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ABSTRACT

Droplet collision and growth are common phenomena. While charge and electric fields can promote the droplet collision process, the impact
of field intensity and high charge on droplet collision characteristics, as in thunderclouds, is not well understood. This paper presents a
trajectory model to study the collision characteristics of a neutral droplet and a charged droplet with varying amounts of charge under
various electric field intensities. The findings reveal a transition stage in collision efficiency as the electric field E increases, related to droplet
size variation. During this transition stage (about E¼ 7.5� 102 V�m�1 to 7.5� 104 V�m�1), there is a peak in the collision efficiency of highly
charged and neutral droplets as the neutral droplet size increases. Conversely, at other electric fields (near 102 V�m�1 and between 7.5� 104

V�m�1 and 107 V�m�1), a larger neutral droplet is advantageous for enhancing the collision efficiency, increasing the collision probability.
Throughout the range from 102 V�m�1 to 107 V�m�1, a larger neutral droplet is beneficial for enhancing the collision kernel, raising the
collision frequency. An increase in charge significantly enhances both collision efficiency and kernel. For a micrometer-sized charged-neutral
droplet pair, collision efficiency initially decreases (disturbance effect) and then slightly rises to about 1.0 (inertial effect) with the electric field
at a constant droplet size ratio. In addition, the impact of droplet size on collision characteristics was investigated, and the collision character-
istics of two neutral droplets were compared. The results deepen our understanding of the internal physical processes of cloud droplet colli-
sions under varying electric fields and charge conditions (especially high charges) and provide guidance for applications like electrostatic
defogging, charged particle catalyzed rainfall, and fog collection.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0247783

I. INTRODUCTION

The charged particle clusters generated after gas ionization can
form low-temperature, high-temperature plasma,1,2 etc. The interac-
tion between charged particles and polar water molecules can charge
the droplets, leading to various distinct characteristics. Recently, the
effects of electric charge and electric field on droplet collisions have
been widely studied, such as electrostatic defogging,3,4 charged par-
ticles catalyze artificial rainfall,5,6 and the impact of charge and atmo-
spheric electric field on droplet collisions.7,8 Under natural conditions,
the key issue in the rain formation or fog dissipation is the efficient for-
mation of a considerable number of large droplets above the critical
size (20–25lm).9 However, the average particle size of droplets in the
air mainly ranges from sub-micron to 10lm.10 Natural fog and clouds
often persist over extended periods.

It is well known that in thunderstorm clouds, rain can form rap-
idly, and a significant factor in this process is the influence of the back-
ground electric field and a large amount of charge. Prior studies have
also shown that the effects of charge and electric fields can significantly
promote the collision and growth of droplets.11–14 Cruzat and Jerez-
Hanckes15 introduced an external electric field into their experimental
device, proving that applying electric power to droplets can substan-
tially alter their motion and augment fog water collection. Khain
et al.16 achieved accelerated droplet collision by seeding charged drop-
lets with different charges to enhance the effect of precipitation and
fog removal. Damak and Varanasi17 and Li et al.18,19 introduced an
external electric field and inserted space charge, discovering that the
combined influence of these two factors can effectively facilitate fog
dissipation or water collection. However, these studies are more of a
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macroscopic effect, and the specific internal action laws of charge and
electric field on droplet collision and growth remain to be elucidated.

Moreover, Semonin and Plumlee20 found through numerical
simulation that only when the charge is greater than10–16 C or the elec-
tric field intensity exceeds 900V�cm�1, the collision efficiency will be
affected. However, the disturbance of the fluid around the droplet was
not considered in the study. Wang et al.21 observed the phenomenon
of sub-micron droplets growing to large droplets above25 lm in corona
discharge experiments, which was mainly due to the uneven distribu-
tion of charge and electric field significantly enhanced the collision
between droplets. Yet, the internal action mechanism behind the
uneven distribution of charge and electric field remains unclear.

The charge of droplets in thunderclouds can reach quite high lev-
els, potentially approaching the Rayleigh limit charge at which the
droplet is on the verge of breaking up due to repulsion between
charges.24 However, previous studies on the internal action mechanism
of droplet collision and growth influenced by charge and electric fields
generally focused on low charge levels and only considered fixed
charge amounts. For example, in the simulation study by Guo and
Xue7 on the impact of charge and electric fields on droplet collisions,
the charge levels (q¼ 0 or632r2, q in units of elementary charge, and
r in units of lm) are far below the Rayleigh limit, such as a charge ratio
CR¼Q/QRay¼ 8� 10�4 for charged droplets with a radius of 10lm.
Moreover, in the study by Li et al.22 on the collision characteristics of
two droplets under different uniform electric fields, the charge levels of
the charged droplets [q¼ 12pe0r

2Eer/(erþ 2), r in units of m] are also
low and fixed, such as a charge ratio CR¼ 0.05 for charged droplets
with a radius of 10lm. Additionally, the accuracy of the formula for
calculating the mirror electric field force between droplets in Li’s paper
is relatively low, which may limit the generalizability of the findings.
As shown in Fig. 1, at low charge (low CR), the calculated results of the
mirror electric field force using the formula from Li et al.22 and the

high-precision formula from Davis,23 respectively, are consistent, while
at high charge, the difference gradually increases. It is necessary to use
the high-precision calculation formula of electrostatic force to explore
the neutral and highly charged droplets collision characteristics.

