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Humidity control in various rooms or installations, whether small or large, is a constant concern. Heat exchangers are generally 
used whose temperature is maintained below the dew point. Thus, water vapor condenses on the surface of these cooled 
elements, and the water can be extracted in liquid form. Energy efficiency and effective control of these installations are two 
critical aspects that are of constant interest in practical applications. This paper presents an experimental study on the 
condensation efficiency of water vapor in a cylindrical reactor with controlled temperature and corona discharges obtained with 
a wire electrode positioned on its central axis and supplied with a continuous positive or negative electric voltage. Thus, as a first 
step, the influence of corona discharges and the DC electric field on the efficiency of water vapor condensation is investigated. 
Secondly, the experimental study also explores the impact of an AC field superimposed over the DC field corresponding to the 
corona discharge. The obtained results indicate that the application of the AC electric field superimposed over the DC corona 
field significantly improves the condensation efficiency of water vapor.

1. INTRODUCTION 
Corona discharges represent a regime of non-

homogeneous discharge that occurs around conductors or 
metallic electrodes with a small radius of curvature when 
the electric field strength exceeds the ionization threshold 
of air but remains below the level necessary for a complete 
disruptive discharge. This phenomenon generates a weakly 
ionized plasma and charged species (ions, electrons, and 
excited molecules), which constitute a spatial electric 
charge existing in a nonuniform electric field. The specific 
phenomena of corona discharge are complex, but in 
simplistic terms, neglecting the ionization zone located near 
the electrode surface where the discharge occurs, they can 
be considered as representing a unipolar injection of ions 
that move along the electric field lines and generate the 
corresponding electric current of the discharge [1,2].  

Consulting the extensive literature in the field of applied 
electrostatics, it can be observed that corona discharge has 
been extensively utilized in numerous applications. In 
electrostatic air filtration [1,3,4], they are used to charge 
suspended solid or liquid particles, which are subsequently 
collected on grounded electrodes under the influence of the 
electric field. This method is essential in industrial facilities 
for reducing fine particle emissions. Also, in the field of 
material recycling and granular mixtures (metal–polymer) 
processing, electric fields generated by corona discharges 
allow for the separation of solid components based on their 
electrostatic properties (electric conductivity and 
permittivity), being applied in plastic material recovery, the 
mining industry, and waste sorting [5–7]. Another notable 
field is electrostatic painting, where paint or powder 
particles are electrically charged and attracted to the surface 
of the workpiece, resulting in uniform coatings, increased 
adhesion, and reduced material waste [8,9]. 

The interaction between electric fields and phase change 
processes, especially the condensation of water vapor, has 
become a significant topic of interest in recent decades due 
to its implications in fields such as gas treatment, heat 
transfer, moisture capture, and the optimization of energy 
processes. Electric fields can significantly influence the 
nucleation and growth processes of condensation droplets 
through dielectrophoretic forces and by altering the charge 

distribution in the vicinity of cold surfaces. Thus, either the 
acceleration of the condensation process or better control of 
the morphology of the formed water film can be achieved. 

Numerous studies have investigated the influence of 
static electric fields (DC) on condensation, particularly in 
parallel plate configurations or in systems with more 
complex shapes of the electrodes [10-13]. Among these, the 
studies conducted by Reznikov et al. [9, 10] have 
demonstrated that the application of an electric field can 
reduce the energy required for the formation of 
condensation nuclei and can accelerate the process of 
droplet coalescence, leading to a faster and more controlled 
condensation of water vapor. Other research has 
highlighted the influence of the size and shape of the 
electrodes, as well as the field strength on the distribution 
of the condensate [14, 15]. 

In contrast, the effects of alternating fields (AC) or even 
DC–AC superimposed fields, especially in the presence of 
an ionized medium such as that generated by corona 
discharges, remain significantly less explored. Fields of this 
type can induce additional instabilities in the gas boundary 
layer, influencing the ion mobility and modifying the 
electroaerodynamic behaviour of vapours, with direct 
implications for condensation mechanisms. Additionally, 
the presence of a corona discharge generates an 
environment with a complex distribution of ions and 
electrons, which can lead to changes in local field, relative 
humidity, and temperature—factors that influence 
condensation in a nontrivial manner. 

