressed as

1_ 2
(3_’_}/)Cmushu (13)
Y S

where ¢ is the introduced as a small value (e =

Su=

0.001) to prevent a zero denominator; C,, is relat-
ed to the shape of the porous medium and the viscos-
ity coefficient. Previous studies have commonly

used values between 10~ * and 10",
1.3 Numerical model validation

In this study, we utilize the proposed model to
examine the continuous impact of double droplets
on surfaces with varying wettability under cold con-
ditions. To optimize computational resources, a
two-dimensional rectangular domain measuring
12.5 mm X< 10.0 mm in length and width is utilized.
At the domain’ s edge, a rotational axisymmetric
boundary condition is established, as illustrated in
Fig.1. For this study, the bottom wall is subjected
to a non-slip boundary condition, and other boundar-
ies are designated as pressure outlet boundaries.
Both droplets have a diameter D,=2.5 mm, and
their initial velocity V, is set to 0.5 m/s. The space
S between the droplets is set at 3.0 and 3.5 mm.
The direction of the gravitational force is set aligned
with the impact direction. In this work, a mesh with
square cells, generated using the structured meth-
od, is adopted since it better captures the interface
of the droplets through the VOF model. To enhance
mesh resolution and save computational resources,
refinement is implemented near the wall and impact
axis. Four grid sizes (60, 30, 15, 7.5 pm) are ad-
opted to verify the grid independence of the model.
The simulation evolutions of spreading factor (de-

fined as the ratio of the spreading diameter of the

drop on the surface D and the initial diameter of the
droplet D,, as shown in Fig.2) of single droplet im-
pact with different grid sizes are compared. The sim-
ulation phase settings align with those in Ref.[10].
Maintaining model stability, a global Courant num-
ber of 0.2 is imposed. The grid size verification re-
sults are shown in Fig.3. As seen in Fig.3, simula-
tion results with grid sizes of 15 and 7.5 pm are nota-
bly similar. Consequently, to improve computation-
al efficiency, the grid size of 15 pm is adopted in this
study. The final calculation area comprises 216 233

square grids.

4D,

Fig.1 Schematic diagram of physical model and mesh

Fig.2 Schematic diagram of droplet shape parameters

141 Wt‘
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S
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t/ ms
Fig.3 Grid independence verification

1.4 Validation of numerical model

This study validates the performance of the so-
lidification/melting model by comparing it with data
from Refs.[10, 21-22]. Figs.4(a, b) illustrate the
morphological progression of droplets after impact-

ing a cold surface, using experimental photographs
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and two-dimensional numerical simulation results.
The specific experimental parameters include: D,=
2.84 mm, T,=—5°C, T,=0.1C, T.=—30 C,
V,=0.7 m/s, 0.~160°, with droplets’ physical pa-
rameters align with those in Ref.[10]. The compari-

son between the simulation data obtained from the

4 3.0
2mm —s=— Experimental results of
n ! 25F Refs.[10, 21-22]
ﬂEm —e— Simulational results of

‘ 2.0F Refs[10, 21-22]
..‘.wm““ g”'

t=8ms ¢=10ms 7=12ms ¢=14ms ¢=16ms
(a) Results from Refs.[10, 21-22] (Experimental results at top; 2-D simulation results at bottom)

t=0ms ¢=2ms (=4ms (=6ms

2.5 mm

...........A“

0.5
t/ ms

(b) Simulation results for two-dimensional axisymmetric swirl model

coupled VOF model and Zhang’s experimental re-
sults is illustrated in Fig.4(c). The observed good
agreement between the simulation and experimental
data demonstrates the accuracy of the coupled mod-
el in predicting the behavior and freezing characteris-

tics of droplets upon impact with cold surface.

1.0}

L/ —— Simulational results of
the paper

(c) Comparison of spreading factor D/D, over time

Fig.4 Comparison of simulation and experimental results of droplets impacting on superhydrophobic cold surface (T,= —5 °C,

T.— —30°C)

2 Results and Discussion

The focus of this paper is to investigate the im-
pact-icing phenomena resulting from double droplets
colliding on cold surfaces featuring varying wettabili-
ty. The study is conducted using a two-dimensional
rotational axisymmetric model to investigate the pro-
cess under three different contact angles 6, and tem-
peratures. Table 1 presents the cases for each pa-
rameter, with the spacing S between double droplet
set is at either 3.0 mm or 3.5 mm. The evolution of
the morphology, the infiltration and spreading fac-

tors, and the variation characteristics of the velocity

Table 1 Simulation parameter combinations

6,\‘/ S/ D(\A’DOIS/ V(JA\7VUIS/ T()7Ta’ T()’T;\7 T()’Iﬁ’
() mm mm (ms™) TJ/C TJC TJC

