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Electrohydrodynamic drying (EHDD) is an energy-efficient and non-thermal technique for

dehydrating heat-sensitive biological materials, like fruits, vegetables, or medicinal plants.

Although this method has been studied for more than three decades, still little is known

about the relative contribution of the different dehydration mechanisms in EHDD. An accu-

rate  understanding of the impact of the different EHD-driven mass transfer processes inside

the  food and its surrounding air is essential for a targeted future optimization and successful

upscaling of EHDD technology. Examples of these dehydration mechanisms are convective

moisture removal, electroporation of the cell membrane, or electro-osmotic flow in the fruit.

In  this modeling study, we first identify possible dehydration mechanisms for mass transfer

during the EHDD process of plant-based food materials. Using available theoretical models,

we  then estimate the relative contribution of each dehydration mechanism to the overall

mass  transfer during the constant rate period and rank them based on their contribution. We

show that convective dehydration by ionic wind is the dominant dehydration mechanism,

with a contribution of about 93% to the overall water flux for a capillary-porous material.

Cell-membrane electroporation is the second important driving force that increases the con-

tribution of the transmembrane water flow to about 6.5% of the total mass flux in fruit tissue.

The contribution of all the other water transport mechanisms is only 0.5%. These insights

provide a stepping stone towards developing a full physics-based model of the dehydration

process by EHD, including the falling rate period.
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.  Introduction

rying is one of the oldest and most common techniques to preserve

oods. It is also an essential unit operation in pharmaceutical, man-

facturing, paper, polymer, and chemical industries. Drying involves

vaporation of liquid water into the gaseous phase, usually via applying

dditional heat (Mujumdar and Devahastin, 2000). However, heat-

ased drying methods, such as hot-air drying or microwave drying,

ypically lead to losses of heat-sensitive active compounds in biolog-

cal materials like fruits, vegetables, and medicinal plants (Lin et al.,

998; Gunasekaran, 1999; Jeyamkondan et al., 1999). Traditional drying

ethods for plant-based foods are usually energy-intensive, time-

onsuming, and lead to an extensive quality loss compared to the

resh product. In recent years, electrohydrodynamic drying (EHDD) has

een considered as a promising non-thermal technology to avoid such

uality damage in plant-based foods by drying fast but at a lower

emperature (Singh et al., 2012; Bajgai et al., 2006). It is also a suit-

ble technology for dewatering other materials in other areas such

s ceramics and superconducting materials (Singh et al., 2012; Bajgai

t al., 2006; Zhang et al., 2015). In addition, it is argued to be a more

nergy-efficient industrial unit operation compared to convective dry-

ng, although verification on an industrial scale was not yet done (Bajgai

t al., 2006; Martynenko and Kudra, 2016; Iranshahi et al., 2020).

This promising technology relies on airflow generation due to a

igh voltage difference between two electrodes: an emitter that is con-

ected to a high-voltage power supply and a collector that is usually

rounded. The air around the emitter becomes locally ionized. The

ons move from the emitter toward the grounded collector and transfer

omentum to the neutral air molecules via collision. Thereby, airflow

s generated, which is called ionic wind (Fig. 1a). This ionic wind accel-

rates the convective moisture removal from the material to be dried.

xtensive research has been done on EHDD over the past two decades

n a laboratory scale (Bajgai et al., 2006; Martynenko and Kudra, 2016;

efraeye and Martynenko, 2019; Leu et al., 2018). Progressive empirical

e.g. Martynenko et al. (2017)) and numerical models (e.g. Dolati et al.

2018), Defraeye and Martynenko (2018a)) have been developed. How-

ver, to date, researchers and industry have not yet been able to design a

caled-up robust industrial EHDD system. One of the reasons is that the

fficiency and savings of an EHD dryer – in terms of drying time, energy,

nd costs – are not yet satisfactory for the industry. To prove exactly

ow much this technology could be superior, a better understanding of

he underlying physics of the EHDD process is essential.

The drying efficiency is controlled by the driving forces of the water

ransport mechanisms inside the food material and the surrounding

ir. Lack of knowledge about these mechanisms in EHDD hinders fur-

her insight into the added values of this method compared to the other

tandard drying methods such as convective air drying. For instance,

revious studies have reported a higher drying rate in EHDD compared

o the equivalent forced convective drying, driven by mechanical venti-

ation (Martynenko et al., 2017; Bardy et al., 2015). However, not a lot of

ttention has been paid to why exactly such improvements in drying

ate are obtained and what the relative contributions of each of the

ehydration mechanisms are. Besides convective moisture removal,

ther physical mechanisms also contribute to moisture transport dur-

ng the drying of plant-based foods, as driven by the electrical field and

he ion flow (Martynenko et al., 2017). Hence, the reported increase

n mass transfer rates by EHDD, compared to the forced convection,

s likely attributed to the combination of several physical phenomena

Martynenko et al., 2017).

