This article may be downloaded for personal use only. Any other use requires prior permission of the author and AIP
Publishing. This article appeared in Ming Zhang, Zhiwen Yang, Chuan Li, Jiawei Li, Dingchen Li, Qixiong Fu, Kexun Yu;
Raindrop formation in a thunderstorm mimicking environment under non-uniform electric field. Physics of Fluids 1 February
2025; 37 (2): 022023 and may be found at https://doi.org/10.1063/5.0251043.

RESEARCH ARTICLE | FEBRUARY 11 2025
Raindrop formation in a thunderstorm mimicking

environment under non-uniform electric field ©

Ming Zhang (3KBB) © ; Zhiwen Yang (#@&3Z); Chuan Li (Z2(%) & © ; Jiawei Li (Z=5E);
Dingchen Li (=T 2) ¥ © ; Qixiong Fu ({&1Ff); Kexun Yu (F5Eill)

‘ '.) Check for updates ‘

Physics of Fluids 37, 022023 (2025)
https://doi.org/10.1063/5.0251043

@ B

View Export
Online  Citation

N
O
=
LL
Yo

@)

N
O

N

>
i a
Q.

Articles You May Be Interested In

Collision characteristics of neutral and highly charged droplets in uniform electric fields
Physics of Fluids (January 2025)

Simulation of charge accumulation in warm thunderstorms taking into account the fractality of the cloud
environment

AIP Conf. Proc. (January 2024)
A numerical model of the electrostatic-aerodynamic shape of raindrops

AIP Conf. Proc. (January 1990)

AIP Advances

Why Publish With Us?

E 21DAYS " | ' OVER4MILLION E}.‘, INCLUSIVE

average time

views in the last year
to 1stdecision L

scope

AIP
é/:. Publishing

AIP
Learn More é/_ Publishing

G2'G1:20 9202 YdIelN G0


https://pubs.aip.org/aip/pof/article/37/2/022023/3335604/Raindrop-formation-in-a-thunderstorm-mimicking
https://pubs.aip.org/aip/pof/article/37/2/022023/3335604/Raindrop-formation-in-a-thunderstorm-mimicking?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0002-9372-4926
javascript:;
javascript:;
https://orcid.org/0000-0003-4761-5160
javascript:;
javascript:;
https://orcid.org/0000-0001-6807-8574
javascript:;
javascript:;
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0251043&domain=pdf&date_stamp=2025-02-11
https://doi.org/10.1063/5.0251043
https://pubs.aip.org/aip/pof/article/37/1/012005/3329259/Collision-characteristics-of-neutral-and-highly
https://pubs.aip.org/aip/acp/article/2969/1/060014/2933679/Simulation-of-charge-accumulation-in-warm
https://pubs.aip.org/aip/acp/article/197/1/436/690735/A-numerical-model-of-the-electrostatic-aerodynamic
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3470650&setID=1044493&channelID=0&CID=1678023&banID=524321803&PID=0&textadID=0&tc=1&rnd=5828074373&scheduleID=3650763&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&mt=1772694925426980&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fpof%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0251043%2F20392837%2F022023_1_5.0251043.pdf&request_uuid=b9901a3a-f879-48c8-bba5-6347a28b9c36&hc=0278c66ee5dca1b7485f7107c3241d972d3713d7&location=

pubs.aip.org/aip/pof

Physics of Fluids ARTICLE

Raindrop formation in a thunderstorm mimicking
environment under non-uniform electric field

Cite as: Phys. Fluids 37, 022023 (2025); doi: 10.1063/5.0251043 @ 1 @
Submitted: 29 November 2024 - Accepted: 5 January 2025 - (Rl
published Online: 'I'I February 2025 View Online Export Citation CrossMark

Ming Zhang (3 )," (® Zhiwen Yang (# £ %), Chuan Li (254%),"® (%) Jiawei Li (%% ), Dingchen Li (T &),>?

Qixiong Fu (ffi¥itf), and Kexun Yu (T-52l)’!

