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ARTICLE INFO ABSTRACT

Handling Editor: Dr AR Jambrak Background: Electrohydrodynamic (EHD) drying relies on the generation of a corona wind that is created with a
high electric potential between an emitter and a ground electrode. The impinging corona wind enhances
convective heat and mass transport close to the sample, which is positioned on the ground electrode. Although
EHD drying is reported to have large potential for milder and energy efficient drying, most studies have only
evaluated its potential at the lab scale and for specific applications.

Scope and approach: This review focusses on discussing the underlying physical phenomena that may be expected
to influence the performance of EHD drying processes. Specifically, we discuss how corona wind changes due to
discharge behaviour as it is influenced by moisture release during drying, how the microstructural properties of
the product could influence electromigration in the drying material and how EHD drying could be efficiently
and safely scaled up for biobased & food products. We conclude with an outlook to the research that still is
required to concretize the potential of EHD drying in practice.

Key findings and conclusions: In EHD drying, electrical discharge induces airflow which enhances external
convective drying. Studies coupling physical phenomena are still lacking, although some possible couplings are
mentioned in chapter 2. Internal mass transfer is enhanced due to presence of an electrical potential over the
product, which can cause several electrically-driven transport phenomena as discussed in chapter 3. Several
drying setups have been explored in industry, of which the characteristics are summarized in chapter 4.
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1. Introduction and imposes a relatively high heat load on the product (Lewicki, 2006).

Therefore, there is a continuous interest in novel drying methods that

Drying plays a pivotal role in food and biobased production because
of the inherent shelf stability of dry foods and materials and the effi-
ciency for transportation. Many drying processes employ hot air to
facilitate water removal from either a liquid formulation or a semi solid
slurry. Hot air dryers are on average responsible for 12-20% of the
overall energy consumption of a food production process, but can be as
high as 40% for example for production of skimmed milk powder
(Raghavan et al., 2005). About 35-45% of the energy input is lost during
drying, for example via the outlet airflow and dryer walls (g, Tantakitti,
& Thavornun, 2008). Drying is a complex process during which not only
water is removed but also a microstructured product is obtained, which
is a major determinant of its quality. Thermal drying is energy intensive
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operate at lower drying air temperatures and use less energy. Electro-
hydrodynamic (EHD) drying enhances mass and heat transfer during
drying and thus allows water removal at relatively lower drying air
temperatures while still achieving similar drying rates (Defraeye &
Martynenko, 2018b; Iranshahi, Onwude, Martynenko, & Defraeye,
2022; Martynenko, Astatkie, Riaud, Wells, & Kudra, 2017; Martynenko
& Zheng, 2016).

EHD drying involves corona wind generation by electric discharge.
Corona wind is generated by applying a large electric potential differ-
ence between a sharp emitting electrode area and a grounded surface on
which the product to be dried is placed. When the electric field surpasses
a certain threshold, a corona discharge occurs by ionization of air
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molecules close to the small electrode due to a high local electrical field
strength. The ions are accelerated by the electric field and collide with
other air molecules. This initiates an air flow or ionic drift, commonly
referred to as the corona wind (Park, Cvelbar, Choe, & Moon, 2018). By
placing a wet product in the path of the ions, the corona wind will
impinge on the product and enhance drying (Defraeye & Martynenko,
2018b; Iranshahi, Onwude, Martynenko, & Defraeye, 2022; Marty-
nenko, Astatkie, & Defraeye, 2020).

The use of a corona wind has been extensively studied for various
technologies (Park et al., 2018; J. Wang, Zhu, Cai, Zhang, & Wang,
2020). While convective drying exists already since the 19th century
(Chandramohan, 2020), the effects of EHD during convective drying is
not yet fully understood. Previous EHD drying studies mostly studied its
effect on the external (air-side) heat and mass transfer rates. A summary
of such studies has been made available in literature such as in the work
of Martynenko et al. (Martynenko, Bashkir, & Kudra, 2021). However,
the application of an electric field during EHD drying may also influence
the mass transfer inside drying products, while the release of moisture
into the air may affect the ionic wind generation. These complexities
have been mostly neglected until now but are hypothesized to be
important in larger-scale EHD drying technology. At the same time, until
now EHD has been mostly applied in configurations quite similar to
those used in conventional convective drying, but the system configu-
rations have not yet been optimized for EHD as such. This it is important
to investigate the different phenomena during EHD, and understand
their interactions.

The physical phenomena occurring during EHD drying are summa-
rized in Fig. 1.

One phenomenon that is typically neglected is the influence of the
electric field on the internal mass transfer. During EHD drying, food
products are placed between the electrodes. The main mechanism for
water removal is convective drying which is initially externally limited
but at a later stage internally limited as water diffusion in the product is
slow (Barbosa-Canovas & Vega-Mercado, 1996). The corona wind ne-
cessitates a (small) ionic current, which also has to pass through the
product. The electrical potential drop across the product may influence
internal mass transfer and may induce ohmic heating. The electrical
potential drop across the product may influence internal mass transfer
and may induce ohmic heating. Ohmic heating depends on the electrical
potential drop and conductivity, both influenced by the moisture con-
tent of the material. Ohmic heating provides volumetric heating of the
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sample, which indirectly also influences the diffusion of water. The in-
fluence of the electric field on the internal mass transfer (either water or
charged species) during EHD drying has been mentioned in literature
but not studied in detail. Many studies assume that the products are
relatively thin (Iranshahi, Onwude, Martynenko, & Defraeye, 2022; Paul
& Martynenko, 2022) and thus do not experience a significant electric
potential difference. This assumption seems reasonable from a system
perspective, as the electric field strength is very high near the discharge
electrode and diminishes towards the ground electrode (Adamiak &
Atten, 2004; Defraeye & Martynenko, 2018a, 2018b). However, at a
closer look, there is still a residual electric potential across the product,
which depends, for example, on the electric permittivity, and especially
at later stages of drying the electric conductivity will drop, which will
increase the potential difference over the product and thus enhance its
effect. This could explain the variability of EHD with different types of
materials (Defraeye & Martynenko, 2018b). Even though it is not
explicitly discussed in the work of Defraeye and Martynenko (Defraeye
& Martynenko, 2018a), their model predicts the residual electric po-
tential across a food sample with various permittivity values. A residual
electric potential only exists if a sample is not (highly) conductive,
which is the case for most food products (Icier & Baysal, 2004; Rezinkina
et al., 2017; Tiras, Dede, & Altay, 2019). This residual electric potential
may induce enhanced transport, such as electroosmosis (O’Brien, 1986).
Another study clearly showed enhanced drying for food samples located
within the electric field compared to samples placed outside the electric
field (right below the electrode), even though both were exposed to
similar ionic wind speeds (Martynenko et al., 2020). This observation
highlights the need for further study into the internal water transport
during EHD drying. Click or tap here to enter text. Another study clearly
showed enhanced drying for food samples located within the electric
field compared to samples placed outside the electric field (right below
the electrode), even though both were exposed to similar ionic wind
speeds (Martynenko et al., 2020). This observation highlights the need
for further study into the internal water transport during EHD drying.