In this context, the present work aims to investigate the 
influence of the superposition of direct electric field (DC) 
and alternating electric field (AC) on the process of water 
vapor condensation in a corona discharge reactor. Thus, the 
paper aims to evaluate the combined effect of DC–AC 
fields on the condensation rate and to examine the influence 
of electrical parameters (voltage level, voltage polarity, AC 
voltage frequency, and air velocity) on condensation 
efficiency. Through these objectives, the study contributes 
to the understanding of the mechanisms by which electric 
fields can influence phase change in ionized gases, with 
potential applications in the development of advanced 
humidity control systems, physicochemical separation, and 
energy recovery. 
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2. WATER VAPOR CONDENSATION IN 
ELECTRIC FIELDS 

The phenomena that take place in simple phase change 
heat exchangers without any boost created by an electric 
field or space charge are directly related to condensation, 
which can be either heterogeneous (caused by contact 
between a liquid or solid surface) or homogenous (caused 
by the formation of atomic/molecular clusters such as water 
droplets). Numerous studies have examined the basic issue 
of condensation [16, 17]. The vapor pressure is one of the 
main factors that determine the rate of condensation (which 
refers to the number of water molecules that transition from 
the gas phase to the liquid phase every second). 
Thermodynamics and kinetics of nucleation indicate that 
the rate of condensation increases as the water vapor 
pressure, p, rises [17]. Therefore, if the water droplets and 
vapor are in balance, the saturation level of humid air is 
reached [17]. The condensation of water vapor begins with 
the formation of liquid phase embryos – microscopic 
droplets. Gibbs' theory defines the energy required for a 
droplet to grow or evaporate. Free Gibbs energy associated 
with the nucleation process is given by [17]:  

 ∆G(𝑟)=4π𝑟!σ − 4
3
π𝑟"∆𝑔#, (1) 

where r [m] is the radius of the incipient water droplet, s 
[N/m] is the surface tension, and Dgv= (kT/vl)×lnS is the free 
Gibbs energy per unit volume with S = p/psat in which psat 
[Pa] is the saturation pressure, vl [m3/mol] is the molar 
volume of the liquid phase, and k = 1.38×10-23 J/K is the 
Boltzmann constant. Thus, the critical radius (for which the 
probabilities of condensation and evaporation are equal and 
the droplet as a cluster becomes stable) can be expressed by 
the relationships [17]: 

 𝑟$=
!%#!
&'∙)*+

 (2) 

which indicates that if S [m2] increases, the critical radius of 
the droplet decreases, and the nucleation process is favored.  

In a simplified manner, the nucleation rate f [nuclei/m·s] 
of the vapors can be written as [17]: 

 f(𝑝)=A(𝑟$) ∙
,∙$
'"/$

∙ exp 2− ∆.
&'
3 (3) 

where c is the water vapor molecule concentration, T [K] is 
the temperature, and A(rc) is a factor depending on the 
critical radius rc of the droplet and thermodynamic 
conditions. Therefore, equation (3) establishes the 
mathematical relationship between the condensation rate, 
on one hand, and the vapor pressure and water molecule 
concentration, on the other hand. It is also observed that if 
the value of the Gibbs free energy decreases, the nucleation 
rate increases, which practically means that the 
condensation phenomenon intensifies. 

Previous studies [10-13] demonstrate that the presence of 
charged particles in the carrier air significantly affects the 
condensation rate of water vapor. An external electric field 
𝐸5⃗  (E [V/m]) modifies the energy balance in the Gibbs 
theory by an additional energy associated with the droplet's 
polarizability. In a simple case of a uniform electric field, 
the added electrostatic energy is expressed as [10, 20, 21]: 

 ∆𝐺/=- 0
!
ε1ε2α𝐸! (4) 

and the total free Gibbs energy becomes: 

 ∆G(𝑟)=4π𝑟!σ − 4
3
π𝑟"∆𝑔#-

0
!
ε1ε2α𝐸!. (5) 

In (4) and (5), the quantity e0=8.85×10-12 F/m is the vacuum 
permittivity, er is the relative permittivity of the water, and 
a is the polarizability of the water droplet, which, for a 
spherical droplet, can be expressed as [20]: 

 α=4πε1𝑟"
3%40
3%5!

