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ABSTRACT

In this paper, a preliminary numerical method is established to simulate the effect of nonequilibrium plasma in water vapor on the nucleation
rate of condensation. In this model, the plasma drift-diffusion model is employed to describe the water vapor plasma by considering a set of
simplified reaction mechanisms. A heterogeneous condensation model describes the rate of water vapor nucleation on ions. The numerical
simulation results show the formation and distribution of charged particles in nonequilibrium plasma and the effect of charged particles on
the nucleation rate. The results also show that the nucleation rate increases rapidly with increasing supersaturation due to the presence of
nonequilibrium plasma and is significantly higher with plasma than without plasma. The process of plasma-enhanced water vapor nucleation
can be simulated quantitatively by this preliminary numerical method.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5143917., s

I. INTRODUCTION
Wilson first noticed the phenomenon of water vapor nucleation
on ions in 1897.1 In recent years, increasing attention has been paid
to charge-enhanced nucleation in fields such as aerosol formation,
condensation heat transfer enhancement, and precipitation.
As early as 1959, Ney et al.2 speculated that aerosol particles
formed via ions might grow to the size of cloud condensation nuclei
and thereby influence clouds and climate. To date, the ion-induced
nucleation (IIN) mechanism has been widely accepted as an efficient
source of new particles in the middle and upper troposphere.3,4 In
the field of enhanced heat transfer, Reznikov et al.5–7 used wires or
needle electrodes to generate glow discharge and measured changes
in temperature, humidity, and the amount of condensate water.
Their experiments on the effect of corona discharges confirmed a
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16% increase in the condensation rate. Rieger et al.8 investigated
the influence of electrostatic charges on the condensation of steam
in the turbine of a power plant. They concluded that the application of an electrostatic corona could produce an increase in the
turbine power output. Also, Yang et al.9 tried to use corona discharge to induce steam condensation to achieve artificial precipitation. At present, it seems that the use of charge-enhanced nucleation
in the above fields has excellent potential application value. Therefore, a better understanding of processes related to charge-enhanced
nucleation is of interest to both scientific theory and engineering
practice.
At present, the mechanism of charge-enhanced condensation is
not very clear. Previously, theoretical analyses focused on the effect
of charge on nucleation. Thomson10 derived an equation describing the equilibrium vapor pressure over a charged droplet of a given
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radius, which is widely known as the classical Kelvin–Thomson
(CKT) equation in the literature. This equation has been fundamental to classical IIN theory, as have been the theoretical tools
necessary to analyze experimental thermodynamic data of ion clusters. In recent years, Lapsin et al.11 and Yu12 modified the CKT
equation by considering the dielectrophoresis (DEP) force. However, the theoretical analyses of these two groups of researchers do
not seem to be supported by experiments. In 2019, Duft et al.13 performed laboratory measurements on heterogeneous ice formation.
Their experimental results are closer to those predicted by the CKT
equation and disagree with the theoretical predictions of Lapshin
et al. and Yu. Therefore, there is still controversy about the theory
of charge-enhanced condensation.
Previous research on steam condensation was a little involved
in plasma formation mechanisms. The most common method of
generating charge in the latest experiments is a corona, which is a
typical nonequilibrium plasma. Early plasma applications focused
on extremely low gas pressures (∼mTorr), e.g., space plasma studies, or extremely high gas temperatures (∼2000 K), e.g., magnetohydrodynamic (MHD) power generation.14 The low-temperature
nonequilibrium plasma developed in recent decades uses conditions
between these cases.15 The operating pressure can reach the atmospheric pressure range, and the working temperature is far lower
than that of thermal equilibrium plasma. In simulations of nonequilibrium plasma discharge at atmospheric pressure, a fluid model
with a drift-diffusion approximation is mainly used. However, there
have been few studies combining the discharge mechanism and the
condensation process.
In this paper, a preliminary numerical model is established to
simulate the effect of nonequilibrium plasma in water vapor on the
nucleation rate of condensation. In this model, the plasma driftdiffusion model is employed to describe the water vapor plasma
by considering a set of simplified reaction mechanisms. A heterogeneous condensation model describes the nucleation rate of water
vapor on ions. In contrast to other works, this work discusses the
reaction mechanism, distribution of charged particles, and influence
on the condensation process in the corona discharge. Our goal is
to supplement the theory of charge-enhanced condensation with an
analysis of the plasma formation mechanism. This model and results
help elucidate the mechanism of nonequilibrium plasma-enhanced
condensation.
We organized this paper as follows: A detailed description
of the plasma simulation model and charge-enhanced nucleation
model are presented in Sec. II. In Sec. III, the results of the
model are given and discussed. Concluding remarks are given in
Sec. IV.
II. NUMERICAL MODEL
A. Plasma simulation model
In this model, a plasma is divided into two types of fluids, electrons and heavy particles. Here, the electron is described using the
drift-diffusion approximation as follows:
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∂nε
+ ∇ ⋅ Γε + E ⋅ Γe = Rε ,
∂t