AFFILIATIONS

IState Key Laboratory of Advanced Electromagnetic Technology, International Joint Research Laboratory of Magnetic Confinement
Fusion and Plasma Physics, School of Electrical and Electronic Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China

“Department of Building Environment and Energy Engineering, The Hong Kong Polytechnic University, Hong Kong 999077, China

3 Authors to whom correspondence should be addressed: lichuan@hust.edu.cn and 18342212883@163.com

ABSTRACT

The rapid formation of raindrops within thunderstorm clouds is significantly influenced by the synergistic effect of non-uniform electric
fields and charge, which facilitates the collision and growth of droplets. This phenomenon forms the theoretical foundation for charged parti-
cle catalytic artificial rainfall technology. Despite this, the precise mechanism by which these factors enhance droplet collision and growth
remains elusive. In this study, we endeavored to elucidate this mechanism by constructing a non-uniform electric field to emulate the condi-
tions within a lightning environment. We introduced charged-neutral droplet pairs and systematically investigated the impact of electric field
gradient and charge on droplet collision characteristics, specifically the likelihood and frequency of collisions, under various reference field
strength conditions. Our findings indicate that when the reference field strength is below 1.75 x 10° V-m ™', the decaying gradient electric
field and the increase in charge significantly enhances the likelihood of droplet collisions. Conversely, a higher electric field gradient is associ-
ated with a decreased collision frequency, while a higher charge has a positive effect on this frequency. These insights not only contribute to a
deeper comprehension of the mechanisms by which non-uniform electric fields and charge promote droplet collision and growth within
thunderstorm clouds but also offer theoretical underpinnings for the optimization of charged particle catalytic artificial rainfall technology.
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I. INTRODUCTION

Artificial rainfall technology has played a great role in alleviating
drought, replenishing water resources, and improving the living envi-
ronment of human beings."” As an emerging rainfall technology, arti-
ficial rainfall catalyzed by charged particles has a low dependence on
chemical catalysts compared with traditional artificial rainfall technol-
ogy. It is based on the synergistic effect of electric field and charge,
accelerating the growth of droplet collision to form raindrops’ ~ and is
an environmentally friendly artificial rainfall technology.’

Gas ionization forms charged particle clusters that create plasmas
and has many applications.” '’ Their interaction with water molecules
charges droplets, producing distinct properties. In order to reveal the
internal mechanism of electric field and charge promoting droplet col-
lision, predecessors have conducted research from the perspectives of
electric field strength,'' charge level,'” and droplet size."” Beard et al."*
conducted cloud chamber experiments showing that even the smallest
charge can significantly increase the coalescence likelihood when two

droplets collide. Guo et al.'” found through numerical studies that for
clouds with initial droplet sizes less than 10 um, charge significantly
enhances droplet collisions, and the presence of an electric field further
accelerates coalescence and the formation of larger droplets. Li et al."’
studied the collision characteristics of two droplets under different uni-
form electric fields, finding that the improvement effect of the applied
electric field force on droplet collisions differs from that of electrostatic
force.

Direct observational data on the electric field gradient in thunder-
storm clouds remains scarce due to technical challenges and complexi-
ties in actual measurements. We referred to electric field distribution
near the corona discharge needle electrode, which is the order of 107
V/m?. This is also introduced in the manuscript. At the begin of this
paragraph, we simply pointed out the non-uniformity of the electric
field and the high charge characteristics.'™'” As Sun et al."® found that
electric field forces in thunderstorm clouds can cause local charge den-
sity changes of —0.6 to 0.12 nC-m >, leading to a redistribution of
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charge structures and an increase in local vertical electric field
strengths by up to 5 kV-m . Zhou and Tinsley'” simulated the cur-
rent density flow in layer clouds, with the atmospheric electric field
gradient in the model reaching about 200 V - m™2. However, it is not a
thunderstorm cloud. Since lightning discharge involves rapid current
flow and electrical breakdown of air, the electric field gradient near a
lightning channel can be very large. Direct observational data on the
electric field gradient in thunderstorm clouds are still relatively scarce.
Liu et al”” studied the electric field distribution near a corona dis-
charge needle electrode, where the electric field gradient can reach the
order of 107 V-m 2, providing a reference for the study of electric
field gradients in thunderstorm clouds.