 . (6) 

Therefore, the electric field contributes to the reduction of 
Gibbs free energy and, consequently, to the decrease of the 
critical effective nucleation radius [20, 21] 

 𝑟$
677= !%

∆8&5∆8'
 , (7) 

where the term DgE is the density of the electrostatic field 
energy. This also explains why the electric field favors the 
nucleation and growth of condensed droplets, accelerating 
the phase transition. 

Let's now consider the situation of a phase change heat 
exchanger with a non-uniform spatial charge consisting of 
positive and/or negative ions (for example, generated 
through a corona discharge). First of all, its presence causes 
a change in the distribution of the electric field compared to 
the previous case, where it was considered uniform. As 
presented in [12, 13], in the case of a wire-cylinder 
geometry reactor, with the central wire serving as the 
corona electrode and supplied with a negative DC high 
voltage, the problem can be analyzed in a simplified 
manner by assuming the wire surface as a monopolar 
source of negative ions. The ions generated by the corona 
discharge are subjected to electrostatic forces due to the 
electric field and move along the field lines, giving rise to 
the corona current. Neglecting the diffusion phenomenon, 
the expression for the electric current density (J [A/m2]) 
passing through the space between the wire electrode and 
the inner surface of the grounded cylinder is: 

 𝐽=ρ9µ:𝐸5⃗ , (8) 

where ri is the ionic space density and µi [m2/V·s] is the 
mobility of ions. For small water droplets (with a diameter 
of the order of 10-6 m), based on the diffusion-electric field 
charging model [22], the expression of acquired electric 
charge q [C] is: 

 𝑞=4πε1ε2𝑟!𝐸, (9) 

which leads to an increase in total free Gibbs with [20]  

 ∆𝐺;= ;$

<π3(2
. (10) 

Therefore, the electrical charging of particles and, 
consequently, the increase in Gibbs free energy led to a 
slight decrease in the nucleation rate. However, ions act as 
heterogeneous nucleation centers around which nucleation 
clusters can form, thus favoring the condensation 
phenomenon.  

Another important aspect concerns the 
electroaerodynamic phenomena (EAD) induced by corona 
discharge. As presented in [12, 23], in general terms, these 
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phenomena are known as ionic wind and consist of air 
movement resulting from ions being dragged by an electric 
field. This movement unfolds radially in the case of the 
considered wire-cylinder configuration. Its interaction with 
the main airflow passing through the cylindrical reactor 
gives rise to a complicated turbulent flow. These 
phenomena have major effects on the condensation process 
by reducing the diffusion layer, increasing vapor transport 
towards the cold zone (cylinder surface), modifying the 
local distribution of temperature and relative humidity, and 
also inducing convection currents that favor droplet 
coalescence and drainage. 

The last point discussed in this section concerns the case 
where a sinusoidal alternating field is superimposed over 
the DC field that produces corona discharge. The total field 
becomes: 

 𝐸(𝑡)=𝐸>? + 𝐸@?sinω𝑡, (11) 

which leads to variable Gibbs energy 

 ∆𝐺/(B) = − 0
!
ε1ε2α[𝐸>? + 𝐸@?sinω𝑡]!. (12) 

Thus, at frequencies lower than the order of kHz, ions can 
respond to the alternating field EAC(t). Therefore, the 
superposition of the alternating field causes a change in the 
spatial charge distribution (with screening/displacement 
effects), the appearance of oscillating electric forces on the 
ions and polar water molecules, which makes nucleation 
dependent on the phase of the electric field. 

3. EXPERIMENTAL SET-UP AND METHOD 
The experimental study was conducted using a 

temperature-controlled stainless-steel wire-cylinder reactor. 
Figure 1 presents a schematic view of the reactor. Figure 2 
shows an image of the reactor with the central corona wire 
made of tungsten and having a diameter of df = 0.075 mm. 
The metallic cylinder has an inner diameter of 46 mm, and 
the total active length of the reactor is 240 mm. 