(2)

Γe,ε = −ne,ε (μe,ε ⋅ E) − ne,ε (De,ε ⋅ ∇ne,ε ),

(3)

where ne and nε are the electron number density and the electron
energy density, respectively, nε = 2/3ne T e , T e is the electron temperature (eV), E is the electric field strength, μe is the electron mobility,
με is the electron energy mobility, De is the diffusion coefficient of
the electron, Dε is the electron energy diffusivity, Re is the electron
rate expression, Rε is the energy loss/gain due to inelastic collisions, and Γe and Γε are the flux of the electron and electron energy,
respectively.
The source terms of Eqs. (1) and (2) are determined by the
plasma chemistry using rate coefficients given by
M

Re = ∑ cj kej Nn ne ,

(1)

(4)

j=1
M

Rε = ∑ cj kej Nn ne Δεj ,

(5)

j=1

where cj is the mole fraction of the target species for the jth reaction, kej and Δεj are the rate coefficient and energy loss for the jth
reaction, respectively, and N n is the total neutral particle number
density. The electron transport properties (μe , De , με , and Dε ) and
the rate coefficient (kej ) are calculated using a Boltzmann equation
solver, as shown in Sec. II A 2.16
The heavy particles, such as ions, atoms, and metastable
molecules, are also described using the drift-diffusion approximation as follows:
∂w
ρ k = ∇ ⋅ jk + Rk ,
(6)
∂t
jk = −ρwk (Zk μk ⋅ E) − ρDkm ⋅ ∇wk ,

(7)

where jk is the diffusive flux, Dkm is the effective binary diffusivity,
Rk is the rate expression, Zk is the charge number for species k, ρ
is the density of the mixture, and wk is the mass fraction of each
species;
M

Q

Rk = MWk ∑(kj ∏ ci ),
j=1

(8)

i=1

where MW k is the molar mass of species k (kg mol−1 ), ci is the mole
fraction of the ith species in the jth reaction, and kj is the rate coefficient of the jth reaction. If the jth reaction is an electron collision
reaction, such as reaction Nos. 1–11 in Table I, kj = kej N A −1 , where
N A is Avogadro constant.
Substituting Eq. (7) into Eq. (6), the total mass flux of the ions
and metastable atoms can be expressed as follows:
Γk = ρwk (Zk μk ⋅ E) + ρDkm ⋅ ∇wk .

1. Drift-diffusion model

∂ne
+ ∇ ⋅ Γe = Re ,
∂t

scitation.org/journal/adv

(9)

The electrostatic field is computed using the Poisson equation
for space charge as follows:
− ∇ ⋅ ε0 εr ∇V = qe (n+ − n− ),

(10)

where n+ is the total number density of all positive ions, such as
H2 O+ and H2 + , n− is the total number density of all negative ions,
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TABLE I. Reaction mechanisms of H2 O plasma in this model.

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Ratea,b

Reaction

Δεc,d,e

e + H2 O ⇒ e + H2 O
ke1
e + H2 O ⇒ 2e + H2 O+
ke2
13.76
e + H2 O ⇒ e + H2 Oe
ke3
8.445
e + H2 Oe ⇒ e + H2 O
ke4
−8.445
e + H2 Oe ⇒ 2e + H2 O+
ke5
5.315
e + H2 O ⇒ H + OH−
ke6
e + H2 O ⇒ H2 + O−
ke7
e + H2 O ⇒ OH + H−
ke8
e + H− ⇒ 2e + H
ke9
0.75
e + H2 ⇒ 2e + H2 +
ke10
15.4
e + H2 ⇒ e + H + H
ke11
8.9
e + OH− ⇒ 2e + H + O
4.8 × 10−9
e + OH ⇒ e + H + O
2.5 × 10−8
−
O + H2 ⇒ e + H2 O
7.0 × 10−10
−
−
H + H2 O ⇒ H2 + OH
3.8 × 10−9
−
H + H ⇒ H2 + e
1.3 × 10−9
−
OH + H ⇒ e + H2 O
1.4 × 10−9
O + H2 O ⇒ 2OH
2.3 × 10−16
O + OH ⇒ O2 + H
4.55 × 10−12 (T g /298)0.40 exp(−371.7/T g )
O + O + H2 O ⇒ O2 + H2 O 1.27 × 10−32 (T g /298)−1.0 exp(−170.0/T g )
H + O + H2 O ⇒ O2 + H2 O
4.36 × 10−32 (T g /298)−1.0
H + OH + H2 O ⇒ 2H2 O
4.33 × 10 −30 (T g /298)−2.0