Several mechanisms of moisture transfer during EHD drying of food

aterial are affected by the electric field and charged particles. Elec-

ric fields have a direct influence on charged particles such as free

ons, dipoles, and polarizable molecules. Complex molecular structures

uch as membranes undergo structural rearrangements when they are

xposed to a strong electric field (Zhang, 1991). This, in turn, changes

esistance to water transport. To avoid this complexity, most of the

revious theoretical works in EHD drying considered food as a simple
orous media and all the water inside the material as bulk water, which

ransports by diffusion, without considering the impact of the electric
field (Dolati et al., 2018; Defraeye and Martynenko, 2018a). They usually

consider the impact of the electric field only on the generation of the

airflow, i.e. ionic wind. To the best of our knowledge, there is no com-

prehensive study available that describes all the known dehydration

mechanisms for EHD drying for plant-based materials and quantifies

their relative contribution to the total mass flux during drying. Such a

phenomenological understanding of the dominant dehydration mech-

anisms is essential for researchers and drying technologists to improve

the EHDD process in terms of drying time and energy consumption to

deliver superior quality products.

The main aim of the present work is to first identify various dehy-

dration mechanisms for mass transfer during the EHDD process of

plant-based food materials. Then, we quantify the relative contribu-

tion of each dehydration mechanism to the overall mass transfer under

stationary drying conditions such as constant rate period using avail-

able theoretical models. Finally, we rank these transport mechanisms

based on their relative contribution to the total dehydration rate under

steady-state conditions. To do so, we composed a model of a single

plant cell and a capillary to evaluate the water transport processes in

three different regions of the cellular environment, intercellular envi-

ronment or cell–air interface, and air. Based on the obtained results, a

roadmap for EHD process optimization is suggested for future studies

of EHD drying.

2.  Process  parameters  and  energy
consumption  in  EHD  drying

In this section, an overview of the typical process parameters
in EHD drying is provided to describe the framework of the
EHD drying process and our theoretical analysis.

2.1.  Electrical  process  parameters

EHD drying relies on corona discharge in the gaseous medium
and operates through applying a high voltage difference
between two electrodes; emitter and collector. The typical
electrical parameters that control the EHD drying process are
voltage, type of current (direct or alternating), and polarity.
The emitter is typically a set of metal wires with a diameter
of several hundred micrometers or a needle with a tip radius
of several hundred micrometers. The grounded collector is a
metallic plate or mesh on which the drying material is placed
(Fig. 1a) (Iranshahi et al., 2020; Defraeye and Martynenko,
2018a). The emitter-collector distance ranges from a few (e.g.,
2–5 cm)  to several tens of centimeters. Usually, the emitter is
connected to a positive DC high voltage power supply, and the
collector is grounded. The typical voltage difference between
the emitter and collector is between 10 to 40 kV. The bulk
electric field strength Eb [kV cm−1] ranges from 1 to 10 kV
cm−1. Here, Eb is defined as the voltage difference divided by
the distance between the electrodes. The local electric field
intensity around the emitter is very high due to the large cur-
vature of the emitter (i.e., sharp edges). It locally ionizes the air
around the emitter. The minimum voltage required for corona
discharge onset highly depends on the geometrical charac-
teristics of the discharge and collector electrodes (curvature,
emitter-collector gap, the spacing between the emitters) and
the ambient conditions (humidity, temperature). This mini-
mum voltage to initiate corona discharge can be calculated
using Peek’s formula (Peek, 1920). On the other hand, the
maximum possible applied voltage is limited by spark-over
or arcing between electrodes caused by the complete dielec-
tric breakdown of the air. The occurrence of spark over is

dependent on the geometrical parameters of electrodes and
the ambient conditions.
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2.2.  Airflow  and  dehydration  parameters

Although many  studies consider ionic wind – hence convective
water removal – as the principal driving force for EHDD (e.g.
Martynenko et al. (2017), Lai and Sharma (2005)), the magni-
tude and direction of the airflow velocity are rarely measured
experimentally. The measured average airspeed generated in
EHD drying devices typically is between 0.1−10 m s−1 (Moreau
and Touchard, 2008; Iranshahi and Mani, 2018; Monrolin et al.,
2018). Ionic wind speed can also be estimated analytically
based on current density (Robinson, 1961) or the bulk electric
field strength Eb (Goodenough et al., 2007).

Due to the ionic wind, moisture is removed convectively
from the material to be dried. Several parameters can accel-
erate the convective drying process. For instance, a higher air
temperature, a lower relative humidity (RH) in the air, a higher
ionic wind speed, and a better airflow distribution around
the drying material lead to a higher convective dehydration
rate. Besides convective dehydration, the presence of a strong
electric field affects the drying rate by generating electrically-
driven, so additional, moisture transport inside the material.
In that case, the electrical process parameters (Section 2.1),
not only indirectly affect the dehydration within the material
by ionic airflow generation but also have a direct impact on
water transport within the material.