The corona reactor is integrated into a complex system, 
schematically represented in Fig. 3. As can be seen, the 
collector cylinder temperature is regulated using a closed 
system within which glycol is circulated with the help of an 
adjustable electric pump. The cooling elements are Peltier-
type and can provide a minimum temperature of 
approximately 4 °C for the cooling system. The humid air 

treated inside the reactor has a humidity of over 96% and is 
obtained using a system composed of an atomizer and a 
chamber with a volume of approximately 0.6 m3. The humid 
air circulates through the reactor via polyethylene pipes 
connected to the lower and upper parts of the active stainless-
steel cylinder, respectively, and a variable-speed turbine 
mounted on the exhaust pipe at approximately 0.8 m. The 
average air velocity can be adjusted within the range of 0.05 – 
3.2 m/s and is measured at a distance of 30 cm from the reactor 
outlet using a hot-wire anemometer. Temperature and 
humidity are continuously measured both at the reactor inlet 
and outlet. Additionally, the corona current is monitored 
throughout the experiments using a microammeter connected 
between the stainless-steel cylinder and ground. 

To determine the condensation efficiency, DRH [%] 
(calculated as the difference between RHinlet[%] and 
RHoutlet[%]), the values of humidity and temperature of the 
treated air were continuously monitored both at the reactor 
inlet and outlet. Tests conducted beforehand in a closed 
chamber that ensured moisture and temperature regulation 
showed that the two measuring devices used provided 
similar readings within the humidity range of RH 60-94%. 
Additionally, the hot-wire anemometer used to determine 
the average air velocity value in the system was calibrated 
each time before an experiment. 

 
Fig.3 – Schematic view of the experimental set-up: 1-cold cylinder of the 

condensation reactor, 2 - corona wire, 3 – temperature measurement 
system of the reactor cylinder, 4 – humidity/temperature measuring device 
probe at the inlet of the reactor,  5 – collected water drainage system, 6 – 

microammeter for corona current measurement, 7 – adjustable power 
supply for DC and AC voltage, 8 – anemometer probe, 9 – 

humidity/temperature measuring device probe at the outlet of the reactor 
and, 10 – cooling system.  

Fig.1 – Schematic view of the wire-cylinder condenser. 

 

 

 
Fig.2 – Top view of the wire-cylinder condenser. 
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Fig. 4 – The operating characteristics of the corona reactor for negative DC 

voltage and three air flow velocities v of 17 cm/s, 19 cm/s, and 22 cm/s. 

 
Fig. 5. – The operating characteristics of the corona reactor for positive DC 

voltage and three air flow velocities v of 17 cm/s, 19 cm/s, and 22 cm/s. 

The experiments were conducted in a room with a mean 
temperature of 22°C and a relative humidity of 
approximately 62%. Conducting an experiment involved 
going through the stages as detailed below. Thus, the 
cooling system and the air circulation turbine, which draws 
atmospheric air (unsaturated with water vapor) into the 
system, are started initially, and the temperature is allowed 
to stabilize in the cold cylinder. The time required to reach 
the dew point and maintain it is between 35 and 45 minutes. 
By adjusting the turbine speed, the average air velocity 
through the installation is regulated, and its value is 
measured using the anemometer. Next, the air saturation 
system with water vapor is activated, and the desired 
humidity at the entrance to the condensation reactor is 
awaited. Depending on the required humidity level, the 
mixing valve is adjusted, which allows the humidified air 
from the atomizer chamber to be supplemented with air 
from the surrounding environment. The values of the 
humidity and temperature were recorded at the reactor inlet 
and outlet. 

To obtain the reactor's operating characteristic, namely 
the variation curve DRH(UDC), high DC voltage is applied 
to the corona electrode, and its value is increased. For 
determinations where an alternating voltage UAC(t) is 
applied over the continuous voltage, the latter is applied 
before the continuous one. In these circumstances, there is 
an initial determination at the beginning that reflects only 

the effect of UAC(t) voltage, which is then followed by the 
simultaneous superposition of the alternating and direct 
voltages. The effective values of the alternating voltage 
applied in the experiments were 2.5 kV and 5 kV, 
respectively. 