References
21
21
21
15
16
21
21
21
21
21
21
22
22
22
22
22
22
23
22
22
22
22

a

Rate coefficients ke1∼11 are computed from the cross section σ and the electron energy distribution function.18
Rate coefficients of reactions No. 12–19 have units of cm3 s−1 ; the rate coefficients of reactions No. 20–22 have units
of cm6 s−1 .
c
Δε indicates the electron energy loss in the reaction, and the unit is eV.
d
The de-excitation collision cross section is calculated using detailed balancing.16
e
The collision cross section of reaction No. 5 is calculated using the Smirnov equation.16
b

such as O− , H− , OH− , and electrons, ε0 is the permittivity of a
vacuum, and εr is the dielectric constant of the spatial material.
The electron diffusivity, energy diffusivity, and energy mobility can be computed from the electron mobility using the following
relationship:17
De = μe Te , Dε = με Te , με = (5/3)μe .

(11)

Here, the electron mobility can be computed from cross-section
data by the following integral:23
1

∞
ε ∂f (ε)
1 2qe 2
) ∫
dε,
μe N = − (
3 me
σ̃m (ε) ∂ε
0

(12)

where ε is the energy (SI unit: Joule), σ̃m (ε) is the effective momentum transfer cross section defined in Ref. 18, and f (ε) is the electron
energy distribution function (EEDF).
The rate coefficients of Eqs. (4) and (5) can be computed from
cross-section data by the following integral:
1

∞
1 2qe 2
ke = − (
) ∫
εσ(ε)f (ε)dε,
3 me
0

where σ(ε) is the collision cross section.
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(13)

2. H2 O plasma reaction mechanism
There is little literature on the charge-enhanced nucleation of
water molecules that have considered H2 O plasma reaction mechanisms. The reaction mechanisms of H2 O plasma are very complex. Itikawa and Mason19 compiled cross sections for electron collisions with water molecules and identified 28 electron collision
reactions, including elastic scattering, vibrational excitations, rotational excitations, dissociative electron attachment, ionization, and
dissociation. In these reactions, there are several types of reactive species, such as O, H, OH, O− , H− , OH− , H2 O+ , O+ , O++ ,
H+ , OH+ , and H2 + , and even some metastable species, such as
H2 O(rot), H2 O(vib), O(O1S), OH(X), and OH(A). In the research
of Hayashi,20 two other metastable molecules with excitation energies of εex = 8.445 eV and 14.052 eV were suggested. Once these
reactive species are produced in plasma, they make other reactants,
such as O2 , O3 , H2 , and HO2 . As a result, the H2 O plasma reaction mechanisms are very complex. Besides, information about the
ionization cross section of excited water molecules and the Penning
ionization between excited states and other related reactions is still
lacking in the existing literature. Moreover, the data for collision
cross sections, ionization energies, and excitation energies in various reports are also controversial. Therefore, it is complicated to
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FIG. 1. Cross-section sets of electron collision reactions: (a) reactions with larger collision cross section and (b) reactions with larger collision cross section.

