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ABSTRACT: Current drying techniques used in food industries are energy intensive processes that 
operate at elevated temperatures and are very costly to maintain. Industries are now exploring 
possible alternatives that can reduce energy consumption for thermally sensitive food products. An 
innovative process is electrohydrodynamic (EHD) dehydration which enhances heat and mass 
transfer using electrohdrodynamics. While there are several literatures explaining either heat and 
mass transfer in porous media or the effects of EHD flow, there are only a few researches that have 
been done on the combination of both. The purpose of this paper is to develop a numerical model in 
COMSOL Multiphysics and evaluate electric (electrode gap and electric potential) and porous media 
(vapor and liquid phase concentration) parameters. The results of model showed that a lower 
electrode gap would allow for efficient evaporation and that the vortex formation due to presence of 
air cross-flow can cause the process of evaporation in the opposite direction to the cross flow. 
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INTRODUCTION: In the food processing industry, drying is one of the more common processes 
used for food preservation and sterilization (Taghian Dinani and Havet, 2015). The advantages of 
dehydration include microbial stability, limiting deteriorative problems related to bio-chemical 
reactions, increased shelf life (Taghian Dinani and Havet, 2015), reduction in the volume of a product 
and ease in the transportation costs due to a decrease in weight of the product (Echegoyen et al., 
2016). There are many conventional techniques used in drying food such as microwave heating, 
fluidized bed drying, freeze drying process (Delgado and Sun, 2001), spray drying, and combination 
drying (Sagar and Suresh Kumar, 2010). These techniques are thermal processes that utilize either 
conductive, convective or radiative heat transfer (Bajgai et al., 2006). These processes occur at 
elevated temperatures, which is important for reducing the moisture content of the food item while 
leaving unwanted characteristics, such as discoloration and structural changes. Unfortunately, the 
disadvantage of conventional drying techniques allows food items to lose its phenolic properties and 
physical characteristics such as texture and color which can alter the taste. 
Most conventional drying techniques use convective heat transfer processes or dielectric heating 
(Bajgai et al., 2006). Air drying is the most common technique used (Bai et al., 2012); however it is 
also the most energy consuming method (Ahmedou et al., 2009) due to its low thermal conductivity 
(Bardy et al., 2015). A study of many developed countries revealed that between 12 and 20 percent 
of the national energy consumption was attributed to thermal dehydration (Mujumdar, 2014). These 
drying processes are used for reducing moisture content in foods such as vegetables, fruits and other 
food items with a high moisture content (>80%)(Mujumdar, 2014). 

To reduce the total energy consumption for commercial dehydration/drying systems, the 
electrohydrodynamic (EHD) dehydration technique was created. This technique is a non-thermal 
process that uses secondary flow induced by a high-intensity electric field (Huang and Lai, 2010), 
developed through the interaction of a perpendicular crosswind interacting with corona discharge to 
give a new flow called ‘corona wind’. The corona discharge can be produced by a charged electrode 
with high DC voltages at room temperatures (Lai and Sharma, 2005).  

The induced air is then directed towards the surface of the food item where the charged air molecules 
disrupt the boundary layer over the food surface, thereby increasing the drying efficiency (Lai and 
Sharma, 2005). The water molecules of the food item orient themselves in the direction of the electric 
field and matriculate towards the surface where it is eventually taken away by the oncoming wind. 
EHD techniques require high voltage electric field (HVEF), where voltages can vary between 10kV 
and 35kV. While there are four main types of EHD-dehydration methods: single point electrodes, wire 
electrodes, multiple source electrodes and parallel plate electrodes, this paper will solely focus on 
EHD-dehydration methods using wire electrodes. 

The objective of this study was to design a theoretical model for EHD-dehydration process at low 
temperatures and assess the interaction between the ionic wind and porous media. This paper 
reports the effects of the electrode gap, cross flow velocity and electric field intensity on the 
concentration of water in the porous media. A suitable model was developed and varying conditions 
examined. 
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MATERIALS AND METHODS  

Numerical model: The numerical model for the corona discharge was adapted from previous 
modeling templates for a pin electrode configuration used by Zhao and Adamiak (2005). This model 
was developed to quantify the effects of voltage, electrode gap and porosity of media. All simulations 
were developed through COMSOL commercial software package (COMSOL Multiphysics, 2016) 
which may not be as accurate as other numerical algorithms, but is better equipped with 
computational power for the 2 dimensional geometries. The derivation for the porous media and its 
values was developed through adaptations from other existing models (COMSOL Multiphysics, 2016; 
Datta, 2007a, 2007b). 