In summary, previous related studies have either focused on the
macroscopic effects of high charge on droplet collision and growth or
examined the collision characteristics of droplets with low (typically
fixed) charge levels under an electric field. However, the maximum
achievable charge that a droplet can achieve can approach the Rayleigh
limit, and the charge it can carry is variable.25 There is a lack of system-
atic research on highly charged droplet and neutral droplet collision
problem under different electric fields and charges levels (especially
high charges near the Rayleigh limit).

The electrostatic attraction between droplets is short-range,26 and
droplets with the same charge will repel each other at extended distan-
ces, while charged droplets and neutral droplets always attract each
other.12 Furthermore, while droplets carrying opposite polarity charges
exhibit stronger attractive forces, intense initial collisions in practical
application can rapidly deplete the droplet’s net charge, reducing the
net effect of charge on collision and growth.16 In contrast, unipolar
charges do not vanish due to collisions and can influence the whole
process of droplet collision and growth. Therefore, neutral droplets
tend to gather near charged droplets in localized regions of the external
environment. Consequently, promoting the collision process between
charged and neutral droplets is an important problem in the study of
electrostatic fog removal and rain enhancement.

In this paper, we employ trajectory models that consider flow
drag force (FD), mirror electric field force (FEF), gravity (FG), and
applied electric field force (FAE) to compute collision efficiency and
kernel. This approach permits a detailed analysis of how varying uni-
form electric fields and charges affect the collision characteristics of
neutral and charged droplets. The electrostatic force between droplets
is calculated using the high-precision calculation model established by
Davis.23

II. MODEL BUILDING
A. Characterization of droplet charge and collision

In theory, insulating particles can carry arbitrary large charges.
However, a droplet with a certain size cannot be charged beyond a cer-
tain maximum value Qmax, determined by the Rayleigh limit charge at
which the droplet is on the verge of breaking up due to charge repul-
sion.24 The specific expression of Rayleigh limit charge QRay is as
follows:27

Qmax ¼ QRay ¼ 8p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
e0r0r3

p
; (1)

where e0 is the permittivity of air, r0 is the surface tension of water,
and r is the radius of droplet. For example, with r values of 0.1, 1, and
10lm, the corresponding QRay values are 6.4� 10�16 C, 2.0� 10�14

C, and 6.4� 10�13 C, respectively.
In this study, the charge of a certain size of the charged droplet is

Q¼ (0�1) Qmax. Meanwhile, the range of electric field strengths stud-
ied in this paper, from 102 V�m�1 to 107 V�m�1, encompasses the
atmospheric electric fields during fair weather (about 102 V�m�1) and
during thunderstorms.9

Figure 2 shows the relative motion between a centrally
charged droplet and its surrounding neutral droplet under differ-
ent force combinations. For a pair of droplets, each one will induce

FIG. 1. The relation of the mirror electric field force FEF with the charge ratio CR at
the critical collision position. CR (¼Q/Qmax) is the ratio of the charged droplet’s
actual charge to its maximum charge (Rayleigh limit charge QRay). The black dots
and red dots, respectively, represent the results obtained by using the mirror electric
field force calculation formula from Li et al.22 and Davis.23 The curve in the figure is
the fitted curve.
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a flow field that interacts with the other. As the charged droplet
falls, nearby small droplets tend to move along the streamlines of
the flow field induced by the large droplet. Droplets collide with
the charged droplet only when they have enough inertia or enough
attractive force to cross the streamlines. The collision efficiency a is
then defined as the ratio of the actual collisions over all possible
collisions in the swept volume.7 The collision kernel K is utilized to
quantify the collision frequency of droplets with varying radii,
expressed as the number of collisions per unit concentration, per
unit volume, and per unit time,28

a ¼ r2max

ðr1 þ r2Þ2
K ¼ ajV1 � V2jp r1 þ r2ð Þ2;

8><
>: (2)

where rmax is the maximum horizontal distance between two droplets
that can collide. r1 and r2 are the radius of charged and neutral drop-
lets, respectively. V is the terminal velocity of the droplet. It is the
steady-state velocity of the droplet relative to the fluid when no other
droplets are present (no interaction from other droplets). Among
them, the collision efficiency a can be interpreted as the likelihood of a
collision occurring between two droplets.