Although previous relevant studies have adopted non-
uniformly distributed electric field and charge conditions, for
instance, Washizu and Jones”' investigated the dielectrophoretic
force induced by electric field gradient on a single particle in non-
uniform electric fields but did not account for the overall impact of
multiple dynamic forces on the collision behavior of droplets. Li
et al.”>* found in corona discharge environments generated by
wire-mesh or needle-mesh electrodes that the combined effect of
electric field and charge can facilitate droplet collection, these stud-
ies are mainly macroscopic. Additionally, Li et al.”* used discharge
plasma to charge and polarize droplets, creating gradient electric
fields and charge distributions in space to control droplet trans-
port. However, this differs from the issue of droplet collisions in
clouds. Moreover, in our earlier experiments in a cloud chamber
with corona discharge, we observed sub-micron droplets growing
into large droplets over 25 um, primarily attributed to significantly
enhanced collision interactions due to the uneven distribution of
electric field and charge.23 However, the intrinsic mechanisms by
which this uneven distribution affects droplet collision and coales-
cence remain unclear. Thus, we conducted further research on the
effects of gradient electric fields on droplet collision.

Thunderstorm cloud

lightning

Raindrops [ ¢ o ¢
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Charged droplets with the same polarity will repel each other
when they are at relatively long distances, while charged droplets and
neutral droplets will always attract each other regardless of distance.’
Additionally, in practical environments, strong collisions in the initial
stage can quickly deplete the net charge of droplets carrying opposite
polarities, diminishing the net effect of charge on the overall collision
and growth of droplet population.”” However, monopolar charges are
not neutralized upon collision, maintaining their influence throughout
the interaction process. Consequently, neutral droplets are inclined to
aggregate in the vicinity of charged droplets. This study, therefore,
concentrates on the collisions between charged and neutral droplets,
which is also a critical issue in research areas such as artificial
rain enhancement and electrostatic fog removal. Additionally, charged
droplets in thunderclouds can carry very high charge levels, yet
there is currently a lack of research on the internal interaction mecha-
nisms between highly charged droplets and neutral droplets during
collisions.

In summary, previous studies have lacked research on the effects
of high charge level and electric field non-uniformity, particularly gra-
dient fields, on the internal mechanisms of collisions between charged
and neutral cloud droplets. Therefore, this study focuses on the colli-
sion characteristics of a charged-neutral droplet pair under varying
reference field strengths and gradient sizes, with both the electric field
and gradient directed vertically downward. A trajectory model is
employed to calculate the collision efficiency and kernel to characterize
the collision properties.

Il. MODELS AND METHODOLOGY

In this study, we examine the gravity Fg, dielectrophoretic force
Fpgp, mirror electric field force Fgg, applied electric field force Fag,
and drag force Fp, acting on droplets in uniform and gradient electric
fields, as illustrated in Fig. 1. The specific expressions of each force are
as follows.

VE Gradient electric field E Uniform electric field

o Neutral droplet . Charged droplet
Iy Drag force

F; Gravity

Fyr Mirror electric field force
F.e Applied electric field force

Fypir Dielectrophoretic force

FIG. 1. Force diagram of a charged-neutral droplet pair under gradient electric field and uniform electric field. The electric field E and electric field gradient VE are vertically
downward, and the gradient is negative, that is, the electric field decays downward. Note that the mirror electric field force Fgr and the applied electric field force Fag can be

combined into electrostatic force Fe.
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The gravity Fg on the droplet is defined as
4
Fg = gnpwarerrsgv 1)

where Py is the density of water, r is the radius of the droplet, and g
is the gravitational acceleration.

Due to their inherent polarity, droplets exhibit polarization under
an external electric field, forming an induced dipole moment that
interacts with the non-uniform electric field, generating dielectropho-
retic force.”” Its expression is as follows:”"

&1 — &
Fpgp = 21y VE? , 2
o = 277w (50 ) @

where &, and ¢; are the permittivity of air and water, respectively. E is
the electric field strength.