Assumptions:  
Materials: 

• Moisture and temperature within the material are fixed. 
• The ground electrode is made of aluminum 
• Wire electrode is a 20-gauge copper wire. 
• Copper electrode is placed 1 cm above the surface 
• Porous media has a porosity and permeability values of 0.8 and 1e-14m2 (COMSOL Multiphysics, 

2016) 

Fluid: 
• The humidity of the crossflow (corona wind) interacting with the porous media is constant 
• The temperature of the air is 5℃ and atmospheric pressure. 
• Liquid used in simulation is water with properties at room temperature. 
• Air mass flow of corona wind is unidirectional and constant. 
• Ambient air is incompressible 
• Flow of air is steady and laminar 
• Charge convection due to forced airflow is negligible. 

Corona (ionic wind): 
• Corona discharge is independent of humidity and temperature. 
• Number of levels for electric field lines is 100. 
• 10kV applied voltage 

Geometry: For the simulation model the food drying chamber has dimensions of 50 cm in length 
and 25 cm in height. The wire electrode is made of copper with a diameter of 0.081cm (corresponding 
to a 20 gauge wire) and length of 30 cm. The ground electrode is an aluminum plate 30 cm in length 
and 1 cm in thickness. The porous media is representative of a 2D slab surface 1 cm in length by 1 
cm in width. 

Simulation of EHD flow, mass transfer and electric field intensity: The simulation 
combination for EHD flow (Shi et al., 2017) and mass transfer is a complicated process. The model 
developed is based on a combination of simplified models from (site COMSOL and Lai, 2005). The 
electric filed intensity can be determined through the equation used by Shi et al. (2017) and Jewell-
Larsen et al., (2008): 

∇#𝑉 = 	 '(
)*

       (1) 

Where, ∇ is the vector gradient expression, V is the electric potential governed by Poisson’s 
equation(Jewell-larsen et al., 2008), 𝜌, is the space charge density equal to 476.61e-6𝐶/𝑚0 and 𝜀2 
is the dielectric permittivity equal to 8.85𝑛𝐹𝑚56. 
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The EHD process is dependent upon the strength of the corona wind velocity which is a combination 
of mass transfer rates of the liquid within the porous media. The evaporation rate of the water within 
the porous media is dependent upon the velocity of the corona wind. When air is the working fluid 
the velocity is determined using the equation adapted from Singh et al., (2012): 

𝑣 = 89
':

;
< 𝐸      (2) 

Where, 𝑣 the velocity (m/s) is, 𝑒? is the permittivity of the media (𝐹/𝑚), 𝜌@ is the mass density of the 
air (AB

@C) and 𝐸 is the electric field strength (V/m). 

It should be noted that the corona wind velocity cannot be increased infinitely with an increase in the 
electric field beyond the breakdown voltage (6 x 106 V m-1). 

Due to the pressure forces, viscous forces and external forces applied by the fluid, the flow pattern 
for the corona flow can be determined using the Navier-Stokes equation adapted from COMSOL 
Multiphysics (2016) and Zhao (2005): 

D'
DE
+ 	∇ 𝜌𝑢 = 0     (3) 
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DE
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0
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Where, 𝑢 is the fluid velocity, 𝜇 is the dynamic viscosity of the fluid, 𝑃 is the pressure of the fluid and 
𝜌 is the density of the fluid. Equation three represents the continuity equation which represents the 
conservation of mass. 

To observe the mass transfer of the liquid concentration during the EHD dehydration process the 
mass transfer equation can be seen below (Bejan, 2013). 

QRS
QE
+ ℎ@UVV𝐴 𝐶 V − 	𝐶X = 	𝐷Z[𝐴

QRS
Q\
	 + 𝑟Z   (5) 

Where, ℎ@UVV is the convective mass transfer, 𝐶 V is the concentration of the solid, 𝑟Zis the generation 
term and 𝐴is the cross-sectional area. 

 

RESULTS: 
Numerical simulation results for the electric field generation, concentration of the vapor phase, cross 
flow velocity, surface liquid phase concertation and liquid phase concentration gradient are shown 
below. 

 

Electric Field Strength: For developing the corona wind some key parameters taken into 
consideration included the electric potential, electrode gap, current and wind velocity. The electrode 
potential was varied between 10kV and 20kV with 5kV increments. The electrode gap sizes used 
were 1cm 1.5cm and 2cm while the current and wind velocity were 0.5mA and 1m/s respectively. 
Widening the electrode gap resulted an increase in the electric potential in order to maintain the 
electric field intensity. It can be assumed that the greater the electrode gap, the weaker the electric 
field intensity which can result in lesser interaction between ionized air molecules and the porous 
media. A review conducted by Singh et al. (2012) compared different electrode configurations for 
inducing an electric wind. It was suggested that the drying rate was highest when the electrode 
spacing was smallest and applied voltage was below the threshold voltage. It can be assumed that 
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an electrode gap of 1cm would have been most ideal for evaporation compared to the other two gap 
sizes. 