Another phenomenon that is often neglected is the influence of the
evaporation on corona wind generation. The water that evaporates from
the surface increases the relative humidity in the drying air. This can
impact the electric potential due to changing air properties and the
corona wind generation being dependent on relative humidity and
temperature (J. R. Lee & Lau, 2017; Zeng, Qu, & Zhang, 2023).

This review summarizes our current understanding on the important
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Fig. 1. A schematic description of different energy and mass transport mechanisms in EHD drying.
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phenomena during EHD drying and critically discuss the interactions
between corona wind generation, external heat and moisture transport
and internal moisture transport. In section 2 we focus on the main
phenomena related to EHD drying that occur in the air domain including
the effect of evaporation on corona wind generation. Subsequently, in
section 3 we connect this to the internal transport phenomena during
EHD drying including the effect of the electric field on mass transfer
inside the product. We then discuss the scalability and safety of EHD
(section 4). Finally, we provide an outlook to aspects that we will need to
better understand to make EHD suitable for practical application.

2. Air-side heat and mass transfer by corona wind
2.1. Corona wind generation

Corona wind generation involves two stages, i.e. corona discharge
and air drift. Corona discharge occurs when air is exposed to a strong
electric field, for example around a sharp emitting electrode. The local
intense electric field ionizes some air molecules. This phenomenon is
well known, and precedes lightning in the air. The extended electric field
then accelerates the ions that are created. The drag between these ions
and the uncharged air molecules then drags these latter along, gener-
ating an air drift (Adamiak & Atten, 2004; Moreau, Audier, & Benard,
2018; Robinson, 2013).

One common approach to model corona wind generation is using a
continuum model based on electric current continuity (Defraeye &
Martynenko, 2018a; Jewell-Larsen et al., 2008; Onwude, Iranshahi,
Rubinetti, Martynenko, & Defraeye, 2021; Park et al., 2018) (eq. (1)).

VeJ=0 (@]

The electric current is represented as the current density, J, gener-
ated by the transport of charged species in the air. To date, researchers
have identified three potential transport mechanisms, which are
expressed in equation (2). Firstly, the transport directly due to the
electric field, which is related to the electric field strength, E. Secondly,
the advective transport due to the air movement, which depends on the
air velocity, u. Lastly, the diffusive transport due to the charge gradient
in the air, Vp, (Defraeye & Martynenko, 2018a).

J= _:“epeEJ’_peu_Divpe ()

Ion mobility y, depends on several environmental variables, such as
the polarity of the emitter and the specific ionic species involved. For
instance, in the case of air, various ionic forms of oxygen and nitrogen
are usually present. Although the formation and transport of these ionic
species can be studied in more detail, for EHD applications, commonly a
fixed ion mobility is assumed. The value is typically 1.8-
2.3.107* m? V1 57! (Adamiak & Atten, 2004; Defraeye & Martynenko,
2018a; Jewell-Larsen et al., 2008). The space charge density in the air
domain is determined by the electric potential distribution, which is
described by Poisson’s equation (Defraeye & Martynenko, 2018a; Jew-
ell-Larsen et al., 2008) (eq. (3)). The distribution is influenced by the
relative permittivity, e, which compares the permittivity to that in a
vacuum, &.

V(eo&rE) =p, 3)

with the electric field E defined through
E=-VV (€)]

For the continuity equation, we need to define the space charge
density and electric field at the system boundaries, which are situated at
both electrodes. Since one of the electrodes is commonly grounded, the
main challenge lies at the emitter electrode. One approach to establish
this boundary condition is through iterative solving (Defraeye & Mar-
tynenko, 2018a; Dumitran, Atten, Notingher, & Dascalescu, 2006) of
Poisson’s equation (eq. (3)) such that the electric field locally attains the
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breakdown electric field strength. Assuming a very thin ionization layer
(Dumitran et al., 2006; Jewell-Larsen et al., 2008), we can then estimate
the local electric field normal to the emitter surface, E,, using an
empirical Peek’s — Kapstov’s equation (Kaptsov, 1947; Peek, 2017), as
expressed in equation (5). In this equation, the empirical constant, 7, is
defined as 1 for cylindrical electrodes and 0.1 for spherical electrodes.
The emitter radius (r.) is expressed as a dimensionless quantity, using
the value of the emitter radius in centimeters (Adamiak & Atten, 2004).
This distinction effectively closes the system of equations, and allows
solution of the charge distributions in the EHD drying system.

0.308)
V7 Te

The energy transfer from the corona discharge, which creates air
drift, can be quantified as an electrical force, F,, and can be integrated
into the momentum balance within the Navier-Stokes equation (eq. (6)).
In this equation p, is the air density, y, is the air dynamic viscosity and
Vp is the pressure gradient.

E.=31 olOG(Vm’l)(l+ (5)

pte Vu= —Vp+u,V*u+F, (6)

The electrical force on a charged molecule within a continuum
consists of three components: the Coulomb force, the dielectric force,
and the electrostriction due to the inhomogeneity of the electric field in
the medium (Saneewong Na Ayuttaya, Chaktranond, Rattanadecho, &
Kreewatcharin, 2012; Taghavi Fadaki, Amanifard, Deylami, & Dolati,
2017). Each component is formulated and summed up to equation (7).

Fo=p.E — DB Ve, + 29 (\E|2pag%> @)

As alternative to the continuum model, a plasma model can be used
to describe the corona wind generation. Air ionization creates a local
plasma, being a mixture of charged components (Adhikari & Khanal,
2013; Bittencourt, 2004). The plasma model considers a chain reaction
of charged species that can be related to the charge density distribution
within the air domain. With such detail of charged species, the plasma
model can capture the effect of different gases (although one usually
employs air during drying) and the creation of corona wind (Granados,
Pinheiro, & S4, 2016; Mushyam, Rodrigues, & Pascoa, 2019). However,
solving the involved system of equations is complicated and this poses a
challenge when integrating these with modelling other aspects of the
EHD drying process.