2.3.  Energy  consumption

Energy consumption in EHDD involves the energy needed to
produce the high voltage and the energy needed to main-
tain corona discharge. The energy to produce the high voltage
is dependent on the high voltage power supply and AC/DC
converter and their respective efficiencies. Although it is
often measured in experimental EHDD studies, this value is
highly equipment-dependent and changes significantly with
the scale of the equipment. The energy use of the corona dis-
charge process is therefore preferred as a scale-independent
indicator of energy consumption. It only considers the power
required for corona discharge PE. The power required for the
corona discharge PE is typically less than 1 W (Singh et al.,
2012; Monrolin et al., 2018), while the total power for the
EHD process Ptot ranges from 1 to 50 W for a lab-scale EHD
dryer (Martynenko and Zheng, 2016; Sumariyah et al., 2018).
These values are highly dependent on the configuration of the
electrodes (electrodes gap, the number of emitters and etc.),
imposed polarity, and ambient conditions. For a constant volt-
age and electrode gap, increasing the number of emitters or
the collector surface will increase the total corona ion cur-
rent between emitter and collector and result in a higher PE. It
has recently been shown that utilizing an optimized collector
surface can reduce PE significantly for the same drying rate
(Iranshahi et al., 2020).

The specific energy consumption (SEC, [MJ kg−1]) is mostly
used in EHDD because it also includes a quantity reflect-
ing the drying rate of a product; thus, the amount of water
evaporated. The SEC is defined as the consumed energy [MJ]
per unit of water [kg] evaporated from a product (Defraeye
and Martynenko, 2018b). Typical values for SEC based on the
energy for corona discharge are 0.3–1.5 [MJ  kg−1] and based
on total energy is 4–260 [MJ  kg−1] (Defraeye and Martynenko,
2018b). Compared to pure convective drying, in which airflow
is generated by a fan, the specific energy consumption in EHDD

was found to be at least 18 times less for the same drying rate
in a lab-scale setup (Martynenko and Zheng, 2016). Neverthe-
less, extrapolating this difference in SEC to an up-scaled EHD
dryer is debatable as there are different parameters such as
HV converter efficiency, loading density and environmental
conditions that will change in an industrial environment and
up-scaled dryer.

3.  Water  transport  mechanisms  and
quantification

3.1.  General  considerations

Tissues in plant-based foods like fruits and vegetables con-
sist of an ensemble of cells with pores in between. The cells
are composed of a cell wall, a cell membrane, and the pro-
toplast (Fig. 1b) (Huang et al., 2012; Prawiranto et al., 2018).
The protoplast contains a conductive jelly-like substance (i.e.,
cytoplasm) that surrounds other components in the cell, such
as the vacuole. The cytoplasm is surrounded by a dielectric
layer called the cell membrane (Tosteson, 1989). During drying,
water is transported from the inside of this cellular material
via the cell membrane to the cell wall and later into the inter-
cellular air space. We  identify in this study what the major
water transport mechanisms for EHD drying in each region
are. An overview of the considered dehydration mechanisms
in different regions is shown in Fig. 2.

Inside the material to be dried, several processes are at play
that affect water transport. These processes are indeed cou-
pled. However, it is possible to perform kind of a sensitivity
analysis study by comparing their impacts on the total water
potential that is the driving force in the drying process. To
this end, we analyze the EHD drying process by represent-
ing the water transport using mathematical models based
on mass conservation equations. These conservation equa-
tions are expanded towards one variable, namely the capillary
pressure (Pc) and are simplified further by taking into account
some additional assumptions. Details about the applied sim-
plifications and expansions are available in Section 2 of the
supplementary material. As a result, the liquid water flux Jl
[kg m−2 s−1] and the diffusion flux for water vapor Jv [kg m−2

s−1] are derived for porous media using Darcy’s and Fick’s
laws, respectively (Whitaker, 1977; Datta, 2007; Defraeye and
Verboven, 2017);

Jl = − kl
�l
�l∇Pc = −Kl∇Pc (1)

Jv = −�gDva,mat∇xv = −�gDva,mat∇ �v
�g

= −Kv∇Pc (2)

where �l [kg m−1 s−1] is the dynamic viscosity of the liquid,
Pc [Pa] is the capillary pressure, and it is defined as the pres-
sure difference between the liquid and gaseous phases inside
a capillary. Kv [s] is the water vapor permeability due to the
pressure gradient, Kl [s] is the liquid permeability of porous
material for the liquid phase and kl [m2] is the hydraulic per-
meability of the porous media. Dva,mat [m2 s−1] is the apparent
diffusion coefficient for porous media, xv is the water vapor
concentration, �l, �v and �g [kg m-3] are the liquid, vapor, and
gas densities, respectively. Note that instead of capillary pres-
sure, also often the water potential  i [Pa] is used, by which
the total moisture flux through the material can be written as:
Jt = −Kt∇  = −(Kl + Kv)∇  (3)
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Fig. 1 – (a) Schematic of electrohydrodynamic drying setup with a wire-to-mesh configuration; (b) water transport together
with the different cellular environment in which the water resides (figure not to scale).

Fig. 2 – Water transport mechanisms classification based on the region of main action and origination together with a
s ).
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t is the total permeability and  i [Pa] is the water potential of
omponent i of the porous media. The water potential differ-
nce (i.e., written in terms of capillary pressure) is the driving
orce for water transport. The resistance against water trans-
ort (i.e., opposite to the driving force) comes from the cellular
tructure, which includes the intercellular air space, the cell
alls, and the cell membrane. These resistances are embed-
ed in the water diffusivity and permeability coefficients. In
he next sections, we evaluate how EHD affects the water
ransport process by lumping the impacts of the EHD-driven

ransport mechanisms into the driving forces or resistances.
Such a methodology has been widely used in previous studies
for modeling water transport at the cellular scale (see Huang
et al. (2012), Prawiranto et al. (2018), Datta (2007), Aregawi et al.
(2014)) and macroscale (see Diersch (2006), Liu et al. (2018), Di
Fraia et al. (2018)).