The mirror electric field force Fgr and the applied electric field
force Fag are integrated into the unified calculation of electrostatic
force F,, using Davis’s high-precision electrostatic force calculation for-
mula,”®*” as follows:

Felx = Ecos 5(‘]1 + lJz) - Ferv

Fely = ESin5(41 + ‘12) - FeZ)u

Foox = Eqy cos 8 + {4megrEX(F, cos 28 + F, sin 25)
+Ecos d(Fzq) + Faqa) (3)
+ (Fsqt + Fsqugz + Fra3) / (4meor3) },

Feoy = Eqy sin 6 + {4meor2E*Fg sin 26
+ E sin 5(F941 + FquZ)}7

where ¢ is the angle between the electric field and the line connecting the

centers of the two droplets. &, is the permittivity of air. g; and g, denote

the charges, while 7; and r, represent the radii of the two droplets,

respectively. F;-Fj are a series of complex dimensionless coefficients.
The drag force Fy, acting on a droplet in air is"’

Cp
FD - ZCApazrlv u|(V u), (4)
where Cp, and C are the drag coefficient and the Cunningham correc-
tion coefficient, respectively. A is the maximum cross-sectional area of
the droplet, p,; is the air density, V and u denote the velocity of the
droplet and the disturbance velocity (the flow velocity field induced by
the droplet), respectively.

The hydrodynamic interaction between the two droplets is
explained using the superposition method,”” assuming that one droplet
moves within the disturbance flow field generated by the other droplet.
The calculation of disturbance velocity u is based on the improved
superposition method.”’

Droplet collision characteristics are characterized by collision effi-
ciency # and collision kernel K, which, respectively, represent the likeli-
hood and frequency of droplet collision. Specifically, they can be
expressed as follows:' ™

P
n=—"% (5)

(7‘1 + 7’2)2
K = na(r + n)*|Vy — Val, (6)

pubs.aip.org/aip/pof

where dp,,y is the maximum horizontal distance at which two droplets
can collide and r is the radius of the droplet. V is the terminal velocity
of the droplet, which represents the steady-state velocity of the droplet
relative to the fluid in the absence of any other droplets.

As the reference field strength E, increases, the magnitude of elec-
tric field gradient |VE| needs to increase a corresponding order of
magnitude before there is a significant change in collision efficiency or
kernel. To provide a unified representation, we introduce the ratio of
electric field gradient REG, which represents the ratio of the magnitude
of electric field gradient to the value of reference field strength,

|VE|

where |VE| and E, represent the magnitude of electric field gradient
and reference field strength, respectively. REG has units of m ™",

The reference field strength E, refers to the maximum value of
electric field in the local space where the droplet moves relatively. In
our study, the electric field decays downward, and E, refers to the elec-
tric field strength at the position where the electric field begins to decay
in the chosen research space. Ej is closely related to the average electric
field strength in the local space surrounding the droplet’s motion.

In clear weather, the electric field strength is approximately 10
V-m~ Y, while thunderstorm electrification can increase the field to
several hundred kilovolts per meter.” In this study, the reference field
strength E, ranges from 10° to 10° V-m™"', with varying gradient
changes in the vertical direction. This serves as a simulation of droplet
collision and coalescence in the uneven electric field environment
found in localized regions of thunderstorm clouds. In this study, to
clarify the influence of electric field gradient, we calculate using a fixed
size of droplet pairs. The radii of charged and neutral droplets are
r1=10pum and r,=1pum, respectively. The charge of the charged
droplet is = (0-1) Qray=(0-1) X 87(5o0or’)""%, Where Qg,y is the
Rayleigh limit charge at which the droplet is on the verge of breaking
up due to repulsion between charges.”"” &, is the permittivity of air
and o is the surface tension of water.

In the computational model, we employ the second-order
Runge-Kutta method™ to solve the equations of motion for the drop-
lets. The initial disturbance velocities of the two droplets as well as the
mirror electric field forces are set to zero.