2.2. Evaporation and moisture transport

EHD employs corona wind to enhance heat and mass transfer. Heat is
transferred convectively via the air and first used to evaporate the water
while the product temperature remains constant (constant rate period).
After a while, internal moisture transport will become limiting and the
product’s temperature will increase (falling rate period). During the
constant rate period, the heat flux, g, is fully used to evaporate water,
and is limited by the finite convective heat transport to the surface.
Mathematically, this can be expressed by equating the product of latent
heat of evaporation, AH,,q, and water flux, Ny, to the convective heat
transport. The convective heat transport is formulated as the product of
the convective heat transfer coefficient, h,, and temperature gradient
between the air, Ty, and the product surface, T (eq. (8)).

q:NwAHevap =h, (Ta - Tf) ®

Because water is a polar molecule, its evaporation process is affected
by the electric field. Evidence of enhanced evaporation by an electric
field has been reported in experimental studies (H. Xu et al., 2021;
Zheng, Liu, Cheng, & Li, 2011) and in modelling studies (Huang & Lai,
2010; Wu, Xu, Tian, Luo, & Xiong, 2022). These studies demonstrated
that the level of enhancement varied depending on the electric field’s
direction and homogeneity. Specifically, systems featuring a large and
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inhomogeneous electric field, characteristic of EHD setups, provided a
greater advantage compared to their homogeneous counterparts (Zheng
et al., 2011).

Enhanced evaporation occurs due to a lowered activation energy of
evaporation (Fei et al., 2021). This implies that the electric field only
affects the evaporation kinetics, but not the overall energy needed for
evaporation. However, since drying itself is indeed a dynamic process,
faster evaporation kinetics may be beneficial.

As water vapor evaporates from the product surface, it enters the air
domain. Subsequently, the vapor is transported through the air and
finally exits the dryer. Moisture transport through the air involves both
diffusion and convection, quantified by a dedicated transport equation
(eq. (9)). This equation shows the water vapor accumulation over time,
expressed through its mass concentration, C,,, which is determined by its
convective (second term) and diffusive (third term) transports, as well as
its evaporation rate Neyqp.
oG,

a—tw+u-vcw+v.NW:NmP 9

with the diffusive moisture transport described as follow
N, = -D,.VC, (10)

During EHD, the electric field creates an ionic wind that in turn
triggers convective transport of water vapor. Thus, the air velocity, u, in
equation (9) is coupled to the ionic wind velocity generated in the EHD
system (egs. (2)—(7)).

Further enhancement of moisture transport within the electric field
could come from the diffusive part due to the alignment of water mol-
ecules. Theoretically, alignment of water molecules in an electric field
should occur regardless of its phase. This was confirmed by a recent
study (Xie, Hao, Wang, Kou, & Fan, 2022) that reported elevated
diffusion rates of water vapor in a gas.

2.3. Coupling between physical phenomena within the air domain

The assumed EHD drying mechanism involves a sequence of the
processes discussed in sections 2 and 3; creation of corona wind is fol-
lowed by drying using this wind. A strong electric field induces a corona
discharge. This drives air movement (ionic wind) through momentum
exchange between ionized and neutral air molecules (eq. (6)). The ionic
wind then enhances surface water evaporation and transfers the water
vapor towards the bulk of the air. In laboratory environments, the level
of evaporation remains low compared to the amount of available air.
However, in larger-scale drying operations, the accumulation of water
vapor in the air can impact the corona wind generation and the transfer
rates.

It is clear that these effects influence each other. Assuming one-way
couplings eases the calculations but will compromise the prediction
accuracy. Incorporating two- or multiple-way coupling will enhance the
accuracy. These couplings can later be assessed and simplified when
they are found to be negligible under the relevant conditions. Possible
couplings between phenomena within the air domain are summarized in
Fig. 2.

Equation (2) depicts three sources of electric current in EHD systems:
(1) electric field-driven, (2) convective transport-driven, and (3) diffu-
sive transport-driven. Diffusive transport is often small compared to
their convective equivalent, indicated by relatively small values of
diffusivity coefficient, D;, (Defraeye & Martynenko, 2018a; Jewel-
l-Larsen et al., 2008). This allows us to neglect the third part of equation
(2), simplify it to two sources of electrical current.

Convection driven transport of charged species in EHD creates two-
way coupling. Air movement is driven by the electric field gradient,
while the electric field is also affected by the transport of charged species
itself. This implies that equations (2) and (6) have to be solved simul-
taneously, increasing the computational requirement. A simplification
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Fig. 2. Diagram illustrating the generation of corona wind, external transport,
and the interconnected relationships between these physical phenomena.

of this problem was reported by assuming that the electric field domi-
nates the convective transport (Defraeye & Martynenko, 2018a). This
simplifies equation (2) to be solely dependent on its first part.

Evaporation and moisture transport involve the intricately linked
mass and heat transfer, as the energy exchange is closely related to the
material flow. Within the air domain, convective transport plays a
pivotal role, thus, air flow is also coupled to the existing mass and energy
balance. In a unidirectional coupling approach, the electrostatics and
charge transport affect the moisture transport as it generates the ionic
wind. During drying, moisture will accumulate in the air domain as the
products are dried. This accumulation should ideally be kept at a min-
imum, but some moisture build up cannot be completely avoided. This
raises the question how humidity influences the electrostatic and charge
transport. A moisture-dependent charge transport system gives rise to a
complex, multi-directional coupling.

Humidity dependent corona discharge phenomena have been re-
ported (J. R. Lee & Lau, 2017), but the effect of the humidity on the
corona discharge has not been well quantified. By reflection on the
governing equations (egs. (1)-(7)), we expect that it will affect the
charged species mobility, ,.

Actually, earlier EHD studies have not clearly investigated the effect
of temperature on corona wind generation, while temperature affects air
density and ion mobility and thus wind generation. A physical phe-
nomenon that is often neglected during EHD studies is ohmic heating of
the air. A few studies have reported that ohmic heating can specifically
enhance heat transfer, albeit more in combination with natural con-
vection rather than with forced convection (Golsefid, Amanifard, Dey-
lami, & Dolati, 2017; Martynenko & Misra, 2021).