It should be noted that the dehydration mechanisms are
highly coupled and time-dependent with non-linear equa-
tions, especially during the falling rate period, which cannot
be solved analytically and requires extensive numerical meth-
ods. The primary aim of this paper is to use a simple analytical

formulation that could be understandable for a broad audi-
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ence as this is the first step in modeling the dehydration
mechanisms under EHDD. Therefore, we only considered the
constant drying rate period, which is an important part of dry-
ing as it incorporates more  than 50% of evaporated water in
most biological materials (Mujumdar and Devahastin, 2000).

In this study, the effect of EHD on the drying process
for apple fruit drying is quantified. The reason was that the
required data to estimate the impact of each of the driv-
ing forces was available in a previous simulation-based study
(Iranshahi et al., 2020). A rectangular slice of apple (10 mm
× 5 mm)  was considered as a drying material. We  consider
apple fruit placed on a wire-to-mesh configuration at oper-
ating voltages of 0 kV up to 30 kV (Fig. 1a). The theoretical
models presented in the following sections were coded and
implemented in MATLAB software. The script is available in
the Supplementary materials.

3.2.  Convective  moisture  removal  to  the  surroundings

In this section, we  estimate the contribution of convec-
tive dehydration to the total water transport process during
EHDD. In electrohydrodynamic drying, the volumetric electri-
cal force (FE [N m−3]) drives the ionic wind. The generated ionic
wind enhances convection dehydration by reducing the mass
transfer resistance of the boundary layer at the material–air
interface. The dehydration process would stop when the vapor
pressure at the material surface becomes equal to the par-
tial vapor pressure of the drying air (Srikiatden and Roberts,
2007). This convective removal of water vapor is the only water
removal mechanism in the air domain (external). It is usually
argued to be the dominant driving force in the EHDD process
(Martynenko et al., 2017) over other processes that EHD drying
induces inside the material.

3.2.1.  Driving  forces  or  resistances
The difference in the vapor pressure at the surface of the
material and the surrounding air is the driving force for
convective moisture removal from the material–air interface
(Martynenko et al., 2017; Alem-Rajabif and Lai, 2005). As men-
tioned, the presence of an airflow accelerates the process
by lowering the resistance of the boundary layer to vapor
removal. In electrohydrodynamic drying, the airflow is gener-
ated by the volumetric electrical force (FE [N m−3]). This body
force quantifies how the electrostatic field and ion transport
affect the airflow field. It appears in the momentum conser-
vation equation (Eq. (4)) as a source term.

�a
∂

∂t
(u) + �a (u · ∇)u = −∇p + �a∇2u + �ag + FE (4)

FE = �c
→
E − 1

2
ε0|E|2∇ε + 1

2
ε0∇

(
|E|2�a ∂ε

∂�a

)
(5)

where �a [kg m−3] is the air density (1.20 kg m−3 at 20 ◦C), �a [kg
m−1 s−1] is the dynamic viscosity of air (1.81 × 10-5 kg m−1 s−1

at 20 ◦C), ε0 electric permittivity of vacuum (8.854 × 10−12 C V−1

m−1) and ε is the relative electric permittivity of the gaseous
medium. Three electrically-induced forces act on a particle
(i.e., molecules or ions), namely: the Coulomb force (first term
in Eq. (5)), dielectrophoretic (DEP) force (second term in Eq.
(5)) and, electrostrictive force (third term in Eq. (5)) (Iranshahi
et al., 2020; Velev and Bhatt, 2006). The Coulomb force quan-
tifies the net momentum gain due to the direct interaction

between the electric field and the net surface charge of the
charged particle. The DEP and electrostrictive forces result in
the movement  of a polarizable particle (not charged) in a non-
uniform electric field due to the interaction of the particle’s
dipole and spatial gradient of the electric field and/or electric
permittivity. A complete description of these electric forces is
available in the supplementary material Section 3.

3.2.2.  Quantifying  the  impact  of  EHD-driven  convection
on the  drying  rate
The dehydration rate by convection due to the ionic wind is
quantified using Eqs. (4)–(10). To this end, the air velocity was
used to calculate the convective mass transfer coefficient (hm
[m s−1]), and hm was used in Eq. (10) to calculate the mass
transfer rate. In principle, the three contributions in Eq. (5) for
ionic wind speed should be quantified. However, the typical
values of these forces in EHDD show that the Coulomb force
is larger than the other two forces by 2–3 orders of magni-
tude. The electrostrictive force is only significant if there are
large gradients in the density of air, for example, when high-
temperature gradients appear. The dielectrophoretic force
plays a role if a strong alternating electric field is applied with
a high frequency (Shrimpton, 2009). Accordingly, in single-
phase, quasi isothermal air with DC voltage, these two  forces
are typically negligible, and only Coulomb force drives the air-
flow. The average generated airspeed due to the Coulomb force
(Eq. (4)) can be estimated based on (Robinson, 1961):

ue =
√

ε0

�a
E (6)