Figure 1 demonstrates the generation of an electric field when a potential difference of 10kV is 
supplied to the wire electrode. At an electrode gap of 1 cm above the surface of the porous media 
the electric field strength was greatest at the ends of the wire electrode at 1.02 x106 V/m, creating a 
two-point electrode. The electric field strength decreased along the length of the wire electrode giving 
a uniform value of 0.11x106 V/m. A study conducted by Ahmedou et al. (2009) demonstrated using 
a pin-plate electrode configuration that the highest potential would be found towards the tip of pin 
electrode causing a cascading effect. It can be assumed that the electric field would be strongest 
towards the center of the cascade causing potential burning of the porous media. However, with the 
wire electrode model it can be suggested that along the length of the wire there would be a more 
even distribution of the electric field conducive for interaction with the porous media. 

 
Figure 1: Surface map of electric potential (V) (gray scale) and the contour plot of the y component 
for the electric field strength (V/m) after 2 hours. 

Concentration of vapor phase: Figure 2 illustrates the concentration of the liquid vapor phase 
of the corona wind and an arrow surface map of the velocity field (gray scale) after a two hour period. 
The small white arrows near the porous media show a disruption of the laminar cross flow, due to the 
formation of a vortex around the copper electrode. This vortex causes the air to flow in the opposite 
direction signifying the process of forced convection occurred during evaporation of the water off the 
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surface of the porous media. Figures 2, 3 and 4 illustrated the vortex causing a disproportionate level 
of interaction with the porous media at the bottom right corner during evaporation.  In figures 2 and 
3 the velocity boundary layer (2 cm above the wire electrode) can be seen resulting in the corona 
wind velocity field at a lower magnitude compared to velocity field above the boundary layer. One 
possible advantage of a decreased wind velocity (assuming the electrode gap remains at 1 cm) would 
be greater contact between the electric wind and the porous media leading to an improved 
evaporation rate. This assumption is confirmed in Ahmedou et al. (2009) where the experimental 
results concluded at low wind velocities a low food surface -electrode gap would enhance 
evaporation. To eliminate the vortex a design suggestion would be to implement a chamber that 
allowed for uniform flow to be blown between the wire electrode and ground electrode. The vapor 
concentration is greatest to the left of the porous media at approximately 0.3 mol/m-3. Based on the 
direction of the cross flow, it was assumed that the vapor concertation should increase in the same 
direction as the cross flow. However due to the formation of the vortex, the water vapor concentration 
of the air increases in the opposite direction of the cross flow, which can be better seen in figure 3. 

 
Figure 2. Surface map of concentration of liquid vapor phase (mol/m-3) of corona wind (rainbow 
scale) and surface arrow map of the velocity field (gray scale) after 2hours. 
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Figure 3: Expanded surface map of concentration of liquid vapor phase (mol/m-3) of corona wind. 

 

Concentration of liquid in porous media: Figure 4 illustrates the concentration of the liquid in 
the porous media (gray scale). The trend observed indicates that the liquid concentration decreases 
from left to right, which confirms the trend shown in figures1 and 2. The right side of the porous media 
has the first contact with the corona wind due to the vortex.  This indicated that evaporation will begin 
on the right-hand side of the porous media causing the surface concentration gradient of the liquid 
phase to decrease as evaporation occurs. It was assumed that the decrease in the concentration 
gradient on the left-hand side of the porous media is due to the evaporation process taking place on 
the right-hand side as water moves from an area of high water potential to an area of lower water 
potential. The contour lines representing the concentration gradient are not smooth because size of 
the pores were not symmetrical, therefore containing varying pockets of water. 	
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Figure 4. Surface map of liquid concentration (mol/m-3) (gray scale) in the porous media and 
contour plot of the y-component of the concentration gradient (mold/m-4) of the liquid phase. 

 

CONCLUSION: Electrohydrodynamic dehydration at low temperatures is a promising non-thermal 
technique to optimize the dehydration process for perishable food items. Conventional drying 
methods are energy intensive and require large amounts of heat which can have a negative effect 
on thermally sensitive food items. While this process is still being investigated the theoretical model 
in COMSOL provides a template which can be used to further assess the viability of this technique. 
The first trend observed shows that a vortex is formed around the electrode which causes the corona 
wind to flow in the opposite direction to the normal conventional flow. The second trend wire based 
electrodes the electric field is strongest towards the ends of the electrodes. The third trend observed 
indicates that as the liquid concentration within the porous media increases the concentration 
gradient decreases. Further simulations and experimentations have to carried out to better evaluate 
this technique. 
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