In addition to the phenomena occurring in the bulk air that have
been explained, there has been limited exploration of the interface and
boundary layer. Specifically, the impinging jet configuration creates a
boundary layer that differs from the typical one found in most convec-
tive drying processes. Furthermore, the counterflow of water vapor from
the surface and the presence of ions in the air may locally heat the
boundary layer and potentially lead to increased turbulence. This
enhanced turbulence could, in turn, reduce the thickness of the
boundary layer. The behaviour of ionized air at the interface and its
transfer of charge to the sample remain inadequately described. (Gol-
sefid et al., 2017; Martynenko & Misra, 2021). Addressing these gaps is
crucial for future research, particularly in the context of large-scale EHD
drying processes.
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3. Internal moisture transport in materials during EHD drying
3.1. The presence of an electric field in the product during EHD drying

In EHD drying, a product sample is exposed to an electric field,
leading to an internal electric field inside the sample. The current
generated by the ionic wind also has to pass through the drying material,
requiring a certain (ionic) current. Commonly in literature, the
improved drying performance in EHD is ascribed exclusively to the
increased convection induced by the ionic wind, whereas the effects of
the electric field in the drying material are neglected.

A first step was taken by Iranshahi et al. with a study towards un-
derstanding the additional contribution of this electric field for water
removal experimentally (Iranshahi, Onwude, Martynenko, & Defraeye,
2022). In their experiment, the effect of the electric field was decoupled
from the effects of convection by placing the sample at different posi-
tions with respect to the ground electrode (see Fig. 3a). The material
present in the electric field showed a higher drying rate compared to the
sample just below the grounded mesh, as seen in Fig. 3b. This suggests
that the electric field in the sample also benefits the internal mass
transfer during EHD drying, although the dominant transport mecha-
nism remains to be established. In addition there could be an effect of
the migration of the ions through the boundary layer as well.

Iranshahi et al. compared theoretically the contributions of electro-
osmotic and electrocapillary flow relative to external mass transfer for
drying of foods (Iranshahi, Onwude, Martynenko, & Defraeye, 2022).
During the constant rate drying period, the flux of water through one
cylindrical pore or from one single cell was estimated in the range of
1076 — 1073 kg e s~! e m2 for electroosmotic flow and for electro- and
thermocapillary flow, whereas the convective flux to air was found to be
in the order of 1072 kg e s~! e m~2. This suggests that also during EHD
drying is dominated by convection during the constant rate period. At
the same time, a positive effect of the electric field was observed in
experiments compared to the control (Ding, Lu, & Song, 2015; Taghian
Dinani, Havet, Hamdami, & Shahedi, 2014).

The exact effects of electrohydrodynamics on drying is not always
clear. For example, in one study, the drying curves of oven-dried sam-
ples overlapped with those of EHD dried samples for the entire drying
period (Esehaghbeygi & Basiry, 2011). In another study, hot-air dryers
still outperformed EHD, which could be attributed to the absence of any
enhancement by the ionic wind and/or electric field for their particular
operating conditions (Iranshahi, Onwude, Rubinetti, Martynenko, &
Defraeye, 2022). These observations imply a knowledge gap with regard
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to the operating window in which EHD drying enhances water removal.
This may be mitigated by elucidating the relation between water
removal to internal electrically induced transport, considering sample
properties (structural and chemical) and process conditions.

3.2. Internal mass transfer during drying can be affected by an electric
field

To better understand the relation between process conditions and
material for EHD drying, Bashkir et al. reviewed and compared experi-
mental EHD drying conditions and results in the same metrics (Bashkir,
Defraeye, Kudra, & Martynenko, 2020). Earlier EHD drying studies used
a variety of conditions and mainly collected empirical data. Most studies
reported specifically the drying rate and moisture content evolution for
only an initial period of drying (Alemrajabi, Rezaee, Mirhosseini, &
Esehaghbeygi, 2012; Esehaghbeygi, 2012). A first step towards better
understanding of the internal transport induced by EHD is to consider
the different water transport mechanisms in different material types
such as solutions, suspensions and (semi-)solids. Hitherto, most EHD
studies focused on drying semi-solid materials such as fruits and vege-
tables (Suvanjumrat, Chuckpaiwong, Chookaew, & Priyadumkol, 2024;
Y. Wang & Ding, 2023), while studies on EHD drying of solutions and
suspensions highly relevant to food industries are scarcely reported. The
physical nature of the different matrices may be expected to have sig-
nificant influence on the internal mass transfer phenomena which also
are potentially influenced by the presence of an electric field. Depending
on the matrix properties, a porous structure may already exist or may
gradually develop during drying (see Fig. 4). The presence or develop-
ment of porosity or other forms of inhomogeneity will have profound
effect on the transport mechanisms in the materials.

The production of many food ingredients is based on wet extraction
from biomass followed by a concentration and drying step (Sridhar,
Vaishampayan, Senthil Kumar, Ponnuchamy, & Kapoor, 2022). Gener-
ally, first a concentration step (e.g. by evaporation, membrane separa-
tion or pressing) is applied, followed by a final drying step. The drying
step transforms a (viscous) suspension or slurry into a dried powder.
During convective drying of well-soluble food ingredients (such as for
example maltodextrins or proteins) the material will develop a gradient
in density and consistency which can lead to internal porosity, as
shrinkage of the dried structure is prevented by the locally viscoelastic
matrix (Moucka, Sedlacik, & Patikova, 2023). Suspensions of fibres are
usually preconcentrated by pressing into a cake. During drying,
macroscopic porosity will develop since the initially interstitial water

e EHD above
®m EHD below
A EHD below 5 mm
' ® BLW above
= BLW below
6 A BLWbelow 5 mm

0.0 0.2 0.4 0.6 0.8 1.0
Time[h]

(b)

Fig. 3. The effect of residual electric field on drying during EHD (Martynenko et al., 2020). a) The effect of the residual electric field is decoupled from the convective
flow by placing the sample at different positions with respect to the electrode. b) Sample is exposed to an electric field and convection has a higher drying rate (see

EHD above).
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Fig. 4. Solutions, suspensions, solid and fibres undergo structural changes during drying. This leads to the formation of a (more) porous matrix after time t. The
micro-structure images of solid and fibre are respectively adapted from (Frabetti et al., 2023) and (C. Liu, Yu, Kirk, & Xu, 2016), respectively.

between the solid particles is removed. In a second stage, the water
present within the suspended fibres will be removed during drying,
which is limited by internal diffusion. Many food slurries and types of
biomass will be in between fibres and dissolved materials, and therefore
will experience similar phenomena.

Organic matter typically has a surface charge and therefore coun-
terions are present in water (Alberts et al., 2015). These ions migrate
together with their hydration shell under the influence of an electric
field, which may enhance or reduce the net migration of water,
depending on the sign of their charge. Understanding how charged
species in matrices respond when exposed to an electric field and how
structural properties affect migration of water for different types of
materials can help the development of more effective EHD.