The quantified values are shown in Fig. 3. The average
values are calculated over a defined region of interest (ROI)
around the sample. For this purpose, a rectangle with a width
of 10 sample length (Ls) and a length of 5Ls around the sam-
ple is considered. The proper correlation of the convective
mass transfer coefficient (CMTC) hm [m s−1] that results from
the ionic airflow field is estimated by the following formula
(Cengel, 2014; Plumb, 2000):

hm = Dva × ShL
Ls

= 0.332 × Dva(Sc)
1
3 (Re)

1
2

Ls
(7)

where ShL is the Sherwood number, Ls is the characteristic
length of the sample, which in our case is considered as 0.01
m, Dva is the mass diffusivity of water vapor to air (2.42 ×
10−7 m2 s−1 at 20 ◦C), Sc and Re are the Schmidt and Reynolds
numbers, respectively. In order to calculate hm two dimension-
less numbers, namely Schmidt (Sc) and Reynolds (Re)  numbers
should be calculated as follows:

Sc = �

Dva
(8)

Re = ueLs
�

(9)

where � is the kinematic viscosity of air (1.5 × 10−5 m2 s−1 at
20 ◦C). Having these numbers, hm can be calculated from Eq.
(7) Cengel (2014). With hm, the steady-state water removal rate
(i.e., the convective mass flux from the surface) can then be
calculated as:

Jc = −Dva × ShL
(Cw − Cw∞)

Ls
= −hm (Cw − Cw∞) (10)
where Cw and Cw∞ [kg m−3] are the water vapor concen-
tration of the material surface and ambient air, respectively.
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Fig. 3 – Quantified values for convective dehydration; (a) average airflow (ionic wind) velocity by applying different voltages,
(b) the convective mass flux in different voltages, and (c) the convective mass flux with respect to the average electric field in
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ssuming that both the air and water vapor are ideal gases,
he calculated values were Cw = 0.0173 and Cw∞ = 0.0052 [kg

−3] based on the ideal gas law.
The results are shown in Fig. 3. In EHD, corona discharge

tarts when the applied voltage and the electric field are suf-
ciently large to induce the local breakdown of the air. The
oltage at the wire is increased until the electric field in the
roximity of the wire becomes sufficiently large to induce the

ocal breakdown of the air. In the configuration considered in
his study, corona discharge happens for voltages higher than
0 kV, and before that, the ionic wind velocity is zero (Fig. 3a).
ncreasing the voltage beyond the critical voltage up to 30 kV
ncreases the ionic wind velocity and the convective mass flux
uasilinearly.

.3.  Evaporation  at  the  material–air  interface

n this section, the evaporation of surface water at the
aterial–air interface in the context of electrohydrodynamic

rying will be investigated. This water can be present as a
iquid water film or water droplets. Based on the size of the
roplets, different forces affect the evaporation rate (Zang
t al., 2019). For drying of foods, the water films and droplets
re of macroscopic size, so intermolecular forces that play

 role in nano capillaries are not relevant here. In a sessile
roplet, water molecules evaporate if excess energy (i.e., latent
eat of evaporation) is available so the molecule can overcome
he internal cohesive forces. Moreover, they can only escape
he droplet if there is a driving force for moisture transport, i.e.,
f the surrounding air is not fully saturated with water vapor
Schönfeld, 2008).

.3.1.  Driving  forces  or  resistances
 vapor pressure difference between the surface of the droplet
nd the surrounding environment drives the evaporation pro-
ess. The energy required to induce evaporation, the enthalpy
f vaporization, has to be supplied to the system to com-
lete the liquid–vapor phase transformation (Garai, 2009). This
nergy is usually taken from the product to be dried and the
urrounding air. This leads to a temperature decrease down
o the wet-bulb temperature in the case of purely convective
ransfer. The surface energy plays an important role in the

agnitude of the required enthalpy of vaporization (see Eq.
11)) (Garai, 2009; Jiang et al., 2016; Nikzad et al., 2017).

HV = �UV + �wV = �LVAdrop + P (VV − VL) (11)

here �HV [kJ mol−1] is the enthalpy of vaporization, �UV
kJ mol−1] shows the variation of the internal energy of the

ystem, �wV [kJ mol−1] is the external work of the expansion
rom liquid to gas, �LV [mN  m−1] is the liquid–vapor surface
tension, Adrop [m2] is the surface area of the drop or film, P [Pa]
is the pressure, VV is the volume of the vapor, and VL is the
volume of the liquid.

Several factors, including temperature and the elec-
tric field, have direct impacts on the droplet’s surface
energy needed to evaporate the droplet (Nikzad et al., 2017;
Vancauwenberghe et al., 2013). The electric field tends to
realign polar molecules such as water. Consequently, the
electric field can improve the evaporation flux by modify-
ing the surface energy and contact angle of the droplet
(Vancauwenberghe et al., 2013). The change of the contact
angle is called the electrowetting effect. This effect implies
that due to the electric field, the contact angle decreases, by
which the droplet spreads more  and surface wetting increases.
As such, the evaporation of these droplets or films can differ
for electrohydrodynamic drying compared to normal convec-
tive drying.