B. Equation of droplet motion

In order to calculate the collision efficiency and collision ker-
nel, the equations of motion need to be solved. Droplet motion
depends mainly on the following forces: the flow drag force (FD),
gravity (FG), and the electrostatic force (Fe) due to droplet charge
and the external electric field (the electrostatic force Fe consists
of the mirror electric field force FEF and the applied electric field
force FAE). The equations of motion for a pair of droplets are as
follows:

dV1

dt
¼ FD1

m1
þ gþ Fe1

m1

dY1

dt
¼ V1

dV2

dt
¼ FD2

m2
þ gþ Fe2

m2

dY2

dt
¼ V2;

8>>>>>>>>>>>><
>>>>>>>>>>>>:

(3)

where g is the gravitational acceleration, V is the velocity of the droplet
relative to the fluid when there are no other droplets present, Y is the
location of droplets, andm is the droplet mass, withm¼ 4pr3q/3.

Among them, the flow drag force (FD) of droplet in the air is
expressed as22

FD ¼ �CDAqair
2C

jV � uj V � uð Þ; (4)

where CD is the drag coefficient, A is the maximum cross section of
droplet, qair is the air density, C is the Cunningham correction coeffi-
cient, and V and u are the velocity of droplet and the flow velocity field
induced by the droplet (disturbance velocity), respectively.

The Cunningham correction coefficient C is as follows:

C ¼ 1þ 1:257þ 0:4 exp � 1:1
Kn

� �� �
Kn

Kn ¼ 21:55lT0:5

r p
;

8>>><
>>>:

(5)

where l is the air dynamic viscosity, r is the radius of droplet, and we
set the air temperature at T¼ 293.15K and the pressure p¼ 101.3 kPa
in this study for the calculation of air dynamic viscosity.

This paper uses the superposition method to elucidate the hydro-
dynamic interactions between charged and neutral droplets,29 assum-
ing one droplet moves in the flow field induced by the other. The
disturbance velocity u of a single droplet is computed using an
improved superposition method and is expressed as follows:30

u d; r; Vð Þ ¼ 3r
4d

� 3
4

r
d

� �3
" #

d
d2

V � dð Þ þ 3r
4d

þ 1
4

r
d

� �3
" #

V ; (6)

where d is the position vector relative to the droplet center and r and V
are the radius and terminal velocity of the droplet, respectively.

The disturbance velocities of the two droplets in the interacting
flow field are as follows:

u1 ¼ u Y1�Y2; r2; V2 � u2ð Þ; (7)

u2 ¼ u Y2�Y1; r1; V1 � u1ð Þ; (8)

where u is the disturbance velocity of a single droplet when no other
droplets are present. Y1, Y2, r1, r2, V1, and V2 are the locations, radii,
and the terminal velocities of the two droplets, respectively. In con-
junction with Eqs. (6)–(8), when calculating u1, the parameters d, r,
and V in Eq. (6) are substituted with Y1 � Y2, r2 and V2 � u2, respec-
tively. An analogous substitution is made for u2.

In the presence of a background electric field, the droplet exhibits
an obvious polarization effect, where the positive and negative charges
it carries migrate and rearrange to form an induced dipole moment.31

FIG. 2. Diagram of droplet collisions and forces between droplets under uniform
electric field. r1, r2—radius of charged and neutral droplet and rmax—horizontal criti-
cal distance of droplets. The applied electric field E is vertically downward. Note
that the mirror electric field force (FEF in the figure) and the applied electric field
force (FAE in the figure) can be combined into the electrostatic force Fe.
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This induced dipole moment leads to interactions both between drop-
let (manifested as the mirror electric field force FEF) and with the
external electric field (manifested as the applied electric field force
FAE), collectively referred to as the electrostatic force Fe. Davis demon-
strated an appropriate and high-precision computational method for
the electrostatic force of two spherical conductors in a uniform exter-
nal field, which is expressed as23

Fe1x ¼ E cosh Q1 þQ2ð Þ � Fe2x
Fe1y ¼ E sinh Q1 þQ2ð Þ � Fe2y
Fe2x ¼

�
4pe0r22E

2 F1 cos 2hþ F2 sin 2hð Þ
þE cosh F3Q1 þ F4Q2ð Þ
þ 1
4pe0r22

F5Q
2
1 þ F6Q1Q2 þ F7Q

2
2

� ��þ EQ2 cosh

Fe2y ¼ 4pe0r22E
2F8 sin 2hþ E sinh F9Q1 þ F10Q2ð Þ�þ EQ2 sinh;

n

8>>>>>>>>>>>><
>>>>>>>>>>>>:

(9)

where E is the applied electric field and h is the angle between the elec-
tric field and the line connecting the centers of two droplets. e0 is the
permittivity of air. r1, Q1, r2, and Q2 are the radius and charge of the
two droplets, respectively. F1 to F10 are a series of complicated dimen-
sionless coefficients related to geometric parameters of r,1 r2 and the
central distance R of the two droplets.