3.5 25,25 0.5,0.5
15,15, 15,15, 0.1,—5,

160 3.0 25,25 0.5,05
) 15 —30 —30

Single 2.5 0.5

3.5 25,25 0.5,0.5
15,15, 15,15, 0.1,—5,

100 3.0 25,25 0.5,0.5
) 15 —30 —30

Single 2.5 0.5

3.5 25,25 0.5,0.5
15,15, 15,15, 0.1,—5,

40 3.0 25,25 0.5,0.5
) 15 —30 —30

Single 2.5 0.5

and temperature distributions during droplet impact
under different conditions are obtained through simu-
lation. In Table 1, Dy, Dy are the initial diameters
of droplets A, B; Vi, Vi the initial velocities of
droplets A, B; and T, T,, T, the initial tempera-

tures of the droplets, air and solid surface.
2.1 Morphology evolution of droplets

The changes in droplet shape and morphology
upon impact are depicted in Fig.5 and Fig.6, which
show the dynamic evolution of double-droplet inter-
acting with a hydrophilic surface at various tempera-
tures. When droplets at room temperature 7,=15 C
collide with a surface at the same temperature T,—
15 °C, the initial distance between the droplets does
not have a significant impact on the kinetic behavior
of the droplets under conditions without phase
changing. After impacting the surface, the droplets
disperse extensively, resulting in the formation of a
thin layer of water that remains on the surface. The
residual kinetic energy is minimal, leading to gradu-
al droplet contraction and uniform kinetic character-
istics of the dual droplet at two distinct contact dis-
tances of 3.0 mm and 3.5 mm. At this juncture, the
primary factors contributing to energy dissipation in-

volve the friction between the droplets and the hy-
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Fig.5 Morphologies of double-droplet continuously impact-
ing hydrophilic surface of S = 3.0 mm
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Fig.6 Morphologies of double-droplet continuously impact-
ing hydrophilic surface of S = 3.5 mm

drophilic surface, as well as the disruption of con-
tact during the interaction between the double drop-

lets. Upon impact on cold surfaces T.=—30 °C, the

thermal exchange between the underlying fluid and
the cold surface hinders the spreading characteristics
of the droplets. As a result, a slender layer of ice is
formed, and the droplets adhere to the cold surface.
Consequently, the diffusion of droplets maintains a
nearly constant spreading diameter throughout the
process of shrinkage. The findings indicate that the
morphological evolution of droplets after contact is
not significantly influenced by the initial distance be-
tween droplets and their initial temperature, in the
case of hydrophilic cold surfaces.

Under different contact moments and tempera-
ture conditions, Fig.7 and Fig.8 illustrate the evolu-
tions of droplet morphology resulting from the im-
pact of double-droplet on hydrophobic and superhy-
drophobic surfaces. The space between the two
droplets has a significant impact on their kinetic
properties. Specifically, when the initial space is
3.0 mm, the first droplet is still undergoing spread-
ing when it comes into contact with the second drop-
let. This phenomenon is referred to as the spreading
contact in this study, when the interelectrode dis-
tance is 3.5 mm, the initial droplet has sufficient
time to reach its maximum spread and subsequently
begins to retract. The second droplet comes into
contact with the first droplet during the contraction
stage, which corresponds to the contraction contact
in this study.

According to the morphology of double-droplet
continuously impacting on the hydrophobic surface,
it can be found that, in the case of a surface at nor-
mal temperature, the contact line contracts after
reaching the maximum, and then vibrates on the
wall. In the case of cold surface (T.=—30 C), a
layer of ice develops at the interface between the
droplet and the wall, resulting in the droplet adher-
ing to the surface. The droplet’ s receding process
does not exhibit significant changes, and during the
receding of the first droplet, air tends to be trapped
inside the droplet when the second droplet impacts
the surface. This generates small droplets and fluctu-
ations on the edge of the droplet, the research find-

ings indicate that the icing process has a significant
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Fig.7 Morphologies of double-droplet continuously impact-
ing hydrophobic surface
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Fig.8 Morphologies of double-droplet continuously impact-

ing superhydrophobic surface

impact on the behavior of droplets on the surface.
However, the initial spacing between droplets has a
relatively minor effect.