3.3.2.  Quantifying  the  impact  on  the  drying  rate
Evaporation is only assumed to occur at the surface, implying
that moisture transport occurs via the liquid phase and not
by water vapor. This assumption is less accurate during the
final stages of drying, so at very low moisture contents. The
contact angle variation under electric field can be calculated
from Digilov (2000):

cos(	e) = cos(	0) + Csl(ϕSL − ϕ0
SL)

2

2�SL
(12)

In the above equation, 	e is the contact angle under the
electric field, 	0 is the contact angle without the field (i.e., typ-
ically between 55◦ to 80◦ for water on a food material (Ramírez
et al., 2012; Choi et al., 2002)), and �SL (=29.2 mN  m−1 for water
on apple (Sapper et al., 2019)) is the interfacial tension of the
solid-liquid phase at the zero potential ϕ0

SL, and ϕSL [V] is the
potential applied to the interface of the three-phase system
obtained from simulation results available in Iranshahi et al.
(2020). Csl [F] is the capacitance of the interface Csl = εm/dsample
where εm [F m−1] corresponding to the electric permittivity of
the material in contact with the liquid drop (εm = 80ε0 for apple
tissue), and dsample [m]  is the material thickness. The variation
of the liquid-vapor surface tension (�LV ) can be estimated by
Young’s formula (Zang et al., 2019):

�LV = �SV − �SL
cos(	e)

(13)

In the above equation, �SV (=65.3 mN m−1 for apple fruit)
is solid-vapor surface tension. The variation of the surface

energy and contact angle with respect to different applied
voltages at the emitter electrode are shown in Fig. 4a and b.
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Fig. 4 – Quantified values for the evaporation at the material–air interface; (a) variation of the contact angle with respect to
different applied voltages at the emitter electrode, (b) variation of the liquid-vapor surface tension with respect to different

spec
applied voltages at the emitter, and (c) the mass flux with re

Based on our simulation results (see Defraeye and Martynenko
(2018a)), increasing the emitter’s voltage up to 30 kV increases
the electric potential of the fruit surface up to 320 V. Increas-
ing the voltage changes the surface tension and contact angle
exponentially. However, the variations are small for the range
of voltages investigated in this study. Based on our calcula-
tions, the water surface energy and contact angle on the fruit
surface (	e) for such a voltage do not change more  than 10◦ for
the applied voltages up to 30 kV.

In the literature, it is usually assumed that the diffusion
of molecules controls the total evaporation flux of a droplet
from the liquid–gas interface to the surrounding air. Hence it
is generally described by Fick’s law (Vancauwenberghe et al.,
2013; Semenov et al., 2011):

Jeva = −2�RdropDf (	e) (Cs − C∞) (14)

where Jeva is the evaporation flux [kg m−2 s−1], Rdrop is the initial
wetting radius [m], D is the diffusion coefficient [m2 s−1], Cs is
the saturated concentration of vapor at the drop interface [kg
m-3], and C∞ is the concentration of vapor in the air [kg m−3].
f (	) is a function of the contact angle derived by Picknett and
Bexon (Semenov et al., 2011; Picknett and Bexon, 1977):

f (	e)

= {

0.6366 	e + 0.09591 	2
e − 0.06144 	3

e

sin(	e)
when 	e < 10◦

0.00008957 + 0.6333	e + 0.116	2
e − 0.08878	3

e + 0.01033	4
e

sin(	e)

when 	e ≥ 10◦

(15)

The results of the quantifications for a drop with a radius
of 500 �m are shown in Fig. 4. Higher voltages up to 30 kV do
not change the mass flux and evaporation significantly. This
is due to the small variation in surface energy, as discussed in
previous paragraphs. A slight variation in the surface energy
means a small change in contact angle (	e), hence f (	e) and
consequently Jeva. In other words, under EHD, the evapora-
tion at the material–air interface does not change significantly
because the change in the surface energy, and in turn enthalpy
of evaporation, is too small.

3.4.  Electric  force-driven  flow

This section quantifies how electrical forces affect vapor trans-
port inside porous media such as fruit tissue during EHDD.
Water exists in the vapor phase inside fruit tissue capillar-
ies since we  assume that no condensation occurs (Prawiranto
et al., 2018). The transport process of the air and water vapor

mixture in a porous material consists of advection and dif-
fusion (Diersch, 2006). Electric forces can affect this transport
t to the applied voltages.

process by inducing the electrical body force FE. Under an elec-
tric field, different components inside the fruit tissue, such
as cell walls and capillary surfaces, obtain electric charges on
their surfaces (Li, 2004). The charge on these surfaces, in turn,
results in an unbalanced charge distribution, which leads to
the electric force-driven flows (EFDF) in liquid or vapor phases
(Li, 2004). In Section 3.2, we have already introduced the elec-
trical force FE and its three components that act on an air
molecule, namely: the Coulomb force, dielectrophoretic (DEP)
force and, electrostrictive force.