The initial velocities of the charged and neutral droplets are estab-
lished as their respective terminal velocities, V1 and V2. The initial hor-
izontal and vertical distances of the two droplets are 100(r1þ r2) and
100r1, respectively. To approximate the condition of infinite distance,
we initialize the disturbance velocities u1 and u2, along with the mirror
electric field forces FEF1 and FEF2, to zero.

To improve computing efficiency, the calculation of critical hori-
zontal distance rmax adopts dichotomy. In the calculation, the actual
horizontal distance x between two droplets is progressively halved until
collision occurs. Then, rmax is the average of the horizontal distance
corresponding to the last non-collision and the first collision event.
The second-order Runge–Kutta method32 is used to solve the equation
of motion (3).

III. RESULTS AND DISCUSSION
A. Collision efficiency characteristic

To characterize the possibility of droplet collision under different
electric fields, the collision efficiency was calculated. Figure 3 shows
the effects of droplet size ratio b and charge ratio CR on the collision
efficiency, with a constant charged droplet radius of 10lm. As illus-
trated in Fig. 3, under the same electric field E and droplet size ratio b,
the collision efficiency increases with the higher charge of the charged
droplet. Under very low electric fields (E around 102 V�m�1), the colli-
sion efficiency increases with b without an apparently upper limit.
Under low electric fields (103 V�m�1 and 104 V�m�1), the collision effi-
ciency exhibits a peak value with the increase in b. When E¼ 103

V�m�1, the collision efficiency increases with b for low CR (below 0.5),
but first increases and then decreases for high CR (above 0.7). When
E¼ 104 V�m�1, the collision efficiency increases and then decreases
with b across CR values from 0.1 to 1. Under high electric fields (105 to
107 V�m�1), collision efficiency levels off with increasing b, reaching a
plateau near 1.0 at E¼ 106 V�m�1 and 107 V�m�1. In fact, due to

the droplet itself size, the collision efficiency plateau value slightly
exceeds 1.0.

To further clarify collision efficiency variation rule under different
electric fields and CR, Fig. 4 shows the relationship between collision
efficiency and CR at the same droplet size ratio b¼ 0.1. Under the
same electric field, the collision efficiency of charged and neutral drop-
lets increases with CR (CR> 0). However, the increase is gentle and
almost straight under high electric fields (E¼ 106 V�m�1 and 107

V�m�1). Under the same b, the collision efficiency of two neutral drop-
lets (CR¼ 0) increases with the electric field, but the value is very small
when electric field E< 105 V�m�1. For charged droplet (CR> 0) and
neutral droplet, with the increase in electric field under the same CR,
the collision efficiency first decreases and then slightly increases to
around 1.0, which has a similar change rule to the study of Li et al.22

The droplet charge in Li’s paper has a low value, for example, the
corresponding charge ratio is about 0.05 when the radius of charged
droplet is 10lm. Further, this paper uses a formula with a higher accu-
racy than that in Li’s paper to calculate the electrostatic force, and the
studied droplet charge and size ranges are different, so there are some
differences in the specific variation rules. In the case of low charge, a
comparison between the outcomes calculated using the model in this
paper and using the model from Li et al.22 was conducted. The charged
droplet charge is about 0.05 times the Rayleigh limit. As shown in
Fig. 5, the calculation results of the two models at low charge have
good consistency, which can explain the accuracy of the calculated
model in this paper and the rationality of the calculation when the
model is extrapolated to high charge.

Figure 5 also further explores the relationship between collision
efficiency and electric field for different charge ratios CR at the same
droplet size ratio b. It can be seen that the collision efficiency of
charged and neutral droplets has a minimum value around
E¼ 1.75� 105 V�m�1 with the increase in E under each CR (CR> 0).
It can be seen more intuitively that with increasing electric field E, the
collision efficiency first decreases and then slightly rises to about 1.0.
However, for two neutral droplets (CR¼ 0), the collision efficiency
increases slowly at first and then increases rapidly with the increase in
the electric field. When electric field E> 5� 105 V�m�1, the collision
efficiency of two neutral droplets has exceeded that of charged droplet
and neutral droplet.