3.3. Electrically driven water transport mechanisms

This section elaborates on different electrically-induced transport
mechanisms that may play a role during EHD drying. The phenomena of
electro-osmosis, electro-capillary flow, thermocapillary flow and elec-
troporation might be dominant during the falling rate period (Fig. 5). All

materials will end up being porous to some extent, therefore in all
matrices mentioned in section 3.2 similar transport mechanisms can
play a role in the falling rate period.

1. Electro-osmosis

An electro-osmotic flow (EOF) requires the presence of a charged
surface and an electrolyte solution. Most organic matter is negatively
charged, with tightly adhered positive counterions close to the surface
due to coulombic forces in the Stern layer. The adjacent, more diffuse
Debye layer holds a surplus of mobile positive ions that are more mobile.
This region has a thickness in the range of 1-100 nm, depending on the
ionic strength (Stone, Stroock, & Ajdari, 2004). When exposed to an
external electric field, these excess charges move under the influence of
the electrostatic forces and will exert viscous drag on the neutral bulk
fluid, resulting in migration of the water.

EOF occurs in porous materials with pore sizes smaller than about
100 pm. The velocity of the liquid due to EOF is described by the
Helmbholtz-Smoluchowski equation:
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(c)

Fig. 5. Electrically-induced water transport mechanisms. a) Schematic of electro-osmotic flow (Wall, 2010). b) Schematic of pore formation in a cell membrane
(Golberg & Rubinsky, 2013). ¢) Droplet flow due to the change in surface tension across the droplet (X. Xu et al., 2018).
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Where ¢, is the relative permittivity of the fluid, ¢ the zeta-potential of
the pore wall, p the fluid’s viscosity and E) the electric field parallel the
pore wall (Wall, 2010). It can be estimated that the electric field inside
the sample is sufficiently strong for EOF to be relevant during EHD
drying. If we assume for simplicity that the emitting and ground elec-
trode are parallel plates, the total electric potential V between emitting
and ground electrodes is the sum of the electric potential across the
sample and the air:

V :ELsd + ELairL (12)

with d the sample thickness, L is the distance between the emitting
electrode and the sample, E,; the perpendicular component of the
electric field strength inside the sample and E, ,;; is the perpendicular
component of the electric field in the air. Further assuming that the
sample-air interface itself carries negligible charge, the electric
displacement in the sample (D, ) and air (D ,;;) must be equal, and E | 5,
can be rewritten in terms of E | ; using equations (13) and (14), where ¢¢
is the vacuum permittivity, and ¢; is the permittivity of the sample.

D, ..=D,; = const. (13)

€oEair = €0€5E 5 a4

Eq. (15) shows that the electric field inside the sample is only ¢, times
smaller than that in the air. The above equations can also be used to
estimate the potential at the sample-air interface, Viyery, relative to the

total electric potential V:
Vinerg 1 d

o= = 1
\4 e L as)

Assuming the permittivity of the sample to range between 2 for a
very dry material to 80 for a very wet material and the applied voltage to

be 10 kV, Vi can be calculated to be 1-1000 V depending on the
thickness of the sample. These results show that the electric field and
voltage across the sample can be sufficient to induce EOF in a pore.

EOF has been widely studied for dewatering of soil and sludges. Due
to the similarities between soil and biomass, insights in this field may be
translated to dewatering of biomass. For example, the effect of sample
thickness (J. Liu, Wu, Zhou, Liu, & Wei, 2022), electric field (C. Xu et al.,
2023), and electrolyte (Li, Yu, Zhang, & Zhang, 2021) on the effectivity
of electroosmotic dewatering has been the focus of investigation. In
general, one finds an optimum ionic strength, whereby an excess of salt
will result in the decrease of electric double layer thickness and the
reduction of EOF (Gargano, Lirer, & Flora, 2022). This optimum de-
pends on the physiochemical properties of the material. The nature of
the solids will co-determine the surface adsorption of ions, while the
valency and atomic mass of the ions influence the zeta potential and
mobility of the ions respectively, and thus the dewatering by EOF
(Gargano et al., 2022) ohmic heating due to the electrical resistance
reduces the viscosity and as a result increases dewatering (Zhang et al.,
2022). This effect may be important in biological materials, as these tend
to become glassy at low water contents and lower temperatures.

A limiting phenomenon for EOF is the depletion of water on one side
of the sample. This reduces electrical conductivity and stops EOF.
However, due to mechanical or thermal effects, moisture may be
redistributed again more homogeneously over the entire sample
extending the period during which EOF is possible for dewatering.
Redistribution of moisture due to mechanical stresses was for example
observed during convective drying of broccoli stems during convective
air drying (Jin et al., 2012). Di Fraia et al. reviewed modelling ap-
proaches to electroosmotic flow in porous media and concluded that
high porosity enhances EOF, while tortuosity decreases it (Di Fraia,
Massarotti, & Nithiarasu, 2018). However, experimental validation of
this phenomenon is challenging due to incomparable material properties
and operating conditions.

2. Electrocapillary flow
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Electro-capillary flow of a liquid droplet trapped inside a pore can be
induced when an electric field is applied tangentially to an electrically
charged pore wall, leading to a difference in the local surface tension at
the different locations of the droplet menisci (J. Lee & Chang-Jin Kim,
2000). The change in the surface tension can be described by the
Young-Lippman equation, where yg;, is the droplet surface tension at the
solid-liquid interface, C is the electric double layer capacitance, y, is the
surface tension when no electric field is applied and V,; the local
voltage on the pore wall at the location of the meniscus (Chakraborty,
2008).

1 2
Ys.=Yo — E c Vwall (16)

The change in surface tension will induce a pressure difference arise
across the droplet because of the change in radius of curvature in the
advancing and receding part of the droplet, caused by the yg, gradient
(X. Xu, Zhang, & Sun, 2018). This pressure difference as function of the
difference in the radii of curvatures is described via the Young-Laplace
equation for the advancing part and receding part, with P, the pres-
sure at the advancing part, P, the pressure at the receding part, R; the
radius of curvature at advancing part, R, the radius of curvature at
receding part and y, the liquid-gas interfacial tension:

Padv - Prec :7gl (Ril - R32> (17)

The electric fields expected in EHD may be sufficient to induce
electrocapillary flow in biomass. The electric double layer capacitance is
of the order of 1072 Fm~2 and water-biomass surface tension is even
lower than water-air surface tension (0.072 Jm2) due to the hydrophilic
nature of biomass (Lillard & Pint, 2020). Thus, an electric potential
difference of only 1 V across the length of a droplet would be enough to
cause a significant change in water-biomass surface tension and hence
an electrocapillary flow might be generated. In later stages of drying, it
is supposed that individual droplets of water will be present in the
material, whereby a two-phase system of water and gas is present. It is
hypothesized that this mechanism will be most relevant at that stage.

