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Abstract 

This paper reports the preliminary results of a modelling study of a pilot scale wet 

electrostatic scrubber, aimed to provide accurate design and operating tools to 

sustain process scale up. The model comprises a CFD analysis of the scrubber 

(including spray pattern estimation), performed with a commercial software, and a 

proprietary post-processing model for the calculation of particle depletion inside 

the unit. Starting from a set of available experimental data, a descriptive approach 

was used to fit particle efficiency results by tuning the information on particle 

charge distribution with a single-parameter binomial function. The descriptive 

model provides results consistent with theoretical models for particle charging and 

with corona current measurements and demonstrates the importance of introducing 

suitably estimation of particle charge distribution to improve our capacity of 

describing scrubbing phenomena.  

 

Introduction 

Wet electrostatic scrubbing (WES) is an emerging technique to reduce particles 

number in polluted gas streams and its application to marine and industrial fields is 

under scrutiny. This technique is particularly suitable for soot particles that are 

hardly captured by conventional systems based on hydrodynamic forces or by 

filtration media. A WES unit consists in contacting the particle-laden gas with an 

electrified spray (ES) in a suitably designed scrubber. In most cases, the gas is 

exposed to a corona source (PCU) before entering the spray chamber.  

In recent times, our research group performed a large number of experimental tests 

on pilot scale wet electrostatic scrubbers, within the framework of the EU Research 

project DEECON and industrial cooperation with the Vessel Technical Service (IT) 

and the Boldrocchi Ecologia (IT). Experiments can be interpreted by following two 

approaches. The most rigorous one includes calculation of particles trajectories 

inside the scrubber taking into account the interactions with each of the scrubbing 

droplets and their relative motion. The broad number of particles and droplets to be 

tracked makes this approach unfeasible. A good description of the data may come 

from the use of stochastic approach, similar to those adopted for atmospheric 
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scavenging and suitably adopted to account the physics of electric interactions 

between particles and droplets. Although unable to address some points of the 

phenomena (i.e. the effect of temperature and humidity gradients or the occurrence 

of the elastic rebound phenomena), this approach was successfully adopted to 

describe laboratory scale tests at ambient temperature, when droplets and particles 

size, charge, velocity and volumetric concentration can be suitably controlled and 

measured [1]. The core of a stochastic model is the assessment of a scavenging 

coefficient λ(dp, D, qD, qP, U, T, P, RH), which embodies all the interactions 

between a droplet of size D and charge qD and a particle of size dp and charge qp, 

moving with a relative velocity U inside a gas of temperature (T) and pressure (P). 

According to Di Natale et al. [2] the rate of depletion of particles exposed for t 

seconds to a WES process is given by: 

 

𝑙𝑛 [
𝑛(𝑑𝑝)

𝑛0(𝑑𝑝)
] = − ∫ 𝜆(𝐷, 𝑑𝑝 , 𝑞𝑝 , 𝑈, 𝑞𝐷)𝑁𝜓𝑗(𝐷)𝑟𝑡𝑑(𝑡)𝑑𝐷

∞

0
∙ 𝑡  (1) 

 

Where N (1/m3) is the total number concentration of droplets n(dp) (1/m3) is the 

concentration of particles of size dp (m) and ψ(D) is the size distribution of the 

droplets in a differential volume Using a Lagrangian approach, if n0(dp) particles 

enter the scrubber, their concentration progressively reduce along their travel in the 

vessel according to the droplets they interact with. Therefore, an accurate tracking 

of particles trajectories, droplet concentration and size distribution inside the 

scrubber is mandatory to proficiently apply the model. Commercial CFD models 

provide reliable tools to estimate these information. As from Eq.(1), also the 

information pertaining to droplets and particle charge are required. However, while 

experiments allow determining a reasonable value of droplets charge according to 

their size [1-4], the assessment of particle charge is much more complex [5-7].  

In many industrial applications, particles are charged by unipolar corona. Corona 

charging is a complex process in which particles acquire charge due to the 

deposition of gas ions on their surface. The amount of charge that can be deposited 

over a particle depends on its size, to the electric field, E (V/m), and the ion 

concentration, Ni (1/m-3) it is exposed to and to the time of exposure, tr (s). 