To find out the internal reasons for the above-mentioned changes
in collision characteristics, we calculated the drag force and electro-
static force of the neutral droplet before collision and critical collision
(Fig. 6). Additionally, to further clarify the effects of electric field,
charge, and droplet size on droplet collision characteristics, the relative
motion trajectory of droplets was derived, as shown in Fig. 7.

Figure 6 shows that, under the same electric field, both the drag
and electrostatic forces increase with neutral droplet size. Likewise, for
the same neutral droplet size, both forces grow with increasing electric
field strength. Among them, the electrostatic force at critical collision
increases slowly with E, without a significant order of magnitude
increase. At a relatively long distance before collision, the electrostatic
force is much smaller than the drag force, but at close range (critical
collision), when the electric field is below 106 V�m�1, the electrostatic
force exceeds the drag force. This further indicates that electrostatic
force between droplets is a short-range interaction.

As we know, with the increase in E, the droplet has a more
obvious polarization effect, causing the charge distribution to shift
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toward the ends and increasing the electrostatic force Fe on the
neutral droplet. Additionally, with the increase in E, the applied
electric field force FAE on the charged droplet is significantly
enhanced, accelerating its motion and increasing the disturbance

around it. Moreover, with the increase in the neutral droplet size,
the electrostatic attraction between the two droplet FEF increases,
further accelerating the charged droplet’s motion and enhancing
the disturbance. It can be seen from Eq. (4) that the drag force FD

FIG. 3. Effects of b and CR on the collision efficiency, with charged droplet radius r1¼10 lm. (a)–(f) The collision efficiency of a charged-neutral droplet pair when the electric
field intensity E varying from 102 to 107 V�m�1, respectively. Here, b (¼r2/r1) is the radius ratio of neutral and charged droplets. CR (¼Q/Qmax) is the ratio of the charged
droplet’s actual charge to its maximum charge (Rayleigh limit charge QRay).
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of the neutral droplet will increase with its size (represented by the
maximum cross section A in equation).

As can be seen from Fig. 7, with the increase in E at a small drop-
let size ratio, the dominant effect changes during the collision between
charged droplet and neutral droplet. The electrostatic attraction effect
dominates the collision process when E is low, while the inertial effect
dominates the collision process when E is high. As mentioned above,

with the increase in the electric field, the collision efficiency under the
same droplet size ratio first decreases and then rises slightly, and the
internal causes of the changes in the two stages are different.

Based on the analysis of droplet relative motion trajectory and
force, the variation characteristics of droplet collision efficiency except
the vicinity of E¼ 103 V�m�1 and 104 V�m�1 can be explained as
follows:

Normally, when only one of the two droplets is charged, the elec-
trostatic force between the two droplets is always attractive. The
charged droplet will accelerate its motion under the influence of the
applied electric field force, and the disturbance around the droplet will
be enhanced, which is not conducive to the collision between droplets.
With the enhancement of the electric field, the disturbance flow is
enhanced, which will offset the electrostatic attraction effect, so the col-
lision efficiency under the same droplet size ratio decreases. At this
stage, when the charged droplet has a larger charge (as CR increases),
the electrostatic attraction between the two droplets can be effectively
enhanced, thus effectively improving the possibility of droplet collision,
as shown in Figs. 7(a), 7(c) and 7(d), 7(f). Moreover, as the neutral
droplet size increases (b increases), the charge distribution area
expands and more free charge can be accommodated. Consequently,
the polarization effect will be more significant, and the electrostatic
attraction between droplets will be enhanced (as shown in Fig. 6), so
the droplet collision will be promoted, as shown in Figs. 7(a), 7(b) and
7(d), 7(e).

When the electric field is about above than 105 V�m�1, the elec-
trostatic attraction between droplets no longer dominates. The electric
field is large enough at this time, so that the velocity of the charged
droplet under its influence is relatively high, and the inertia effect is
prominent and dominates. As shown in Figs. 7(g)–7(i), the collision of

FIG. 4. Effects of CR on the collision efficiency, with a set of uniform electric fields
varying from 102 to 107 V�m�1, with two droplets radius r2¼ 1lm and r1¼10 lm,
respectively. CR (¼Q/Qmax) is the ratio of the charged droplet’s actual charge to its
maximum charge QRay.

FIG. 5. Effects of electric field E on the collision efficiency, with a set of CR varying
from 0 to 0.8, with b¼ 0.1 (r2¼ 1lm and r1¼10 lm). Lines represent results
from the model in this paper, while dots are from Li et al.’s model.22 The charge of
the charged droplet corresponding to the dots in the figure is consistent with that in
Li et al. ’s paper (about 0.05 times the Rayleigh limit). Here, b (¼r2/r1) is the radius
ratio of neutral and charged droplets. CR (¼Q/Qmax) is the ratio of the charged
droplet’s actual charge to its maximum charge QRay.