3.4.1.  Driving  forces  or  resistances
Neglecting gravity, the water potential gradient resulting from
the pressure gradient and water molecule concentration gra-
dient is the driving force of the advective–diffusive process.
During EHDD, isobaric conditions exist, and the pressure gra-
dient is zero. Nevertheless, the volumetric electric force FE
[N m−3] induces a pressure gradient, hence a water potential
gradient.

3.4.2.  Quantifying  the  impact  on  the  drying  rate
The formulation of FE was already mentioned in Section 3.2
(Eqs. (4) and (5)) for properties related to air. The same rela-
tions are applicable here but for water vapor properties. We
use a subscript FE,v to differentiate the electric forces inside
and outside the material. FE,v consists of Coulomb, DEP and
electrostrictive forces. The temperature variation inside the
material during EHDD is negligible, so the electrostrictive force
is considered zero. The DEP force, FDEP, is dependent on the
gradient of the field squared, ∇E2 and the particle radius cubed
(i.e., proportional to particle volume) (Velev and Bhatt, 2006;
Washizu et al., 1994):

FDEP = 2�εa3
p∇E2Re |K| (16)

where K is Clausius–Mossotti function (see Velev and Bhatt
(2006), Washizu et al. (1994)), ap is the particle radius, and
ε is electric permittivity of the medium. Based on this for-
mulation, DEP force scales with particle radius cubed, and it
can be neglected for small particles especially when the par-
ticle is in molecular size (Washizu et al., 1994). For calculating

the Coulomb force FC,EFDF = �e,EFDF
→
E , we  estimated the aver-

age space charge density �e,EFDF based on average
→
E inside the

material. The latter is obtained from our simulation results.
The forces was divided by the characteristic area of the mate-
rial As to translate this force into the pressure form Pc,EFDF
[Pa].
Pc,EFDF = FC,EFDF/As (17)
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Fig. 5 – Quantified values for the electrical force-driven flow
(EFDF) inside the material; variation of Coulomb force and
EFDF mass flux inside the material vs. applied voltages at
t
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he emitter electrode.

Neglecting the gravity, the vapor flux in porous media can
e written as follows (Diersch, 2006);

v,EFDF = −Kv,EFDF∇ c,EFDF = − kv
�ma

�v∇Pc,EFDF (18)

here �ma [kg m−1 s−1] is the dynamic viscosity of moist air
18.13 × 10-6 kg m−1 s−1 at 20 ◦C) and �v is the density of water
apor (0.017 kg m−3 at 20 ◦C). kv ∼=10−13 m2 (Feng et al., 2004)
s the effective gas permeability of the porous media which
ontains the impact of the molecular, or Knudsen, diffusion
hrough the Klinkenberg coefficient, b:

 = k0

(
1 + b

Pg

)
(19)

here Pg is the gas pressure and k0 ∼=10−13 m2 (Feng et al.,
004) is intrinsic hydraulic permeability.

To compare the results with natural gas diffusion (i.e., diffu-
ion without EHD effect), we considered a single capillary with
aturated vapor concentration at the one end and employed
iffusion flux due to vapor concentration:

v = −�gDva,mat∇ �v
�g

= −Kv∇Pc (20)

The apparent vapor diffusion coefficient Dva,mat, contains
he impact of porous media. It is related to the binary diffusion
oefficient in free space through porous media factor �. It can

e simply written as D∗ = ˇD ∼= �
4
3 D (Diersch, 2006), where �

s the porosity of the fruit tissue (∼=0.3 for fresh apple (Feng
t al., 2004; Singh et al., 2015)), and D (∼=2.42 × 10−5 m2 s−1

Prawiranto et al., 2018)) is the water diffusivity of intercellular
ir space.

Based on the above formulation, the natural diffusion flux
Jv) equals 0.3 �g s−1 m−2 for our specific case study. The
uantified values for the average Coulomb force and the EHD-
elated mass flux inside the material are shown in Fig. 5. The
uxes generated due to the electric forces are in the order of
0−19 �g s−1 m−2; therefore, they are negligible compared to
he natural diffusion flux (i.e., when there is no electric field).
he Coulomb force inside the material is too small due to the
ery small amount of free ions inside the material. Low space

harge density results in a low Coulomb force-related mass
ux inside the material.
3.5.  Electrocapillary  flow  inside  the  material

This section will investigate the effect of the electric field on
possible capillary water inside the pores of the food material.
The amount of capillary water present inside the intercellular
spaces, i.e., pores, of a fresh plant-based food material is lim-
ited compared to the water present inside the cells (Prawiranto
et al., 2019). Nevertheless, several pretreatments induce cell
membrane rupture to speed up the drying process. In these
cases, a non-negligible amount of liquid water is present
inside pores for food material with such damaged cells. In
such conditions, the capillary water movement becomes an
important transport process. Water movement  is induced
by capillary flow, which is influenced by the electrocapillary
effect. In EHDD, electrocapillary action implies modifying the
interfacial tension between the fruit cell wall and the water
due to the presence of electrical charges (Chakraborty, 2014).