Since corona charger generate non-uniform distributions of E and Ni and the 

velocity field of particles is non-uniform as well, particles of the same size and 

physical properties entering the corona charger in different positions, are charged 

in different ways. The charger geometry highly influences particle charging. 

The absence of precise information on the actual charge distribution of particles of 

generic size dp is the main hindrance to the application of stochastic models to 

describe experiments on pilot scale wet electrostatic scrubbing.  

To this end, this work presents a numerical modelling of a pilot scale wet 

electrostatic scrubber used to treat soot particles from an open gasoline flame in a 

gas stream of up to 220 kg/h, using water as scrubbing media. The experimental 

tests and the adopted setup were presented in Di Natale et al. [4]. 
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A thermo-fluid-dynamic numerical model was applied to estimate the trajectories 

and the velocities of sprayed droplets (including their evaporation) and the gas 

streamlines inside the WES reactor. The model also allows estimating the number 

of droplets that collide with the WES walls, for which is assumed that they lose 

their capacity to further capture particles. 

These information, together with the value of gas temperature and humidity inside 

the WES are used as the starting points of a proprietary program in Matlab® for 

modelling particle scrubbing. This model assumes that particles charge are 

distributed according to a binomial function: 

 

𝑦𝑘(𝑑𝑝) = (𝑘
𝑘𝑚𝑎𝑥)𝑝𝑘(1 − 𝑝)𝑘𝑚𝑎𝑥−𝑘    (3) 

 

Where yk(dp) is the fraction of particles of size dp having k elemental charges, 

varied within 1 and kmax, and p is the binomial shape factor varying with dp. The 

particle scrubbing model was developed to fit experimental data on the particles 

capture in the different operating conditions [4], using p is best-fitting parameter. 

 

Methodology  

The thermo-hydrodynamic modelling of the scrubber includes simulations of the 

gas and the sprayed phases and assumes that, due to their small sizes (<450 nm), 

particles trajectories follow the gas streamlines. The CFD model was developed in 

ANSYS FLUENT 15.0® starting from the mechanical drawings of the WES setup. 

The CFD model uses a standard k-ε model for gas phase and Discrete Particle 

Model for tracking of the sprayed droplets, whose size distribution, velocity and 

spray angle are defined by the user. The scrubber was meshed in 3D with 

tetrahedral volumes, using 1949886 cells with mean size from 5 to 10 mm, having 

element quality of 0.21 and average aspect ratio of 1.83. Rossetti [5] reports the 

details of CFD meshing and simulations. 

The software also allows tracking the streamlines of the gas entering the 

computational domain. For our scopes, the inflow surface of the unit was divided 

in 200 equal sectors and the gas streamlines starting from them are tracked. The 

mathematical model for particle capture based on Eq.(1) was applied as follows: 

1. For each particle size dp, a number of kmax=100 possible charges are distributed 

according to Eq.(3). The concentration of particles having charge qp,k(dp), 

n0k(dp), is obtained by multiplying n0(dp) with the k-th term of Eq.(3). 

2. Each gas streamline is labeled with the index i=1…200. 

3. To each of the 200 inlet cells is associated a concentration of particles equal to 

n0,i(dp)=n0(dp)/200, being n0(dp) the number of particles entering the scrubber 

during the generic test.  

4. The reactor is divided in j=1…J subvolumes and, from the spray tracking are 

derived: i) the concentration of droplets in each volume Nj, and their  size 

distribution, ψj(D) and ii) their relative velocity respect to the gas, Uj(D). Each 

droplet size is associated to a net charge qD, determined from the values of the 
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spray charge reported in Di Natale et al. [4]. The mean values of temperature, 

humidity and pressure are also registered. 