Ill. RESULTS AND DISCUSSION

To characterize the likelihood of droplet collisions across varying
electric fields, we calculated the collision efficiency. Figure 2 shows the
effects of ratio of electric field gradient REG on the collision efficiency
of a charged-neutral droplet pair under different reference field
strengths Ep, with droplet radius and charge held constant. As illus-
trated in Fig. 2, when the reference field strength E, = 10%, 10% and 10
V-m™, the collision efficiency in the gradient electric field is greater
than that in the uniform electric field (that is when REG=0).
Furthermore, as the magnitude of the electric field gradient |VE]|
increases, which corresponds to an increase in REG in the figure, the
collision efficiency improves. For instance, when the reference field
strength Eo=10* V-m ™, the collision efficiency can be nearly dou-
bled at its maximum. Comparatively, the improvement in collision
efficiency is more conspicuous at a relatively higher reference field
strength. However, when the reference field strength E, = 10°V-m %,
the collision efficiency in the gradient electric field is lower than that in
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FIG. 2. Effects of ratio of electric field gradient REG on the collision efficiency of a
charged-neutral droplet pair, with a set of reference field strengths Eq varying from
10% to 10° V-m~". REG = |VE|IE, is the ratio of magnitude of the electric field
gradient to the value of reference field strength. The radii of the charged and neutral
droplets are ry =10 um and r, =1 um, respectively. The charge of the charged
droplet is 0.1 times the Rayleigh limit charge.

the uniform electric field, as shown in the enlarged section of Fig. 2.
Furthermore, as the electric field gradient magnitude |VE| increases,
which corresponds to an increase in REG in the figure, the collision
efficiency decreases. However, the reduction of collision efficiency is
relatively minor.

Collision efficiency 7

FIG. 3. Effects of ratio of electric field gradient REG and charge ratio CR on the col-
lision efficiency of a charged-neutral droplet pair, with reference field strength
Ey=10%V-m~". The radii of the charged and neutral droplets are r; =10 um and
r,=1um, respectively. CR = Q/Qg,y is the ratio of the charged droplet's actual
charge to the Rayleigh limit charge.
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In addition, as shown in Fig. 3, the effects of the ratio of electric
field gradient REG and the charge ratio CR on the collision efficiency
of the droplet pair were further investigated under a reference field
strength value of Ey=10> V-m™". It can be observed that, under the
same magnitude of electric field gradient, an increase in charge ratio
CR, that is, the amount of charge on the charged droplet, significantly
improves the collision efficiency. Furthermore, as the electric field gra-
dient magnitude |VE| increases (corresponding to the increase in REG
in the figure), the collision efficiency improves under each charge ratio
CR. The improvement is even more pronounced at higher charge
ratios.

In summary, it indicates that the gradient electric field facilitates
an increased likelihood of collisions when the reference field strength
Ey=10%10% and 10° V- m™". The enhancement in collision efficiency
is more pronounced when the charged droplets have higher charges
and the electric field gradients are larger. In contrast, the gradient elec-
tric field instead diminishes the likelihood of collisions when the refer-
ence field strength E,=10°V-m ™.

To find out the internal reasons for the above changes in collision
efficiency, we investigated the relationship between the collision effi-
ciency of a charged-neutral droplet pair and the strength of the uni-
form electric field. As shown in Fig. 4, the collision efficiency decreases
as the electric field E increases when E is less than 1.75 x 10° V-m ™.
When E is greater than 1.75 x 10° V-m ! and less than 10 V-m ',
the collision efficiency increases slightly with increase in E, and
finally tends to about 1.0, which is similar to the change rule in the
study of Li."'