completely clarify the reaction mechanism of H2 O plasma based on
experiments.
Fortunately, in this paper, we are mostly concerned about how
many charged particles are produced in H2 O plasma. Other complex
reactants are not the focus of this paper. Thus, when we simplify the
mechanisms, the reactions that interest us most are those related to
the charge. This dramatically reduces the complexity of the plasma
mechanisms. A set of simplified reaction mechanisms (shown in
Table I) of H2 O plasma is employed to simulate the H2 O discharge
process. The species taken into account include electrons (e), atoms
(O and H), molecules (H2 O, OH, and H2 ), metastable molecules
(H2 Oe), and ions (H2 O+ , H2 + , O− , H− , and OH− ), and the reactions
include electron elastic collisions, excitation, de-excitation, ionization, dissociative attachment, electron impact detachment, dissociation, charge transfer, associative detachment, and other molecular
reactions. The electron collision cross-section sets used in this simulation are shown in Fig. 1. There is a large difference in the order of
the magnitude of cross sections of various reactions. For the sake of
a clear picture display, we integrate the reaction cross section of electron collision into two pictures, as shown in Figs. 1(a) and 1(b). Here,
reaction No. 4 is de-excitation and reaction No. 5 is the ionization of
the metastable molecule H2 Oe with εex = 8.445 eV. The electron collision cross sections of these reactions have not been exceptionally
well measured. However, the presence of this metastable molecule
has a significant influence on the ionization process. The excitation
energy εex and the ionization energy εiz of this metastable molecule
are 8.445 eV and 5.315 eV, respectively, which are significantly less
than the ionization energy of the ground state (εiz = 13.76 eV) in
reaction No. 2. In this paper, the cross sections of de-excitation and
metastable molecular ionization are calculated using detailed balancing and the Smirnov equation.16 Other electron collision cross
sections are obtained from the website of the LXCat data exchange
project.21
However, this set of simplified mechanisms is not entirely consistent with the actual H2 O plasma reactions, and they are not
suitable for calculations of H2 O plasma products, especially the
prediction of neutral products.
The surface reactions are listed in Table II. In this simulation,
the second electron emission from a metal surface is considered.
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The actual value of the secondary emission coefficient, γse , sensitively depends on the surface conditions, morphology, impurities,
and contamination. It is difficult to measure or calculate the accurate
values of γse . The value of γse is usually in the range of approximately
0.02–0.316 and is chosen to be 0.1 in this simulation. The value of γse
is significant for plasma discharge. We have performed trial calculations with different γse values ranging from 0.001 to 0.1. The number
density of the primary ion H2 O+ decreases (less than one order
of magnitude) with decreasing γse . However, as shown in Fig. 15
and Sec. III B, when S increases by 0.1, the nucleation increases by
approximately five orders of magnitude under the same discharge
conditions. Therefore, the effect of γse on the rate of nucleation is
not significant. In other words, our model shows that the existence of
plasma is beneficial for condensation, while the influence of plasma
discharge parameters on the final condensation is not as prominent.
The maximum kinetic energy obtained by the secondary electron is
Emax = Eiz − 2EΦ , where Eiz is the ionization energy εiz or Δε of reactions No. 2 and No. 10, as shown in Table I, and EΦ is the work
function of the wall, which is chosen to be 4.5 eV.26
In Eqs. (12) and (13), the transport coefficients and rate coefficients may be somewhat specific to the discharge conditions.
These coefficients concerning electrons depend on the EEDF. In
weakly ionized gases in uniform electric fields and collisional lowtemperature plasmas, the EEDF is non-Maxwellian and determined
by an equilibrium between electric acceleration and momentum and
energy losses in collisions with neutral gas particles.19 The free and

TABLE II. Surface reaction mechanisms for H2 O plasma.

Surface reaction
+

H2 O ⇒ H2 O
H2 + ⇒ H2
H2 Oe ⇒ H2 O
O− ⇒ O
H− ⇒ H
OH− ⇒ OH

Second emission coefficient γse
0.1
0.1
0
0
0
0
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Therefore, the negative ion with the highest number density in the
final reaction should be OH− .
B. Charge-enhanced nucleation model
The groundwork for the theoretical description of the kinetics
of phase transitions, classical nucleation theory (CNT), was developed by Volmer and Weber, Farkas, Becher, and Döring.12 Within
the CNT framework, the rate of nucleation on ions during the
vapor–liquid phase transition is written as follows:25,26
Jp = 4πR2i Np K exp(−

FIG. 2. Electron mobility vs electron temperature.

user-friendly computer program BOLSIG+ has been developed for
the numerical solution of the Boltzmann equation for electrons in
weakly ionized gases.24 In this paper, BOLSIG+ 12/2017 is employed
to obtain electron transport properties and rate coefficients from
cross-section data, as shown in Fig. 1. The results for μe and ke
are shown in Figs. 2 and 3. Generally, the electron temperature of
corona discharge that we calculate should be between 1 eV and 2 eV.
By a trial calculation, we determined the corresponding mobility of
1.6 × 1024 m−1 V−1 s−1 when the electron temperature is equal to
2 eV. In calculations after the trial calculation, the electron temperature of the plasma is mainly 2 eV. This result shows that this value is
reasonable.
Figure 3 shows the rate coefficients of electron collision reactions vs electron temperature calculated by BOLSIG+. From the
calculation results, the main reaction path producing H2 O+ is H2 O
⇒ H2 Oe ⇒ H2 O+ . The fastest reaction that produces negative ions
is e + H2 O ⇒ OH + H− . However, because the rate coefficient of
electron impact detachment (e + H− ⇒ 2e + H) is also high speed,
H− will lose electrons rapidly after it is produced. Of the other two
reactions that produce negative ions, the faster is the OH− reaction.