As can be seen from equation (17), the pressure difference on a
droplet depends on the local meniscus curvature of the droplet. Gener-
ally speaking, higher curvature menisci are expected in more narrow
pores. However, the actual difference in curvature between the two
menisci of a droplet will not only depend on the pore geometry, but also
on the length and orientation of the droplet relative to the electric field
because that determines the difference in local electric potential. Be-
sides, a higher wettability of the droplet on the material, will hamper the
flow due to its affinity with the material. Wetting of the droplet is
controlled by the surface properties of the material to be dried and the
content of the water droplet. Equation (16) shows that the induced
surface tension depends on the capacitance of the EDL. The capacitance
of an electric double layer is not only affected by ions, but may also
depends on the applied voltage (Shrotriya & Yang, 2005).

3. Electroporation

Electroporation of cells is a phenomenon that can be induced by
applying a very high electrical potential (Golberg & Rubinsky, 2013).
Cell membranes consist of a phospholipid bilayer, which is approxi-
mately ~7 nm thick (Rubinsky, Onik, & Mikus, 2007). Upon application
of a critical electric field strength, the cell membrane can be disrupted
and pores are created. Electroporation has also been applied in combi-
nation with drying processes (then also often referred to as pulsed
electric field treatment). Electroporation not only creates permeability,
but can also facilitate passage of water(-soluble) matter across the
membrane (Vaessen, den Besten, Leito, & Schutyser, 2020). Improved
drying rates have been observed for cells treated with electroporation
(Iranshahi, Onwude, Rubinetti, et al., 2022). The potential across the
cell membrane (V;, ) as a function of the applied voltage is given by the
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Schwan’s equation, where E is the magnitude of the external electric
field E, r the cell radius and 0 is the angle between the point of interest on
a cell membrane and E (Golberg & Rubinsky, 2013):

3
Vi :EErcosﬁ (18)

The minimum electric potential difference across a cell membrane
required to electroporate it is between 0.2 and 1 V (Golberg & Rubinsky,
2013). This means that an electric field of approximately 1000 kV m ! is
required for a cell radius of 1 pm, which is far higher than can be ob-
tained in EHD. Hence, electroporation is not expected to enhance the
internal water transport.

4. Thermo-capillary flow

During EHD drying, the temperature of the product will change and
on top of that local ohmic heating can occur depending on the electrical
potential and the electrical resistance of the material (Martynenko &
Misra, 2021). The local temperature of the sample along the thickness
may vary during heating depending on the thermal conductivity and
thickness of the sample. A gradient in surface tension may then occur as
a consequence of the temperature gradient, which gives rise to ther-
mocapillary flow. A change in temperature also lowers the viscosity,
which may also enhance dewatering. The surface tension gradient Ay as
function of temperature gradient A T across an individual droplet can be
described by (Glockner & Naterer, 2006):

Ay= —0.1477 x 103 AT 19)

From the above equation it is evident that small temperature gra-
dients already lead to a gradient in surface tension, which may lead to
thermo-capillary flow. Once the material becomes dryer, ohmic heating
will become more significant as the conductivity decreases. Therefore,
thermo-capillary flow might play an important role for water removal
from low moisture materials.

4. EHD drying equipment

In this section we discuss EHD equipment design aspects and how
environmental factors influence ionic wind generation and drying.
Moreover, scale-up is discussed as well as safety issues that should be
considered when applying EHD drying at a larger scale.

4.1. Electrode design in EHD equipment

During EHD drying, a discharge is generated between an emitter and
collector electrode which generates a substantial electric field and wind
velocities which can be employed in drying, as explained before. The
wind generation largely depends on the current distribution determined
by the emitter-collector configuration and the applied electrical poten-
tial. For the relation between current and potential, often the Warburg
relation is used (eq. (20)) although for pin-to-plate configurations this
equation was found to be only valid for low currents (I < 250 pA) or
voltages (V < twice the onset voltage Vj). The Stuetzer model (eq. (21))
is overall more accurate (Martynenko & Kudra, 2020; Stuetzer, 1959).
Both depend on a geometrical constant g (1/m), the dielectric permit-
tivity of a vacuum ¢ (F/m), the ion mobility y, (mz/V/s) and the onset
voltage Vy (V). The onset voltage is the minimum potential needed to
initiate a current over the electrode gap.

I=geou,V(V— Vo) (20)

I=geop,(V — Vo) 21

As the dielectric permittivity is a constant and ion mobility an
environmental factor, EHD equipment studies focus mostly on design of
the emitter and collector electrode to optimize g. However, the influence
of environmental factors is also considered (see section 4.2).
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Typically, the emitter electrode consists of a needle or wire and
sometimes a secondary emitter electrode is added below the primary
emitter to enhance airflow (Chang, Peng, Lin, & Lai, 2020). Needle
electrodes generate a jet-shaped corona wind while wire electrodes
create slot-shaped corona wind (Fig. 6). For scaling up, multiple emitter
electrodes can be placed next to each other to cover a larger drying area.
Wire electrodes are easily drawn over a large area (Lai, 2010), while
multiple-needle systems are found less sensitive to dust collection,
which may stabilize the performance over time. Martynenko et al.
compared energy efficiencies for EHD drying of different foods in
varying setups (Martynenko et al., 2021), and concluded that wires and
needles are equally efficient emitters, but that direct comparison is hard
because of the difference in applied experimental conditions. It is
however observed that single emitter systems have a higher energy ef-
ficiency, although they are inefficient compared to multiple-emitter
systems for drying large surfaces (Lai & Sharma, 2005; Leu, Jang, &
Wu, 2020). Overall, energy efficiency of the system can be improved
significantly when optimizing emitter shape (Rubinetti et al., 2024).

Only multi-emitter systems are considered for scale-up towards in-
dustrial drying. Additionally, it is important to combine EHD drying
with another type of drying to achieve drying rates that are relevant for
industrial drying processes. For conductive drying, another electrically
enhancing technique, dielectrophoretic drying, was suggested to be
more suitable than EHD drying (Yang & Yagoobi, 2022). Therefore, the
most logical application of EHD enhanced thermal drying at industrial
scale would be in a continuous convective process, such as belt drying
with a grounded belt and multiple emitters.