Since we apply a negative electric field gradient, that is, the elec-
tric field decays vertically, the variation of collision efficiency in Fig. 2
is largely influenced by the attenuation of electric field. In Fig. 2, when
the electric field is below 10° V- m ™%, the collision efficiency increases
with the rising ratio of electric field gradient REG. When E exceeds 10

100
|—— |VE=0 V-m
<
510-
=
D
k)
L=
5
=
S
2
=
o 17
0.1 — — — — —
10? 10° 104 10° 10° 107
E(V-m)

FIG. 4. Effects of the strength of uniform electric field £ on the collision efficiency.
The electric field gradient is |VE| =0V - m2. The radii of the charged and neutral
droplets are ry=10um and r, =1 um, respectively. The charge of the charged
droplet is 0.1 times the Rayleigh limit charge.
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FIG. 5. Relative motion trajectories of a charged droplet (solid red circle) and a neutral droplet (blue circle) under uniform and gradient electric fields. Reference field strength
values: (a), (b) Eg=10* V-m~"; (c), (d) Eo=10° V-m~". Electric field gradient magnitudes: (a), (d) [VE|=0V-m~% (b) [VE|=10° V-m~?% (d) [VE|=10° V-m~2
REG = |VE|IE, is the ratio of magnitude of the electric field gradient to the value of reference field strength. The charge of the charged droplet is 0.1 times the Rayleigh limit

charge.

V-m, the collision efficiency slightly decreases as the ratio of electric
field gradient REG increases.

Figure 5 further explores the relative motion trajectories of a
charged-neutral droplet pair under uniform and gradient vertical
downward electric fields. At low reference field strengths, the maxi-
mum horizontal distance d,;,,x for collisions between the charged-neu-
tral droplet pair in the gradient electric field [Fig. 5(b)] is greater than
in the uniform electric field [Fig. 5(a)]. At high reference field
strengths, di,.x in the gradient field [Fig. 5(d)] is slightly less than in
the uniform field [Fig. 5(c)]. Combined with the research of Li et al.,"’
the internal factors affecting collision efficiency due to the electric field
gradient are as follows.

When E < 1.75 x 10> V-m™ ", collisions are primarily driven by
electrostatic attraction. However, as the electric field strength increases,
the acceleration of charged droplets intensifies, causing greater distur-
bances that reduce collision likelihood. In a gradient electric field, the
vertical component weakens, reducing the acceleration and disturban-
ces on the droplets, thus improving the collision efficiency.

Additionally, the gradient field enhances the polarization effect
between droplets,”” increasing their electrostatic attraction and pro-
moting collisions. As the electric field strengthens further, the inertial
effect becomes more pronounced and offsets the influence of distur-
bance to a certain extent.' Consequently, the collision efficiency under
the uniform electric field experiences a modest enhancement.
However, in the gradient electric field with a relatively high reference
field strength, the increasing gradient will weaken the inertial effect,
resulting in a slight decrease in collision efficiency.

On the other hand, we calculate the collision kernel to quantify
the frequency of droplet collisions across varying electric fields. Figure
6 shows the effects of the ratio of electric field gradient REG, which is
essentially the magnitude of the electric field gradient | VE|, on the col-
lision kernel of a charged-neutral droplet pair under different refer-
ence field strengths. It can be seen that for reference field strength E,
ranging from 10° to 10°> V-m ™, the collision kernel under the gradi-
ent electric field (REG >0) in the same reference field strength is
slightly lower than those under the uniform electric field (REG = 0).
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FIG. 6. Effects of ratio of electric field gradient REG on the collision kernel of a
charged-neutral droplet pair, with a set of reference field strengths Eq varying from
10% to 10° V-m~". REG = |VE|IE, is the ratio of magnitude of the electric field
gradient to the value of reference field strength. The radii of the charged and neutral
droplets are ry =10 um and r, =1 um, respectively. The charge of the charged
droplet is 0.1 times the Rayleigh limit charge.

Moreover, as the magnitude of electric field gradient |V E| increases,
corresponding to the increase in REG shown in the figure, the collision
kernel decreases. This trend is more pronounced for a reference field
strength of 10° V- m™". In addition, when the reference field strength
E, is larger, the corresponding collision kernel under the same REG is
also larger, that is, the collision frequency is higher.