Compared to Fig.7, the adhesion and viscous

dissipation of superhydrophobic surfaces shown in

Fig.8 are reduced, and the droplets have enough en-
ergy to bounce back after merge into the large drop-
let. The initial spacing of droplets has a reduced im-
pact during this time period. When the temperature
of the superhydrophobic surface is low (T.=
—30°C),

tion contact impact is more pronounced compared to

the air pocket formed during the contrac-

hydrophobic surfaces. Additionally, the interface ex-
periences vibration during the combination of these
double droplets.

Based on the data regarding the evolution of
double-droplet shapes across various surfaces and
environmental temperatures, it is evident that the
primary factors impacting droplet behavior are the
surface’ s wettability and temperature. While the in-
fluence of the impact moment of the secondary drop-

let is much smaller.
2.2 Spreading factor evolution during impact

Figs.9—11 illustrate the progression of the
spreading factor to better assess the influence of ini-
tial contact moment and temperature conditions on
the droplet freezing process. The spreading factor 3
of the double droplet is given by the ratio between
the wetting diameter of the droplet on the solid sur-

face and the diameter of a single droplet, shown as
D,

L= ?O (14)
where D, and D, are the wetting contact line and
the initial diameter of a droplet.

As shown in Fig.9, the spreading factors that
arise from double-droplet impacts are greater than
those observed with single droplet when the droplet

ollides on the hydrophilic surface. This phenome-
non is notably apparent in the absence of phase tran-
sition conditions, where the maximum spreading
factor rises by 38% and 30% for spreading and con-
traction contacts, respectively. When considering
cold surfaces, the temperature of the droplet at the
beginning and the distance between adjacent drop-
lets in contact have minimal impact on the maxi-
mum spreading factor. Specifically, there is an in-
crease of 26% and 15% for spreading contact and

contraction contact, respectively.
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Fig.9 Evolution of spreading factor of double-droplet con-
tinuously impacting hydrophilic surface with different

temperatures

Fig.10 shows the impact of the double-droplet
on the maximum spreading factor on hydrophobic
surfaces, revealing a significant reduction. At room
temperature, the maximum spreading factor increas-
es by 3% for spreading contacts and 0.2% for con-
traction contacts compared to the impact of a single
droplet. With a cold surface, the maximum spread-
ing factor experiences an increase of 8% and 13%
for spreading and contraction contacts, respectively.
These findings demonstrate that the impact of dou-
ble droplets diminishes as the surface contact angle

rises.

3.0

20F

0.5F

10 15 20 25 30
t/ ms

0.0

(V3 8

0

Fig.10 Evolution of spreading factor of double-droplet con-
tinuously impacting hydrophobic surface with differ-

ent temperatures

Upon achieving superhydrophobicity, the im-
pact of two droplets on the superhydrophobic sur-
face yields a maximum spreading factor that closely
resembles that produced by a single droplet, with a
maximum deviation of approximately 2%, even at
varying initial temperatures. This suggests that an

increased contact angle can mitigate the impact of

secondary droplets. In the case of cold superhydro-
phobic surfaces, the spreading factor is notably influ-
enced by both the spacing between droplets and the
initial temperature of the droplets. The merging pro-
cess results in the droplet enclosing numerous
voids, which consequently reduces the contact area
with the frigid surface. Additionally, owing to the
hydrophobic characteristics of the superhydrophobic
surface, the droplet tends to undergo a shock pro-
cess upon impact. During this process, the droplet
polymerizes and entraps a minute quantity of air.
Due to the comparatively lower initial temperature
of the supercooled droplet, the supercooled droplet
undergoes a faster freezing process upon collision
with the cold surface. Furthermore, the presence of
an ice layer at the bottom of the droplet significantly

impacts the merging process of the droplets.

3.0
T, 15C 15C -5°C
T, 15C-30C -30°C
2.51 30mm = ° A
3.5mm o o I
20F Single = & X
x 1.5F
1.0
0.5

000510 15 20 25 30

t/ms
Fig.11 Evolution of spreading factor of double-droplet con-
tinuously impacting superhydrophobic surface with

different temperatures

2.3 Heat transfer and solidification characteris-
tics

To analyze the heat transfer and phase transi-
tion that occur during the impact of two droplets on
the surface, this section presents and discusses the
icing, temperature, and velocity evolutions.