Also, experimental measurements are initially performed 
by increasing UDC value from zero, in 1 kV increments, 
until the maximum value of 12 kV is reached, and then 
while the DC voltage is gradually decreased back to zero. 
At the end of the measurements, when the voltage applied 
to the corona wire is stopped, a new determination of the 
static humidity and temperature is made at the inlet and 
outlet of the reactor, respectively. Based on the humidity 
values measured at the reactor inlet and outlet, respectively, 
at the beginning of the experiments (without an electric 
field) and at the end (also without an electric field), intrinsic 
condensation attributed solely to the cooled cylinder is 
obtained, as referred to in this study. 

Additionally, the differences obtained between the inlet 
and outlet humidity of the condensation reactor during the 
application of the electric field are averaged over the two 
directions of the determination (increasing and decreasing 
UDC, respectively), which allows for obtaining the reactor's 
operating characteristic. The average duration of such an 
experiment is approximately 3 hours. 

4. EXPERIMENTAL RESULTS 
Several experimental results were obtained using the 

method presented in the previous section. Some of these 
will be presented and analyzed below. Thus, in the first 
stage, the operating characteristic of the corona reactor was 
determined for several values of the average air velocity, 
when the ionizing wire was supplied exclusively with DC 
positive and negative voltage (UDC) – Figs. 4 and 5. Firstly, 
it can be observed that in the presence of corona discharges 
(UDC > ~3 kV), DRH increases significantly. If in the case 
of negative DC voltage, the maximum condensation 
efficiency is obtained around -5 kV, in the case of positive 
voltage, DRH increases with the UDC, recording the highest 
values +11÷12 kV. Also, Fig. 4 indicates that for negative 
corona voltage and UDC > 6 kV, DRH decreases, which, 
compared to the results obtained for positive corona, 
represents a significant difference. Most likely, this can be 
attributed to the fact that, at the same applied voltage, 
negative corona discharge causes a stronger ionization of 
the air compared to positive corona discharge [2] (the ionic 
space charge created by negative corona discharge has a 
higher volume density than that produced by positive 
corona discharge). Consequently, in the case of a negative 
corona, there is higher electrical charging of the water 
microdroplets, which, according to (10), leads to a decrease 
in the nucleation rate. On the other hand, the presented 
results clearly show that as the air flow velocity increases 
from 17 cm/s to 22 cm/s, the condensation efficiency 
decreases. 
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Fig. 6 – The operating characteristics of the corona reactor for negative 

DC corona and superimposed AC electric field: v = 17 cm/s, UAC eff = 2.5 
kV, and f =19 kHz. 

 
Fig. 7 – The operating characteristics of the corona reactor for negative 

DC corona and superimposed AC electric field: v = 17 cm/s, UAC eff = 5 kV, 
and f =19 kHz. 

Figures 6 and 7 present the operating characteristics of the 
reactor in the presence of a negative corona discharge and an 
alternating electric field produced by superimposing an 
alternating voltage with an effective value of 2.5 kV and, 
respectively, 5 kV and a frequency of f = 19 kHz. It can be 
observed that the presence of the alternating electric field leads 
to a significant increase in condensation efficiency even for 
low values of UDC voltage, below the threshold value at which 
the corona discharge is initiated (~3 kV). For example, for UDC 
= 6 kV, applying the alternating voltage UAC = 2.5 kV results 
in a 9.5% increase in DRH,  

 
Fig. 8 – The operating characteristics of the corona reactor for positive DC 
corona and superimposed AC electric field: v = 17 cm/s, UAC eff = 2.5 kV, 

and f =19 kHz. 

  
Fig. – The operating characteristics of the corona reactor for positive DC 
corona and superimposed AC electric field:  v = 17 cm/s, UAC eff = 5 kV, 

and f =19 kHz. 

while for UDC = 8 kV, the increase is approximately 14.7%. In 
the case where UAC = 5 kV, the operating characteristic 
changes substantially, showing significant increases and even 
doubling the DRH value in its first part. This time, for UDC = 8 
kV, the presence of alternating field leads to an increase in 
DRH by over 13.6%. 