FIG. 3. Rate coefficients of electron collision reactions vs electron temperature.
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ΔG∗
),
kTg

(14)

where Ri is the radius of ions, N p is the number density of ions, K is
a kinetic prefactor, ΔG∗ is the change in Gibbs free energy required
to form a critical cluster of the new phase from the supersaturated
“mother” phase, k is the Boltzmann constant, and T g is the vapor
temperature.
When the growth of the cluster is assumed to be a result of the
direct condensation of water molecules from the vapor phase, K is
written as follows:26
pg
1
K=√
× A∗s × 2 ,
πrmole
2πmmole kTg

(15)

where K consists of three parts, the first term of Eq. (15) includes the
collision frequency of vapor molecules on a cluster of a surface unit,
the vapor pressure pg , and the mass of a water molecule mmole . The
second term As ∗ is the area of the liquid–vapor interface between
the cluster and the vapor phase; As ∗ = 4πr2 , where r is the droplet
radius. The last term is the number of water molecules adsorbed on
the particle surface per unit area, where rmole is the radius of a water
molecule.
In the case of a charged particle treated as a perfectly wetted
spherical ion of radius Ri with the electric charge located at the center
of the particle, the change in Gibbs free energy required to form a
cluster is written as follows:27
ΔG = −
+

4πkTg
ln S(r3 − R3i ) + 4πσW (r2 − R2i )
3vl
q2 1 1
1
1
( − )( − ),
8π r Ri εg εl

(16)

where S is the supersaturation, S = pg /p∞ , p∞ is the pressure of saturated water vapor above a flat surface at vapor temperature T g , σ W is
the surface tension, vl is the volume per single molecule in the liquid,
q is the charge of the ion, and εg and εl are the dielectric permittivities
of the vapor and liquid phases, respectively.
Equation (16) is widely used to describe condensation on
charged particles. In Eq. (16), the first term on the right-hand side
of the equal sign is caused by the difference in chemical potential
between two phases, the surface tension causes the second term,
and the third term is the difference in the electrostatic energy
between two phases. Considering that water vapor is a homogeneous medium, water molecules are often deflected in an electric
field. The deflection ability of microscopic medium molecules in an
electric field is reflected in the dielectric constant of the medium at
the macro level. Thus, the third term of Eq. (16) already includes
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the influence of the electric field force on water molecules. Therefore, the effect of the DEP force should not be included in the CKT
equation.
In Eq. (16), the radii of different ions affect ΔG. The radii of the
ions H2 O+ , H2 + , OH− , O− , and H− are chosen as the approximate
radii of their neutral states, with values of 0.2 nm, 0.22 nm, 0.137 nm,
0.074 nm, and 0.037 nm, respectively. Figure 4 shows the trends of
the changes in the Gibbs free energy ΔG with different condensation
nuclei with the typical supersaturation of S = 1.7 and the temperature of T g = 100 ○ C. According to the calculation results shown in
Fig. 15, the effective range of supersaturation S is very narrow. The
possible values of S are only 1.7, 1.8, and 1.9. We estimated 1.7 as the
typical supersaturation value. If there is no plasma in the condensation process, ΔG has only one extreme value, which is the change
in the Gibbs free energy for the critical cluster ΔG∗ , and the corresponding droplet radius is the critical cluster radius r∗ . If there is
plasma in the condensation process, the effect of charged ions on the
condensation process is very significant. The existence of charged
particles can be significantly reduced (ΔG), which means that the
charged particles as condensation nuclei can dramatically reduce
the difficulty of nucleation. Additionally, the smaller the radius of
the charged particle acting as condensation nuclei is, the more that
ΔG decreases, which indicates that negative ions, such as O− , H− ,
and OH− , have a more significant influence on the condensation
process during the condensation of water vapor than large negative
ions.
OH− is an essential anion in water vapor plasma. Figure 5
shows how ΔG changes with different supersaturations S when
T g = 100 ○ C and OH− is the condensation nucleus. Figure 5 shows
that the maximum value of ΔG decreases gradually with increasing
S. When S is larger than 1.5, ΔG is always negative. This result indicates that the condensation process can very quickly occur, which
is consistent with the conclusion that anions cause condensation
more effectively in classical experiments than do cations and neutral
species.
On the other hand, the existence of the electric field can make
the ΔG change trend more complicated. ΔG in Eq. (16) has two
extremes: a minimum at r = rmin and a maximum at r = rmax .
The quantities rmin and rmax are the real roots of the equation

FIG. 4. The changes in the Gibbs free energy ΔG with different condensation nuclei
vs the droplet radius r when S = 1.7 and T g = 100 ○ C.
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FIG. 5. The change in the Gibbs free energy ΔG with OH− as the nucleus vs
supersaturation S when T g = 100 ○ C.