Increasing the emitter spacing (i.e. the space between emitter elec-
trodes) in a multiple emitter system leads to a decrease of the average
ionic windspeed at the sample surface and thus a reduced drying rate,
for example shown for Chinese wolfberry fruits (Ni et al., 2019).
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Therefore, Ni et al. suggested minimizing the electrode spacing, but in
drying a slurry of probiotics neither the drying rate nor the cell viability
was influenced by this closer electrode spacing (Dima, Gulbinas, Stubbe,
Mendes, & Chronakis, 2022) and in drying of a film of an amoxicillin
solution, a lower emitter spacing even decreased the drying rate
(Nicholas & Abuzairi, 2019). It is therefore suggested that decreasing the
emitter spacing is useful to increase wind velocity for mass transfer
enhancement until a certain optimum, after which the corona jets of
different electrodes interfere and humidity will build up in the air
(Martynenko & Kudra, 2020).

As a collector electrode, either a plate or mesh can be used. By using
a mesh collector, fruit samples were observed to dry faster and more
uniform since the product is more exposed to the air, while in an emitter-
to-plate set-up the drying only occurs at the top surface. A plate collector
electrode surface limits the available area for mass transfer and also the
humidified air can less easily be removed from the system (Fig. 6)
(Iranshahi, Onwude, Rubinetti, et al., 2022). A mesh electrode design
can be further tuned for its performance than a plate electrode, by
adjusting the number of grounded wires and non-grounded wires, the
position of wires relative to each other and relative to the sample
(Iranshahi, Martynenko, & Defraeye, 2020). Additionally, mesh collec-
tors are more easily scalable as a repeatable modular design. However,
some products such as pulp or powders cannot be dried on a mesh as
they are not self-supporting. These products can either be dried by using
a plate collector or a tray of insulating material on top of a mesh,
although the effect of the presence of an insulating material between the
product and the mesh is unknown. When upscaling these systems, it is
harder to control RH by disposal of moist air compared to mesh systems
where moisture can be disposed of in between the sample. The efficiency
of upscaling of these systems is therefore limited by the path length the
generated wind needs to pass to leave the system, as a larger plate means
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more moisture buildup and that may result in a smaller driving force for
mass transfer if no counter measures are taken against RH increase.

Environmental factors such as relative humidity buildup also influ-
ence electrical current distribution by affecting ion mobility and
dielectric permittivity. Although most studies focus on optimizing
electrode configuration for equipment design, it is important to also
study design solutions for environmental limitations for equipment (Lai,
2010).

4.2. Process conditions: convection, temperature and relative humidity

For a continuous EHD system, Lai found that an additional cross
airflow generated by movement of the product on conveyor belts
affected the impinging EHD wind (Lai, 2010), which corresponds with
the observation that imposed cross airflow limits the contribution of
EHD kinetics to drying (Martynenko & Zheng, 2016). To assess the
combined effect of the impinging EHD airflow and a cross airflow, a
dimensionless EHD number Ngyp was introduced representing the ratio
of the electric body force to the inertial force of the cross-flow (eq. (22))
(Lai & Lai, 2007) or the effective EHD air velocity ugyp (m/s) relative to
the crossflow air velocity u (m/s). The EHD flowrate is determined by
the electrical current I (A), distance between electrodes d,. (cm), density
of the air p, (kg/m®), ion mobility of air u#, (m?/V/s) and surface of the
collector electrode A (m?) (Lai & Sharma, 2005). For an EHD number
higher or equal to 1, the EHD mechanism roughly dominates drying
while below 1, the cross air flow dominates drying.

UEHD _ 1 Idec
Uq Uq 14 aA:ue

A high EHD number can be reached at either low cross flow or at high
EHD air velocities. Additional crossflow is unavoidable when using
conveyor belts and can even be beneficial as it was shown that move-
ment of product relative to the emitter improves the homogeneity of
drying (Dima et al., 2022). When the sample is not moved on a conveyor
belt and no additional crossflow is applied, drying is not homogeneous
as the sample is exposed to high wind velocities directly below the
emitter compared to further away from the emitter. Because of this,
materials are most sensitive to changes in colour and structure directly
below the emitter (Dima et al., 2022; Meng et al., 2022).

The ionic wind velocity during EHD can be influenced by changing
process conditions such as the temperature and RH, by optimizing
equipment design, or by applying higher voltages. For design optimi-
zation, the velocity of a jet should be considered in three dimensions of
which not necessarily all dimensions are effective in drying enhance-
ment. For example, placing wires perpendicular to the airflow instead of
parallel was found to result in higher drying rates under similar condi-
tions, therefore requiring less power per unit water removed (Bardy,
Manai, Havet, & Rouaud, 2016). Also the position of a wire electrode
relative to the material placed in an additional crossflow was found to be
of influence on the airflow direction and thus on convective mass
transport (Babaei, Heidarinejad, & Pasdarshahri, 2018). So although the
Ngpp is useful to compare performance of one EHD system at different
process conditions, it is important to consider the effective air flow when
comparing different EHD dryer configurations.

Apart from the geometry of the equipment, it is also possible to
improve environmental factors to increase wind velocity. Accumulation
of humidity in the air was observed in a pilot scale EHD system with
wires mounted on walls (Lai, 2010). A high RH negatively affects drying
due to lower mass transfer of moisture from the sample to the air and
affects EHD drying due to the lower ion mobility at higher RH leading to
lower wind speeds (Lai, 2010; Martynenko, Bashkir, & Kudra, 2019).
The presence of walls on the side of the plate collector in the pilot set up
prevented replacement of the humidified air by drier air. This should be
prevented by better dryer design. The inlet air may be hot to further
reduce the RH and the air may be applied with (Bardy et al., 2016) or

(22)

NEHD =
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without (Meng et al., 2022) introducing an additional crossflow.
Applying EHD during hot air drying enhances the drying rate, with an
increased effect at higher electric field strength (Cao, Nishiyama, &
Koide, 2004; Meng et al., 2022). The higher drying rates also allowed for
reduced running time of the dryer, resulting in an overall lower specific
energy consumption (SEC, kJ/kg) for EHD-assisted hot air drying
compared to regular hot air drying, despite requiring energy to create
the corona discharge (Meng et al., 2022; Taghian Dinani et al., 2014).
Further, samples exposed to EHD-assisted hot air drying experienced
lower surface temperature, which led to less shrinkage and better
rehydration of structured foods (Alemrajabi et al., 2012; Martynenko &
Misra, 2021).

Temperature increase itself does not impact the corona discharge
behaviour but does accelerate the charge transfer and thus the ionic
wind production by reducing the RH (J. R. Lee & Lau, 2017). For the
combination of hot air drying and EHD, no additional effect on the
drying rate was found beyond a critical high temperature (Cao et al.,
2004). Most studies focus on EHD drying at low or ambient drying
temperatures where drying rates can be expected to increase more with
application of EHD. However, one may expect that an EHD process with
higher temperatures will attain industrially relevant drying rates more
easily. It remains to be investigated to what extent EHD can still be
beneficial at elevated hot air temperatures. Finally, adoption of EHD
technology for convective drying processes may also be expected faster
if it can be implemented in existing dryer designs.