FIG. 6. The relation between the drag FD and electrostatic force Fe of neutral drop-
let under different uniform electric fields. Among them, the charge ratio CR¼ 1 and
charged droplet radius r1¼10 lm. Here, Co and Prco represent critical collision
and pre-collision, respectively. The solid line and the dot dash line represent the
drag and the electrostatic force at critical collision, respectively. The short dot line
represents the electrostatic force before critical collision.
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two droplets at this time is similar to vertical collision. With the
increase in the electric field (E> 105 V�m�1), the inertial effect is
enhanced, partially offsetting the disturbance influence; hence, the col-
lision efficiency rises somewhat and finally approaches 1.0.

For two neutral droplets, increasing the electric field strengthens
polarization and raises the electrostatic force, facilitating collisions.
Unlike charged droplets, neutral droplets are unaffected by external
electric field force FAF, avoiding the accelerated motion that disrupts
collisions. Thus, collision efficiency rises with the electric field, as
shown in Fig. 5. In addition, when the electric field is small (about less
than 105 V�m�1), the neutral droplet polarization is not significant,
and the electrostatic attraction between the two neutral droplet is
small, so the collision efficiency is low.

To further clarify the specific range of electric fields where the
collision efficiency decreases at large droplet size ratios, we calculate
the collision efficiency at electric fields slightly less than 103 V�m�1

and slightly more than 104 V�m�1, as shown in Fig. 8. Furthermore,
the disturbance velocity of neutral droplet varying with its size under
the electric field E¼ 103 V�m�1 and 104 V�m�1 was calculated, so as to

explore the internal reason why the collision efficiency of charged
droplet and neutral droplet decreased when the droplet size ratio was
large, as shown in Fig. 9.

As can be seen from Fig. 8, when the electric field is about
7.5� 102 V�m�1 to 7.5� 104 V�m�1, the collision efficiency of charged
droplet with high charge and neutral droplet has an inflection point
with the increase in droplet size ratio b. The results can be explained as
follows:

At this stage (E¼ 7.5� 102 V�m�1 to 7.5� 104 V�m�1), although
the electrostatic attraction between the two droplets is dominant, the
influence of disturbance flow is gradually prominent, and the inertial
effect has not yet appeared, that is, a transitional stage. At the stage
before the inflection point, the influence of disturbance has not been
prominent, and the reason for the increase in collision efficiency with
the increase in the droplet size ratio is the same as before. In other
words, when the neutral droplet size is larger, the polarization effect
inside the droplet will be more significant, and the electrostatic attrac-
tion will be enhanced. At the same time, when the droplet size ratio b
is small, the disturbance velocity of neutral droplet does not increase

FIG. 7. The relative motion trajectory of a r1¼10 lm charged droplet (red circle) and a neutral droplet (blue circle) under uniform vertical downward electric fields of values
(a)–(c) E¼ 102 V�m�1, (d)–(f) E¼ 104 V�m�1, and (g)–(i) E¼ 106 V�m�1. The neutral droplet radius is r2¼ 1lm for (a), (c), (d), (f), (g), and (i); and r2¼ 2lm for (b), (e), and
(h). The charge ratio is CR¼ 0.1 for (a), (b), (d), (e), (g), and (h); and CR¼ 0.5 for (c), (f), and (i). Here, CR (¼Q/Qmax) is the ratio of the charged droplet’s actual charge to its
maximum charge QRay.
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significantly with the increase in the droplet size ratio b (as shown in
Fig. 9), that is, the disturbance effect does not significantly offset the
electrostatic attraction effect. In the later stage, when the droplet size is
relatively large, the disturbance velocity increases significantly with the
increase in droplet size ratio b. In addition, when the charge ratio CR
is high, the droplet disturbance increases more significantly when the
droplet size ratio b is large, as shown in the comparison between black
and red dots or blue and yellow dots in Fig. 9.

The significant disturbance flow effects of high charge ratio CR
and large droplet size ratio b offset the effects of electrostatic attraction,
while the inertial effect does not appear to suppress the decrease in col-
lision efficiency. Therefore, in the later stage, when the charged droplet
charge and droplet size ratio are high, the collision efficiency will
decrease with the increase in the droplet size ratio.

In fact, the electrostatic force of the charged droplet is influenced
by both the charge ratio CR and the applied electric field E. Under the
same electric field, the charged droplet with a higher charge ratio is
subjected to a greater applied electric field force. Therefore, the charged
droplet has a more obvious accelerated motion, resulting in enhanced

disturbance around the droplet. Additionally, as the size of the neutral
droplet increases, its drag force FD also rises, which hinders droplet
collision. As shown in Fig. 6 or Eq. (4), with increasing droplet size,
both the maximum cross section A and the drag force FD of the neutral
droplet increase.