Since the collision frequency is closely related to the droplet’s
velocity, as shown in the collision kernel calculation formula in Eq. (6),
the background electric field in the gradient electric field is attenuated
compared to the uniform electric field. That is, the overall average
electric field strength in the space where droplets move is lower
and will further decrease as the REG increases (electric field gradient
|VE| increases). This in turn leads to a decrease in the acceleration
of the charged droplet in the gradient electric field, while the
movement speed of the neutral droplet is not significantly affected.
Eventually, the speed difference between two droplets |V, — V| signif-
icantly decreases, and the frequency of droplet collisions per unit time
also decreases. Therefore, for the same reference field strength E,, the
collision kernel in the gradient electric field (REG > 0) will be lower
than that in the uniform electric field (REG=0) and will further
decrease as the REG increases (electric field gradient |VE| increases).
In addition, for the same REG, when the reference field strength E is
larger, the overall average electric field in the droplet movement space
also increases. This can make the accelerated motion of the charged
droplets in the electric field more significant, which is conducive to the
improvement of the droplet collision frequency, that is, a larger colli-
sion kernel.

In addition, Fig. 7 shows the effects of the ratio of electric field
gradient REG and the charge ratio CR on the collision kernel of the
droplet pair, investigated under a reference field strength of E, = 10’
V-m L It can be observed that, for the same charge ratio CR, when
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FIG. 7. Effects of ratio of electric field gradient REG and charge ratio CR on the col-
lision kernel of a charged-neutral droplet pair, with reference field strength £, = 10°
V-m~'. The radii of the charged and neutral droplets are r;=10um and
r,=1um, respectively. CR= Q/Qr,y is the ratio of the charged droplet's actual
charge to the Rayleigh limit charge.

the electric field gradient magnitude |VE| is larger (corresponding to
larger REG values in the figure), the collision kernel decreases.
However, under the same electric field gradient (corresponding to the
same REG), an increase in the charge ratio CR significantly enhances
the collision kernel, which means the collision frequency increases.
Therefore, although the gradient electric field in thunderclouds is not
beneficial for the frequency of droplet collisions, the large number of
charged particles in the thundercloud can increase the charge on drop-
lets, significantly improving this situation and enhancing the collision
kernel.

As mentioned earlier, the collision kernel characterizes the fre-
quency of droplet collisions, and it is closely related to the droplets’
velocity. The underlying reason for the effect of REG on the collision
kernel at the same charge ratio CR is the same as described in Fig. 6.
Specifically, the overall average electric field strength in the back-
ground space corresponding to the gradient electric field is lower,
which results in a decrease in acceleration of the charged droplet in the
gradient electric field. Consequently, the frequency of droplet collisions
per unit time is lower, meaning the collision kernel is smaller. On the
other hand, when the droplet charge ratio CR increases, meaning the
charge on the droplets increases, the applied electric field force and
the mirror electric field force on the droplets increase significantly,
which in turn causes the droplets’ acceleration in the background
electric field to become more significant. Ultimately, the collision
frequency per unit time increases, that is, the collision kernel increases.

IV. CONCLUSIONS

In this paper, we utilize a trajectory model and introduce the ratio
of electric field gradient REG to examine the collision characteristics of
charged-neutral droplet pairs under diverse reference field strengths,
magnitudes of electric field gradient, and amounts of charge. The colli-
sion characteristics are delineated by two key metrics: collision effi-
ciency and collision kernel, which respectively indicate the likelihood
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and frequency of droplet collisions. The findings are presented as
follows:

Regarding collision efficiency, when the reference field strength
E, is less than 1.75 x 10° V-m™ !, the weakened gradient electric field
and the increase in charge are conducive to increasing the likelihood of
collision. Conversely, when the reference field strength E, is greater
than 1.75 x 10° V-m %, the gradient electric field instead diminishes
the likelihood of collisions, though the degree of reduction is relatively
minor. Additionally, the gradient electric field somewhat diminishes
the frequency of collisions under different reference field strengths.
However, a higher charge amount can effectively enhance the collision
frequency. That is, the large number of charged particles in thunder-
clouds can increase the charge on droplets, thereby significantly miti-
gating the reduction in collision frequency caused by electric field
decay and enhancing the collision kernel.

It is expected that droplet groups have more obvious velocity dif-
ferences in the gradient electric field, and there may be more obvious
collision effects. Future studies could consider the effect of electric field
heterogeneity on the evolution of droplet size distribution.
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