Fig.12 illustrates the cloud diagram represent-
ing the phase transition of icing during a double-
droplet continuously colliding with a superhydropho-
bic low-temperature surface. Ice nucleation occurs
at the interface of the contact line between the initial
droplet and the chilled surface, and the ice layer
thickness gradually increases as the droplet cools

due to the low surface temperature. After the sec-
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ondary droplet hits and the contact line expands (/=
10 ms) , a slender layer of a mixture of water and
ice (yellow and red phases) develops in the vicinity
of the droplet’s outer contact region. During the
contraction phase, due to the insufficient viscosity
of the water-ice mixture, the droplet ruptures the
thin ice layer upon contact with the polymerization.
As a result, a larger air pocket forms at the bottom
of the polymerized droplet, causing the contact area

at the bottom to adopt a more circular shape.
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Fig.12 Icing phase transition of double-droplet continuous-

ly impacting superhydrophobic cold surface

Fig.13 displays the velocity and temperature
distributions that correspond to the data presented.
Based on the velocity distributions depicted in
Fig.13, it can be observed that the droplet’s veloci-
ty is at its maximum during the initial stage of con-
tact. The magnitude of velocity decreases following
the impact as a result of viscous dissipation induced
by the droplet’s impaction. At the base of the drop-
let, the velocity tends towards zero as ice crystalliz-
es on the solid substrate. The zero-velocity zone ex-
pands proportionally to the thickness of the ice lay-
er. The temperature distribution in Fig.13 reveals in-
tricate heat transfer characteristics during the impact
event. The temperature of the central region of the
droplet remains the highest within the simulation do-
main during the impact. Based on the temperature
gradient, the droplet experiences cooling from both

the frigid air and the chilly solid surface. Neverthe-
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Fig.13 Temperature and velocity evolution of double-drop-

let continuously impacting superhydrophobic cold

surface

less, the rate of heat transfer varies. As shown in
these illustrations, the highest temperature gradient
is observed at the interface between the droplet and
the solid substrate, indicating that the droplet is pri-
marily cooled by the surface through conduction.
Additionally, the temperature gradient between the
droplet and the surrounding cold air is significantly
reduced, suggesting that the impact of the cold air is

considerably less than that of the surface.

2.4 Influence of impact velocity and super-
cooled degree on result of double-droplet

impact

In this section, we aimed to explore the adhe-
sion and rebound characteristics of double-droplet
impact on superhydrophobic cold surfaces. Addition-
ally, we compared these findings to the icing and an-
ti-icing behavior observed in the multi-droplet con-
tinuous impact-freezing process on superhydropho-
bic surfaces. To achieve this, we conducted simula-
tions of droplet impacts, varying the velocities and
supercooling degrees for comprehensive analysis.
Table 2 presents the simulation parameters for drop-

let impact on superhydrophobic cold surfaces at

varying velocities.
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Table 2 Simulation conditions of droplets impact superhydrophobic cold surfaces with different velocities

Droplet Droplet initial velocity Air temperature  Surface temperature ~ Droplet temperature  Droplet spacing
diameter D,/mm V,/(mes ™) T,/)C T./)C T,/°C S/mm
0.5, 0.75, 1, 1.25,
2.5 —5 —10/—20/—30 0.1 3.0/3.5
1.5, 1.75, 2

Fig.14 illustrates three typical impact results
when a cold superhydrophobic surface is continuous-
ly impacted by double-droplet: Full adhesion, par-
tial rebound, and full rebound. When heat transfer
between cold superhydrophobic surfaces dominates,
the contact line freezing rate increases as the surface
temperature decreases. This results in an augment-
ed dissipation of droplet viscosity, causing polymer-
ized droplets to lack sufficient energy to detach from
the frigid superhydrophobic surface, ultimately lead-
ing to full adhesion. Partial rebound takes place
when the internal fluid flow resulting from droplet
merging is significant, leading to a modification in
the velocity vector within the droplets. This causes
the merged droplets to resemble a single droplet,
with a portion of the fluid becoming detached from
the neck. Full rebound occurs when the temperature
of the surface is sufficiently low, and the internal flu-
id flow resulting from contact polymerization as-
sumes the predominant role, leading to detachment

of the polymerized droplet from the frigid superhy-
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Fig.14 Typical impact results when a cold superhydropho-
bic surface is continuously impacted by double-drop-

let

drophobic surface.