∂ΔG/∂r = 0,28
kTg ln Sr4 − 2σW r3 vl −

q2 vl 1
1
( − ) = 0.
32π2 εl εg

(17)

For a spherical critical cluster, the radius rmax is the critical cluster radius r∗ . In Eq. (17), the radii of different ions do not affect the
critical cluster radius r∗ and rmin . Figure 6 shows the change in the
critical radius r∗ and rmin with changing S when the temperature
T g = 100 ○ C. In this figure, the critical radius r∗ decreases and rmin
increases with increasing S. When S < 1.5, there is little effect on
the critical radius r∗ with or without charged particles; when 1.5 < S
< 2.38, the critical radius r∗ is slightly smaller with charged particles
as the core than without plasma; when S > 2.38, there is no critical
radius with plasma, and all charged particles induce condensation.
For a given vapor pressure, a cluster of radius rmin is in stable equilibrium with the vapor, and any ion with a radius smaller

FIG. 6. The critical radius r ∗ and r min vs supersaturation S when T g = 100 ○ C.
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than rmin , such as H2 O+ , H2 + , OH− , O− , and H− , will spontaneously
expand to rmin . The difference between ΔGmin (corresponding to
rmin ) and ΔGmax (corresponding to r∗ ) is the change in the Gibbs
free energy for the critical cluster, ΔG∗ ,28
4πkTg
3
3
2
2
) + 4πσW (rmax
)
ln S(rmax
− rmin
− rmin
3vl
q2
1
1
1
1
+ (
−
)( − ).
8π rmax rmin εg εl

ΔG∗ = −

(18)

In Eq. (18), the radii of different ions do not affect the change
in the Gibbs free energy for the critical cluster, ΔG∗ . Figure 7 shows
the change in ΔG∗ with or without plasma when the temperature
T g = 100 ○ C. With or without plasma, ΔG∗ always decreases with
increasing S. This indicates that the nucleation rate increases with
increasing supersaturation S. When S is small, the presence or
absence of plasma has little effect on ΔG∗ . When S is larger than 1.5,
ΔG∗ with plasma is significantly smaller than that without plasma.
When S = 2.38, ΔG∗ tends to zero, which means that there is no
critical cluster, and all charged particles are nucleated as condensed
nuclei.
Since there are many kinds of ions in the plasma, Eq. (14) has
been transformed into the following form:
Jp = ∑j 4πR2ij Npj K exp(−

ΔG∗
),
kTg

(19)

where the parameters with subscript j mean that the jth ion is used
as the condensation core.
FIG. 8. Schematic diagram of the line-tube plasma discharger.

C. The simulation domain and mesh
In the experiments of Reznikov et al.,5 a 90 mm long line-tube
plasma discharger was used, as shown in Fig. 8. In this discharger,
the corona line electrode diameter was 75 μm and the outer wall electrode diameter was 16 mm. In this paper, a numerical simulation
of this discharger is carried out and the discharger is simplified as
an axisymmetric one-dimensional structure, as shown in Fig. 9. The
finite element method is used for plasma simulation, and the specific

FIG. 7. The change in the Gibbs free energy for the critical cluster ΔG∗ vs
supersaturation S when T g = 100 ○ C.
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calculation method is shown in Ref. 29. In this series of calculations,
the water vapor temperature is T g = 100 ○ C and the air pressure
changes in the range of 1 atm to 3 atm, that is, the supersaturation
S = 1.5–2.5.
The 1D mesh used in this finite element simulation is shown in
Fig. 9. In the region near the surfaces of the line electrode and tube,
an excellent resolution is used to resolve the plasma sheath near the
electrode, but away from this region, a coarser mesh is used to make
the calculation efficient. The number of degrees of freedom in this
mesh was 4201. The type of hardware used in the simulation is an

FIG. 9. One-dimensional mesh used for the simulation of the plasma.
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FIG. 10. Changes in parameters with an
applied voltage of +8000 V and S = 1.7:
(a) electric potential V and electron temperature T e and (b) the number density
of different ions Npj .

Intel Core i7-6700K central processing unit (CPU) (4.00 GHz and
32 GB of RAM).