5. For the i-th streamline, the residence times, ti,j, in the subvolume j is determined.  

6. When a streamline enter a subvolume j, coming from the subvolume j-1 with a 

concentration ni,j-1,k(dp), the particle concentration leaving volume are:  

 

𝑙𝑛 [
𝑛𝑖,𝑗,𝑘(𝑑𝑝)

𝑛𝑖,𝑗−1,𝑘(𝑑𝑝)
] = ∫ 𝜆(𝐷, 𝑑𝑝 , 𝑞𝑝,𝑘 , 𝑈𝑖,𝑗 , 𝑞𝐷)𝑁𝑗𝜓𝑗(𝐷)𝑡𝑖,𝑗𝑑𝐷

∞

0
   (3) 

 

7. At the scrubber exit (subvolume J) the concentration of particles of size dp is:  

 

𝑛(𝑑𝑝) = ∑ ∑ 𝑛𝑖,𝐽,𝑘 (𝑑𝑝)
𝑘𝑚𝑎𝑥
𝑘=1

𝐼
𝑖=1    (4) 

 

8. The shape factor p is determined, for each particle size, by best fitting of the 

model removal efficiency with the corresponding experimental value, i.e: 

 

𝜂𝑒𝑥𝑝(𝑑𝑝) = 1 −
𝑛(𝑑𝑝)

𝑛0(𝑑𝑝)
    (6) 

 

Results and discussion 

Four operating conditions were investigated, corresponding to fixed electric 

potential of the electrified nozzle, 15 kV, and liquid flow rate, 195 kg/h, and two 

potential of the corona charging unit (13 and 15 kV) and two gas flow rates (170 

and 222 kg/h). To improve robustness of experimental data, only particles in the 

range 100-300 nm, which represent >95% of the total particles number and for 

which the experimental error is well below 5% were considered. 

Figure 1 reports the value of the shape factor p of the binomial distribution as a 

function of the particles diameter as obtained by best fitting of experimental data. 

The shape factor p increases with the particles diameter in a similar way for all the 

cases considered. It is worth noticing that higher values of p imply both a higher 

mean and a higher standard deviation of the distribution, but the trend shown here 

led to the conditions that the larger the particles, the higher the mean charge and 

the narrow is the charge distribution (data not shown). This is consistent with the 

physical observation [6,7] that smaller particles, with their higher Brownian 

diffusion and the lower tendency to reach their saturation time, are less prone to 

leave the corona charger unit with a uniform number of deposited charge compared 

to larger particles. Besides, the model indicates that higher VPCU and lower 

residence times in the corona charger lead to slightly higher values of p. This is 

consistent with the large difference between operating potentials (>13 kV) and 

onset corona potential (about 5 kV).  

To compare the results of the descriptive model with the theoretical models 

available in literature, we run the model imposing a particle charge level equal to 

that calculating from theoretical models as reported by Jaworek et al. [7]. The 

details of calculation are reported in Rossetti [5].  
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Figure 1. Value of the shape factor p of the binomial distribution as a function of 

the particle diameter and parametric with the VPCU and G. 

 

  
 

Figure 2. Comparison between predictive and descriptive model for particle 

capturing and corona charging in the WES for VPCU=15kV and G= 222 kg/h. 

 

Figure 2 shows a sample result in terms of calculated removal efficiency and mean 

particle charge. The removal efficiency calculated from the theoretical particle 

charging model deviates from the experimental evidences and overestimates the 

total removal efficiency by about 5 percent points. To fit the actual value of the 

total removal efficiency, theoretical particles charges have to be corrected by a 

multiplying factor β=0.3. On the other hand, comparing the theoretical predictive 
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model with the results of our best fitting analysis in terms of particles mean 

charges, the results are consistent and the factor β is not needed. Besides, the 

descriptive model provided a reliable estimation (within 5%) of the charged aerosol 

current obtained from experiments and from predictive models. Similar result are 

obtained for the other experimental cases.  

These results led to conclude that the scarce capacity of the predictive model to 

describe experiments is mostly related to the absence on information on the actual 

particle charge distribution, which is actually assumed to be a Dirac’s function.  

 

Conclusion 

Our research group is developing modelling tools to better design and operate WES 

units for submicron and ultrafine particle capture from flue gases. The most critical 

hindrance to this goal is the absence of detailed information of particle charging. 

To fill this gap, this study proposes the use of a stochastic model for particle 

scrubbing and a CFD code for WES thermo-hydrodynamic simulation to infer data 

on particle charge distribution from experimental data. This approach provided a 

reliable estimation of mean particle charge together with an excellent and 

consistent description of the available experimental data. This interesting result 

suggest the extension of the study to a wider set of experiments and to coupling 

with existing theoretical models. 
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