Finally, we investigated the relationship between the size of
charged and neutral droplets and their collision efficiency under the
same electric field strength (E¼ 104 V�m�1) and charge ratio
(CR¼ 0.5), as shown in Fig. 10. It can be seen that for various size
combinations, the peak value of the collision efficiency approximately
occurs when the two droplet sizes are close and the size of the neutral
droplet is slightly smaller than that of the charged droplet.

B. Collision kernel characteristic

To characterize the frequency of droplet collision under different
electric fields, the collision kernel was calculated. As shown in Fig. 11,
under the same electric field, the collision kernel increases with the
charge ratio CR. Similarly, for a fixed CR, the collision kernel grows

FIG. 8. Effects of b and CR on the collision efficiency when E is slightly less than 103 V�m�1 and slightly more than 104 V�m�1, with charged droplet radius r1¼10 lm. (a)–(d)
The change of electric field intensity from 5� 102 to 7.5� 104 V�m�1. Here, b (¼r2/r1) is the radius ratio of neutral and charged droplets. CR (¼Q/Qmax) is the ratio of the
charged droplet’s actual charge to its maximum charge QRay.
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with the electric field. According to Eq. (3), the collision kernel is
mainly determined by the relative velocity difference jV1 � V2j
between the two droplets and the collision efficiency a. In fact, the sec-
ond determinant of the collision kernel is actually the maximum hori-
zontal distance rmax between two droplets that can collide, as the

collision kernel K¼ a jV1 � V2j p (r1 þ r2)
2 ¼jV1 � V2j p (rmax)

2.
When the charge ratio CR is larger, on the one hand, the electrostatic
attraction between the two droplets will increase, which can effectively
promote the occurrence of collision. On the other hand, the applied
electric field force on the charged droplet (CR> 0) will increase, which
can effectively enhance its velocity. Therefore, under the same electric
field, a higher charge ratio CR leads to a greater maximum horizontal
distance and velocity difference, resulting in a higher collision kernel.

When the applied electric field increases, although the collision
efficiency (or the maximum horizontal distance rmax) of charged and
neutral droplets decreases, the velocity of charged droplet rises signifi-
cantly. The increase in the velocity difference jV1� V2j is more signifi-
cant than the decrease in the maximum horizontal distance rmax.
Therefore, at the same charge ratio CR, the collision kernel continues
to increase with the applied electric field. Additionally, the collision
kernel of two neutral droplets (CR¼ 0) is much lower than that of the
charged and neutral droplets under the same electric field, as neutral
droplets do not accelerate the motion under the applied electric field
force FAE like charged droplets.

As shown in Fig. 12, the effects of droplet size ratio b and charge
ratio CR on collision kernel under various electric fields are specifically
presented. The results show that the collision kernel of each applied
electric field (from 102 V�m�1 to 107 V�m�1) increases with the
increase in the droplet size ratio b under the same charge ratio CR. It
can also be seen that under the same droplet size ratio b, the collision
kernel of each applied electric field increases with the increase in the
charge ratio CR.

As mentioned earlier, the collision kernel is mainly deter-
mined by the relative velocity difference jV1 � V2j and the maxi-
mum horizontal distance rmax between two droplets that can
collide. Under the same charge ratio CR, the increase in the droplet
size ratio b has little effect on the velocity difference jV1 � V2j of
the two droplets. It is mainly reflected that the large neutral droplet

FIG. 9. Effect of neutral droplet size on its disturbance velocity at critical collision,
with charged droplet radius r1¼10 lm. Black and red dots represent the neutral
droplet disturbance velocity at E¼ 103 V�m�1, while blue and yellow dots represent
it at E¼ 104 V�m�1. The curves are fitting curves. The solid curve corresponds to
CR¼ 0.5, and the dashed curve to CR¼ 1. Here, b (¼r2/r1) is the radius ratio of
neutral and charged droplets. CR (¼Q/Qmax) is the ratio of the charged droplet’s
actual charge to its maximum charge QRay.

FIG. 10. Collision efficiency for charged-neutral droplet pairs of different radii, with
the electric field E¼ 104 V�m�1 and charge ratio CR¼ 0.5. Here, CR (¼Q/Qmax) is
the ratio of the charged droplet’s actual charge to its maximum charge (Rayleigh
limit charge QRay).