III. RESULTS AND DISCUSSION
A. Steam corona discharge process
In corona discharge processes, a typical voltage on the line
electrode is approximately ±8000 V. Figures 10 and 11 show the
variation in the space potential, electron temperature, and number
density of various particles when the supersaturation S = 1.7 and
the applied voltage is ±8000 V. As shown in Figs. 10 and 11, since
the curvature radius of the line electrode is small and the space field
nearby is strong, a plasma sheath is formed near the line electrode,
and electrons will accelerate in the sheath to reach an increased
electron temperature. When the applied voltage is +8000 V, the
maximum electron temperature T e can reach 7 eV near the line electrode, and in the plasma bulk, T e is approximately 2 eV. When the
applied voltage is −8000 V, the maximum electron temperature T e
can reach 5 eV near the line electrode, and in the plasma bulk, T e is
approximately 2 eV.
Figures 10(b) and 11(b) show that the number density of all
kinds of charged particles is high at radii from 0.05 mm to 0.27 mm,
decreases rapidly from the sheath to the wall of the line electrode,
and gradually decreases from 0.27 mm to the outside. When the
applied voltage on the line electrode is positive, the central area of
the plasma is dominated by the positive ion H2 O+ , the maximum

number density is approximately 8.5 × 1016 m−3 , and the number densities of negative ions and electrons are far smaller than
those of positive ions. When the applied voltage is negative, the
plasma region is divided into two parts. There are a large number of positive ions H2 O+ in the sheath region, and negative ions
OH− dominate the plasma bulk. The maximum density of charged
particles is approximately 1.3 × 1017 m−3 , which is about 1.5 times
that for a positive applied voltage of +8000 V. Obviously, a negative voltage releases more charged particles. At the same time, since
OH− , O− , and H− species can absorb electrons, the number of electrons in all discharges is much lower than the number of ions.
Therefore, in the process of enhanced condensation, the positive
and negative ions mainly have a more significant effect than the
electrons do.
It can also be seen that under different discharge conditions, the
charged particles with the highest number density are H2 O+ , OH− ,
and O− , and the number densities of other various ions are several
orders of magnitude less than those of these three. Therefore, when
the nucleation rate is calculated by Eq. (19), the effects of other ions,
which have too small a number density, can be ignored.
The influences of voltage and supersaturation on the number densities of the three primary charged particles should be
considered.
Figure 12 shows the variation trend for the number densities of
the charged particles (a) H2 O+ , (b) OH− , and (c) O− with the voltage
applied on the line electrode ranging from −8000 to +8000 V with
S = 1.7. In general, the number density N pj of various ions increases

FIG. 11. Changes in parameters with an
applied voltage of −8000 V and S = 1.7:
(a) electric potential V and electron temperature T e and (b) the number density
of different ions Npj .
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FIG. 12. Changes in the number densities of different ions with S = 1.7: (a)
H2 O+ , (b) OH− , and (c) O− .

with the absolute value of the voltage. When the voltage applied on
the line electrode ranges from +4000 to +8000 V, the ion with the
highest number density in the plasma bulk is H2 O+ and the maximum value increases from 7.5 × 1015 m−3 to 8.5 × 1016 m−3 . When
the voltage applied on the line electrode ranges from −8000 V to
−4000 V, the ion with the highest number density in the plasma
bulk is OH− , and the maximum number density increases from
2.8 × 1016 m−3 to 1.33 × 1017 m−3 , which is significantly higher
than the values obtained when a positive voltage is applied to the
line electrode. In experiments, the discharge can be improved by
the application of a negative voltage on the line electrode, which is
consistent with this numerical simulation.
Figure 13 shows the changes in the number densities of various
charged particles in the plasma space with different supersaturations
S when the applied voltage on the line electrode is ±8000 V, and
the temperature of water vapor is T g = 100 ○ C. Generally, the number densities of all kinds of charged particles decreased slightly with
increasing supersaturation S. However, for ions with a high number density, the effect of supersaturation S is minimal. For example, in Fig. 13(a), when the voltage is +8000 V, the number density
of H2 O+ decreases minimal with increasing S. In Figs. 13(b) and
13(c), when the voltage is −8000 V, with increasing S, the number densities of OH− and O− decrease very little. Generally, in the
central region of the plasma, increases in S have little effect on
the number densities of the primary charged particles because the
plasma is dense with molecules near atmospheric pressure. When
the pressure increases, although the decrease in the average free