4.3. Scale-up and safety of EHD dryers

For batch EHD drying, studies have been done on increasing capac-
ity, which may be achieved by either increasing sample thickness (cm)
or by increasing loading density on the belt (kg/m?). Similar to con-
ventional air drying, for EHD drying of apple or strawberry slices an
increase in slice thickness resulted in a longer drying time and higher
SEC (Paul, Astatkie, & Martynenko, 2022) due to internal transport
becoming more limiting. Increasing loading density affects moisture
transfer from the surface of materials to the air and thus affecting the
constant rate period, also increasing the drying time. However, the
overall SEC decreases (Iranshahi, Onwude, Rubinetti, et al., 2022;
Onwude et al., 2021; Paul & Martynenko, 2022).

Safety is essential for any process employing large electric potential
differences. Increasing the loading density may require higher wind
velocities, and higher corona currents. However, the ozone concentra-
tion will increase close to the wire when operating at higher current or
higher wire radius (Chen & Davidson, 2002; Y. Lee, Kim, Han, Kim, &
Kim, 2022; J. Wang, Cai, Zhu, & Liu, 2022), as during corona discharge
ozone and nitrogen oxides are generated as by-product. There is no
study yet quantifying the ozone production during long drying cycles or
using larger scale equipment. For lab-scale equipment using a
wire-to-plate configuration (T, = 300 K, I = 2.55 pA/cm, wire radius =
100 pm) maximum concentrations of 5.8 ppm ozone and 0.028 ppm N,O
were produced very close to the wire (Chen & Davidson, 2002), which
was above the recommended 8h threshold of 60 ppb and 21 ppb (Eu-
ropean Commission, 2017). However, these local concentrations were
only found close to the emitting electrode, and not in the bulk air due to
the mixing effect of the generated ionic wind (Chen & Davidson, 2002).
The mixing effect of the ionic wind reduced the ozone level below the
maximum threshold and the N2O level to become negligible. Higher
ozone and N,O concentrations might be expected when using a larger
wire diameter, possibly relevant for sturdy equipment in an industrial
environment. However, the generation of oxidants can be limited by
using either a dielectric film coating on top of the collector electrode (Y.
Lee et al., 2022), or by applying a magnetic field along the electric field
to reduce the current while maintaining high ionic wind velocities (J.
Wang et al., 2022).
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5. Conclusion and outlook

EHD drying phenomena have been widely studied individually, but it
is not yet fully understood how different phenomena influence each
other. By producing a corona wind, mass transfer from the surface of the
product to the air is enhanced, affecting the constant rate drying.
Additionally, internal mass transfer is enhanced due to the presence of
an electrical potential over the product thickness, although the extent of
this potential is expected dependent on amongst others the moisture
content. In this review several electrically-induced transport phenom-
ena are discussed, which may explain an additional benefit for EHD
drying beyond only affecting external convective transfer.

Current EHD studies vary in experimental setup, are applied to a
range of different sample types and report on different properties, which
makes them hard to compare. Often, experiments report only on an
initial constant rate period and exclude drying in the falling rate regime
resulting in limited information on internal transport limitations of
different materials. Based on studies performed in the convection
limited drying regime it can be concluded that EHD dryer design should
take optimal relative humidity, electrical current and wind generation
into account. To find an optimal RH requires more understanding of the
underlying relations between humidity, corona discharge and current
generation on which little is reported yet. Optimal electrical current and
wind velocities are expected to change over time due to changing con-
ductivity of a drying product. However, no time or water content
dependent studies of wind velocity and current are available, again
neglecting EHD drying in the falling rate regime. Equipment could
potentially vary current and wind velocity over time by applying
different electric potentials or adapting distance between electrodes
during a drying cycle. Similar to the moisture content of the product
affecting the electrical current, it is also expected to affect the residual
electrical field over the product. As the internal electric field strength
varies during the process, it is to be expected that also the governing
internal transport mechanisms might vary. However, there are no
studies on this topic yet, and little tools are available to track mobility of
small components in samples within strong electric fields. Visualization
of internal mass transport in EHD drying could prove electromigration
mechanisms depending on the material matrix properties. For this, a

Nomenclature
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more systematic approach using model systems and controlled condi-
tions could be used.

EHD drying studies indicate several advantages of EHD over con-
ventional hot air drying in terms of product quality and energy con-
sumption. By utilizing electricity as the primary energy source, EHD
drying could enable adoption of renewable energy, such as solar or wind
power. However, underlying mechanisms for EHD are still poorly un-
derstood and no scalable devices are yet available. Research should be
done to pave the way for rational design of efficient and large-scale EHD
dryer designs.
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Variables

A m?

C _

D; m?/s
Dy C/m?
Digr C/m?
d m
dec m

E V/m
Eo V/m
F, N
Hevgp kJ/kg
h kJ/K
I A

J A/m
kcov m/s

L m

N mol/m%/s
Ngnp -

p Pa
Paay Pa
Prec Pa

q kJ/kg
RH %

r m

Te m

Area

Capacitance

Diffusivity constant of charged species
Electric displacement in sample
Electric displacement in air

Sample thickness

Distance between electrodes
Electric field strength

Electric breakdown of air

Electrical force

Latent heat of evaporation

Heat transfer coefficient

Current

Current density

Convective mass transfer coefficient
Distance between emitting electrode and sample
Molar flux

EHD number

Pressure

Pressure at advancing part droplet
Pressure at receding part droplet
Heat flux of evaporation

Relative humidity

Cell radius

Curvature radius emitter
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(continued)
Ry m Radius of curvature advancing part
R, m Radius of curvature receding part
SEC kJ/kg Specific energy consumption
T K Temperature
u m/s Wind velocity
A% \Y Electrical potential
Vinterf A% Potential material-air interface
Viatl A% Electrical potential on the cell wall at the meniscus interface
y - Mole fraction
€o - Permittivity of free space
€r - Relative permittivity of medium
1 kg/m/s Fluid viscosity
He m?/V/s Mobility of charged species
v m?/s Kinematic viscosity
Pa kg/m® Density of air
Pe c/m?® Volumetric charge density
4 \% Zeta potential
gl J/m? Surface tension gas-liquid interface
sL J/m? Surface tension solid-liquid interface
70 J/m? Surface tension without electric field
Subscripts
A Air
F Food product
w Water
M membrane
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