Fig.15 displays the simulation results for differ-
ent surface temperatures and velocities. For in-
stance, when the surface temperature is —10 C,
the merged droplet resulting from the impact of the
double-droplet on the superhydrophobic cold surface
exhibits a higher tendency to rebound. When the sur-
face temperature drops to —20 ‘C, under the low
impact velocity condition of V,=0.5 m/s , the com-
bined droplet possesses sufficient energy to detach
the ice layer adhering to the bottom and achieve
complete rebound. The higher rebound tendency ob-
served in the merged droplet on the superhydropho-
bic cold surface at —10 °C is attributed to the de-
creased viscous dissipation during the droplet merg-
ing process. However, when the impact velocity ex-
ceeds 0.75 m/s, the merged droplet loses its ability

to generate sufficient force to rupture the ice layer at
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Fig.15 Simulation results of double-droplet impacting cold
superhydrophobic surface with different surface tem-

peratures and velocities
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the base due to its larger spreading diameter during
expansion. As a result, it breaks up from the sur-
face, leaving a portion of the droplet still on the sur-
face. Upon further increase in impact velocity, a no-
ticeable disparity in the inter-droplet distance be-
comes apparent. In particular, when S=3.0 mm,
the double droplet exhibits a fully rebounded form
following contact polymerization. For S=3.5 mm,
partial rebound is observed after contact polymeriza-
tion. In this instance, the droplets amalgamate dur-
ing the contraction phase of the initial droplet. The
dissipation of energy is more pronounced, and the
amalgamated droplets lack sufficient energy to rup-
ture the ice layer that is attached to the base. When
the surface temperature drops to —30 °C, the dou-
ble-droplet exhibit a full rebound morphology at low
impact velocity V,=0.5 m/s due to the predomi-
nant influence of heat transfer on the cold superhy-
drophobic surface. However, under all other impact
velocity conditions, a partial rebound morphology
will occur, and the upper fluid experience an elon-
gated crown height during the tearing process.
There are several possible explanations for this out-
come: Firstly, the merging of droplets can have a
significant impact on the internal fluid dynamics of
larger droplets when they collide at high velocities.
Consequently, the merged droplets could possess
higher internal energy, thereby contributing to their
rebound behavior. Additionally, the merging of
droplets results in increased droplet size and elonga-
tion of the droplet crown height during the rebound
process, which is influenced by surface tension.

The findings suggest an interconnection be-
tween rebound and adhesion, which arises from the
competition between internal fluid dynamics and
thermal dissipation on frigid superhydrophobic sur-
faces due to droplet coalescence. Hence, in the case
of successive collisions among numerous droplets,
the elevated surface temperature and increased im-
pact velocity are likely to induce the rebound of mul-
tiple droplets. This suggests that the superhydropho-
bic surface retains effective resistance to ice forma-

tion during the impact-freezing process of numerous

droplets repeatedly colliding with a cold superhydro-

phobic surface.

3 Conclusions

This paper utilizes numerical simulation tech-
niques to study the freezing behavior of double drop-
lets upon impact on cold surfaces with varying wet-
tability conditions. The research analyzes the influ-
ence of surface hydrophobicity, droplet spacing,
surface temperature, and initial droplet temperature
on the morphological evolution of the double drop-
lets, the spreading coefficient, and the impact out-
come. The results reveal the significant impact of
droplet coalescence on droplet morphology and fluid
dynamics within larger droplets, resulting in en-
hanced rebound on superhydrophobic surfaces.
These findings contribute to a comprehensive under-
standing of the collision mechanism in continuous
collisions of multiple droplets. The following conclu-
sions can be drawn based on the simulation results:

(1) At low impact velocities, the spacing be-
tween droplets has a minor effect on hydrophilic sur-
faces, but it exerts a more significant influence on
hydrophobic and superhydrophobic surfaces. The
contact process between droplets can be divided into
two distinct phases: Spreading and contraction con-
tacts. In the contraction contact phase, the droplets
tend to entrain air at the bottom, leading to a re-
duced contact area between the droplets and the
cold surface.

(2) When continuously impacting the hydro-
philic surface, the double-droplet shows a 26%—
38% increase in the maximum spreading factor for
spreading contacts and a 15%—30% increase for
contraction contacts, compared to a droplet impact.
The superhydrophobic surface shows minimal differ-
ences in the maximal spreading coefficients between
single and double droplet impact, with variances be-
low 2%.

(3) When double-droplet continuously impact
a superhydrophobic cold surface, three typical re-
sults are observed: Full rebound, partial rebound,

and full adhesion.



No. 6 HU Anjie, et al. Numerical Simulation of Double-Droplet Continuously Impact on Cold Surface with--- 725

These findings demonstrate the complex rela-
tionship between droplet coalescence and solidifica-
tion in the impact-freezing process of double drop-

lets.
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