Figures 8 and 9 present the operating characteristics for 
positive corona discharge and superimposed alternating 
electric field, under the same conditions as above. Substantial 
changes can be observed for UAC = 5 kV, when DRH shows 
very high increases. For example, at UDC = 6 kV, DRH 
increases by over 41%, while for UDC = 8 kV, the increase is 
about 16%. 

Figure 10 shows the variation of DRH as a function of the 
frequency of the applied alternating voltage. Thus, even for a 
relatively narrow range of frequencies imposed by the 
capability of the power source, a clear trend of increasing 
condensation rate is observed if f increases from 17.5 kHz to 
26 kHz. This indicates that the efficiency of such a reactor can 
still be improved by identifying those frequency values that 
most favorably influence the nucleation rate. A special 
mention refers to the value of the DC voltage applied to the 
corona wire, which, in the case of the results presented in Fig. 
10, is 8 kV and, respectively, 8.25 kV. The experiments 
conducted in this study have shown that increasing the applied 
voltage beyond these values can, in certain situations, lead to 
effects that alter the condensation process. Among these, the 
most important are the Joule effect associated with corona 
electric current and, sometimes, electrical discharges that occur 
on wet surfaces. 

 
Fig. 10 – Variation of condensation efficiency as a function of alternating 

voltage frequency for positive corona (UDC = 8 kV and 8.25 kV), 
v = 17 cm/s and UAC eff = 5 kV. 
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5. CONCLUSION 
The present study highlights the influence of static and 

time-varying electric fields on the condensation process of 
water vapor in a wire-cylinder type corona discharge reactor. 
Based on the above experimental results, some critical 
observations can be synthesized. Firstly, it is observed that 
corona discharges lead to a significant increase in 
condensation efficiency. This increase is more pronounced 
when applying a positive DC voltage, for which the 
maximum efficiency was observed at values of 11 to 12 kV. 
In the case of negative discharges, optimal efficiency was 
achieved at a value of approximately 5 kV, followed by a 
decrease for higher values, most likely due to the electric 
charge acquired by the microdroplets of water. The 
superposition of an alternating electric field leads to a 
considerable improvement in the condensation rate. It has 
been observed that, for moderate values of AC voltage (2.5 
kV and 5 kV at frequencies of ~19 kHz), an increase in ΔRH 
of up to 41% can be achieved, depending on the polarity and 
amplitude of the applied DC voltage. The effect is more 
pronounced in a positive discharge regime superimposed 
with an alternating field. Moreover, the effect of the 
alternating field remains relevant even in the absence of 
corona discharges, suggesting that additional mechanisms, 
such as droplet polarization and instabilities induced by 
oscillating EAD forces, contribute to promoting 
condensation. 

The increase in the frequency of the applied alternating 
voltage also leads to a clear increase in the condensation rate, 
suggesting the existence of a frequency-sensitive dependence 
of the nucleation process. This result opens the way to 
explore further optimization by adjusting the frequency of the 
applied alternating voltage. 

Generally, the presented results suggest that the combined 
use of continuous and alternating electric fields in a corona 
reactor represents a viable solution for intensifying 
condensation processes, especially in high-humidity regimes 
or controlled airflows. In this context, a future direction for 
research is the optimization of electrical parameters 
(amplitude, frequency, time-variable voltage waveform) in 
correlation with reactor geometry and environmental 
conditions (temperature, pressure, air flow rate). 

Additionally, a more detailed investigation of 
electroaerodynamic effects and phenomena associated with 
space charge near collection surfaces is necessary to 
understand better the mechanisms by which droplet 
nucleation and coalescence are dynamically influenced. 

Finally, the application of these principles in scalable 
devices for industrial applications — such as air 
dehumidification, water recovery from exhaust gases, or 
environmental control in enclosed spaces — represents a 
promising practical direction, with potential impact on 
energy efficiency and sustainability. 
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