AIP Advances 10, 025322 (2020); doi: 10.1063/1.5143917
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path of the electron will lead to a reduction in the electron temperature and the number density of the electron and the ion, the
decreasing trend is not apparent due to the increase in the collision
frequency.
It should be noted that in the calculations below, as the plasma
can actively enhance the condensation process, the supersaturation
S of the water vapor containing plasma will not be large, and it will
not be greater than 2.0 in this calculation example. The results with
S > 2.0 shown in Fig. 13 are only theoretical calculation results.
B. Condensation nucleation enhanced by water
vapor plasma
The influence of nonequilibrium plasma on vapor nucleation
can be obtained by introducing N pj into Eq. (18). Figure 13 shows
that when the supersaturation S varies from 1.5 to 2.0, it has little
effect on the number density of charged particles in the nonequilibrium plasma. However, Fig. 7 shows that this variation in S changes
ΔG∗ from 6 × 10−19 J to 6 × 10−20 J, and the nucleation rate in
Eq. (18) is exponentially dependent on ΔG∗ . Therefore, in the following calculations, the parameters of the nonequilibrium plasma
are all approximately calculated with S = 1.7.
Figure 14 shows the variation in the nucleation rate along the
radius direction when different voltages are applied on the line electrode with S = 1.7. Generally, when S = 1.7 and T g = 100 ○ C, the
nucleation rate ranges from 1 × 103 m−3 s−1 to 1 × 105 m−3 s−1
with the applied voltage increasing from −8000 V to +8000 V. It
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FIG. 13. The number densities of different ions with different S values: (a) H2 O+ ,
(b) OH− , and (c) O− .

can be seen that the higher the absolute value of the voltage is, the
greater the nucleation rate is when the voltage on the line electrode
is of the same polarity. The maximum nucleation rate is present very
close to the wall. Moreover, the area within approximately 1 mm
from the needle electrode is the area where the nucleation rate is
the highest. The nucleation rate is relatively low in the region of
1–8 mm.
Taking the geometric average value of the nucleation rate data
in Fig. 14 along the radial direction allows the average nucleation
rate in the line-tube plasma discharger to be obtained. Figure 15

shows the relationship between the average nucleation rate and
supersaturation S. When S is 1.6, J p is approximately 1 m−3 s−1 . If S is
further reduced, although charged particles still exist, J p is too small,
which means that it will be difficult for the condensation nucleation
process to occur.
The average nucleation rate J p increases rapidly with increasing
S. When S is 1.95, J p is approximately 1018 m−3 s−1 . As a comparison, Fig. 15 also shows the trend of the nucleation rate for inhomogeneous condensation without plasma. In the same supersaturation S range, the nucleation rate of homogeneous condensation is
approximately 10−5 m−3 s−1 . The nucleation rate can be increased
by approximately 1023 times due to the existence of plasma.

FIG. 14. The nucleation rate with different applied voltages when S = 1.7.

FIG. 15. The average nucleation rate vs supersaturation S when T g = 100 ○ C.
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Charged particles can effectively accelerate water vapor nucleation. In other words, with the presence of charged particles, there
is a limit to the supersaturation S level. Besides, the droplet growth
process is not considered in this calculation. When critical clusters are formed, these clusters grow further. Therefore, the supersaturation S is smaller than that in the above results, if there are
charged particles in the vapor. If there are no charged particles in the
water vapor, the supersaturation S can be further increased. In other
literature, the critical supersaturation value is usually higher than
two.
IV. CONCLUSION
The charge-enhanced condensation of water molecules can be
applied in many fields. The formation of charged particles and the
mechanism of enhanced condensation have yet to be elucidated.
This work presents a preliminary numerical model to simulate the
effect of nonequilibrium plasma in water vapor on the nucleation
rate of condensation. In this model, the drift-diffusion approximation describes water vapor nonequilibrium plasma, and a heterogeneous condensation theory describes nonequilibrium plasma promoting nucleation. In contrast with other works, this paper discusses
the reaction mechanism, the distribution of charged particles, and
the influence on the condensation process in corona discharge using
finite element numerical simulation.
The numerical simulation results show that the existence of
nonequilibrium plasma can effectively enhance the nucleation of
water vapor. When a line-tube discharger is used to produce
the corona, the higher the absolute value of the applied voltage is, the higher the number density of charged particles, and
the area with the highest number density of charged particles is
mainly near the line electrode. Increases in the charged particle number density directly accelerate the nucleation rate J p of
water vapor. With increasing supersaturation S, the average nucleation rate J p rapidly increases. When S is 1.95, J p is approximately
1018 m−3 s−1 , which means that the condensation process occurs
quickly.
This work supplements the theory of charge-enhanced condensation with an analysis of the plasma formation mechanism. This
model and results help elucidate the mechanism of nonequilibrium
plasma-enhanced condensation. However, in this simulation study,
the droplet growth process, ion neutralization, and latent heat of
condensation are not considered. In further studies, these essential
processes will be described.
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