FIG. 11. Effects of CR on the collision kernel, with a set of uniform electric fields
varying from 102 to 107 V�m�1, with two droplets radius r1¼10 lm and r2¼ 1lm,
respectively. Here, CR (¼Q/Qmax) is the ratio of the charged droplet’s actual charge
to its maximum charge QRay. b (¼r2/r1) is the radius ratio of neutral and charged
droplets.
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has more obvious polarization effect, which enhances the electro-
static force between the two droplets and causes the increase in the
maximum horizontal distance rmax. As shown in Fig. 3, except for
Figs. 3(b) and 3(c), the collision efficiency a increases with the

increase in the droplet size ratio b under each electric field. For the
transition stage of 7.5� 102 V�m�1 to 7.5� 104 V�m�1 electric
fields in Figs. 3(b) and 7(c), Figs. 8(b) and 8(c), although the colli-
sion efficiency a decreases with the increase in the droplet size ratio

FIG. 12. Effects of b and CR on the collision kernel, with charged droplet radius r1¼10 lm. (a)–(f) The collision kernel of a charged-neutral droplet pair when the electric field
intensity E varying from 102 to 107 V�m�1. Here, b (¼r2/r1) is the radius ratio of neutral and charged droplets. CR (¼Q/Qmax) is the ratio of the charged droplet’s actual charge
to its maximum charge QRay.
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b in the later stage, rmax that actually determines the collision ker-
nel increases, so the collision kernel will also increase.

Finally, we investigated the relationship between the size of
charged and neutral droplets and their collision kernel under the same
electric field strength (E¼ 104 V�m�1) and charge ratio (CR¼ 0.5), as
shown in Fig. 13. It can be seen that the larger the sizes of the two
droplets, the more beneficial it is for the enhancement of the collision
kernel, and the peak appears when the sizes of both droplets are larger.

IV. CONCLUSIONS

In this paper, a computational model is proposed to study the
collision characteristics of two neutral droplets or a neutral droplet and
a charged droplet with varying charge ratios (particularly at high
charges near the Rayleigh limit) under different electric field strengths.
The collision characteristics are characterized by collision efficiency
and collision kernel, which reflect the probability and frequency of
droplet collisions, respectively. The results are shown as follows:

(i) Collision efficiency at extremely low and high electric fields:
The collision efficiency increases with the droplet size ratio
(specifically, it is size of the neutral droplet) under extremely
low electric fields (near 102 V�m�1) and high electric fields
(ranging from 7.5� 104 to 107 V�m�1). Furthermore, in
extremely low electric fields, the enhancement of collision effi-
ciency shows no apparently upper limit, while under high elec-
tric fields, the collision efficiency plateaus, ultimately
stabilizing around 1.0.

(ii) Collision efficiency in transition stage:
In contrast, at moderate electric fields (ranging from 7.5� 102

to 7.5� 104 V�m�1), a transition stage is observed. In this
stage, the disturbance influence is continuously enhanced,
while the inertia effect is not shown. Here, there is a peak in
the collision efficiency of highly charged droplet (especially

near the Rayleigh limit) with neutral droplet as the droplet size
ratio increases.

(iii) Collision efficiency over the entire electric field range:
Within the electric field range of 102 to 107 V�m�1, increasing
the charge of the charged droplet enhances the collision effi-
ciency of the charged-neutral droplet pair. For a given droplet
size ratio, the collision efficiency of micron-sized charged-neu-
tral droplet pairs initially decreases with increasing electric field
due to the disturbance effect and then rises slightly to about 1.0
due to the inertial effect. For two neutral droplets (CR¼ 0), the
collision efficiency first increases slowly and then rises sharply
as the electric field strength increases. When the electric field
E > 5� 105 V�m�1, the collision efficiency of two neutral
droplets surpasses that of the charged-neutral droplet pair.
However, at electric field strengths below 105 V�m�1, the colli-
sion efficiency of two neutral droplets is very low.

(iv) Collision kernel over the entire electric field range:
The collision kernel increases with the droplet size ratio (spe-
cifically, it is size of the neutral droplet) across all studied elec-
tric field strengths (102 V�m�1 to 107 V�m�1). Moreover, the
increase in the applied electric field can significantly increase
the collision kernel of neutral droplets or a charged-neutral
droplet pair. The collision kernel of two neutral droplets is
much smaller than that of the charged and neutral droplets
under the same electric field. It is expected that even with elec-
tric fields exceeding 5� 105 V�m�1, neutral droplets will take a
considerable amount of time to collide and coalesce into larger
droplets.

(v) Effect of droplet size on collision characteristics:
The peak collision efficiency occurs when the droplet sizes are
close, with the neutral droplet slightly smaller than the charged
one, and the collision kernel is enhanced as the droplet sizes
increase, peaking when both droplets are larger.
The research results are crucial for understanding the internal

physical processes of cloud droplet collisions under different uniform
electric fields and varying charges (especially high charges). Future
studies could consider the effect of electric field intensity on the evolu-
tion of droplet size distribution and the effect of electric field heteroge-
neity on droplet collision characteristics.
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