3.5.1.  Driving  forces  or  resistances
The unbalanced pressure within the air and water phases –i.e.,
two ends of the droplet in a capillary– is the driving force for
water movement  within a capillary. This pressure difference
(�Pc) includes contributions from induced surface tension
(�Ps = G ��LV cos(	)

dpore
), gravity (�Pg = �wg�h), and any external

pressure source (�Pe) (Glockner and Naterer, 2006):

�Pc = �Ps + �Pg + �Pe (21)

Here, dpore is the pore diameter, G is a constant specific to
pore geometry (G = 4 for circular pores), 	 is the water con-
tact angle on the food surface, and h is the water height inside
the pore. We neglected the gravity and external pressures as
the drying process is slow. With this assumption, �Ps is the
only driving force that can be induced by electrocapillary or
thermocapillary effects (�Ps = �Ps,ec + �Ps,tc). Electrocapillary
pressure (Ps,ec) is addressed in this section, and thermocap-
illary pressure (Ps,tc) will be discussed in the next section. In
electrocapillary, applying an electric field will change the cap-
illary pressure by changing the interfacial tension balance at
the air–cell–water interface, hence changing the contact angle
(Chakraborty, 2014).

3.5.2.  Quantifying  the  impact  on  the  drying  rate
In this part, we quantify the magnitude of the electrocapillary
pressure (�Ps,ec) during EHD drying. Thereby, a liquid menis-
cus within a simple cylindrical pore with a radius of rpore is
considered. Chakraborty (2014) did an analytical calculation
and defined equivalent electrocapillary pressure (Pec) as:

�Ps,ec = G ��ec cos (	)
dpore

= 1
2
εm

ϕ2
SL

r2pore
(22)

where, rpore is the pore radius in plant-based foods (2–150 �m
(Rahman et al., 2005)), and Ac is the cross-sectional area. In
this equation, the equivalent charge-induced interfacial ten-

sion is ��ec = εm
ϕ2
SL

cos(	) rpore G
. Using Eq. (1), the water flux due to

electrocapillary- induced pressure (Jec) can be written as (Liu
et al., 2018):

Jec = − kw
�w

�w∇Ps,ec (23)
where �w [kg m−1 s−1] is the dynamic viscosity of water (1.002
× 10−3 kg m−1 s−1 at 20 ◦C), and kw ∼= 10−13 m2 (Feng et al.,
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Fig. 6 – Quantified values for the electrocapillary flow inside the material; (a) equivalent induced interfacial tension due to
presence of electric fields, (b) mass fluxes in different pore radii due to electrocapillarity vs. different applied voltages at the
emitter electrode, (c) mass fluxes due to pure capillarity and electrocapillarity in a specific applied voltage at the emitter (20
kV) vs. different pore sizes. (For interpretation of the references to colour in the text, the reader is referred to the web

version of this article.).

2004) is the water permeability. We quantified the water flux
for the typical pore radii of plant-based foods (5–150 �m)  and
the typical values of applied voltages at the emitter in EHDD
(15−30 kV). These voltages induce an electric field within the
fruit of about 200–650 V cm−1. The results are shown in Fig. 6.
Note that the surface tension of water on fruit tissue is typi-
cally about 72.1 × 10−3 [N m−1] (Sapper et al., 2019). Based on
the results presented in Fig. 6a, the induced surface tension by
electrocapillarity (max. 180 × 10−6 N m−1) is several orders of
magnitude smaller than the surface tension of water on fruit
tissue (72.1 × 10−3 N m−1). Therefore, the impact of the elec-
trocapillarity (Fig. 6c in black color) is negligible compared to
the natural capillarity during EHDD. The flux due to the pure
capillary force (zero voltage) is also calculated and plotted for
comparison (Fig. 6c in red color). As expected, electrocapil-
larity and pure capillarity fluxes are higher in the capillaries
with lower diameters (Fig. 6b and c). Increasing the voltage
increases the electrocapillarity flux in 5 �m capillaries signif-
icantly. This is very important because the density of pores
with a radius less than 5 �m is higher than other sizes inside
a fruit tissue (Rahman et al., 2005). Moreover, Fig. 6c shows that
the electrocapillary-induced fluxes are not significant during
EHDD compared to the natural capillarity fluxes (103 orders of
magnitude difference).

3.6.  Thermocapillary  flow  at  the  material–air  interface
and inside  the  material

In this section, we  estimate the effect of the temperature gra-
dient due to the electric field on the water at the material–air
interface and inside the food material. Temperature gradi-
ent results in interfacial tension gradient along the liquid–air
interface (Schönfeld, 2008). Such temperature gradients can
occur due to differential evaporation at the air–liquid inter-
face or non-homogeneous conduction inside the material.
If electric fields are present, the conduction of electric cur-
rent in a conductive medium due to the presence of high
electrical fields results in volumetric heating called Joule or
ohmic heating (Granot and Rubinsky, 2008). The Joule heating
causes the spatial variation of surface tension and induces
thermocapillary stresses to the liquid–air interface. In turn,
thermocapillary stresses induce a spontaneous flow of a liq-
uid film to a cooler position (Schönfeld, 2008). We  refer to this
heat-induced, pressure-driven flow as thermocapillary flow.
Changing the liquid–solid contact angle and modifying the
capillary flow are the other possible results of thermocapil-

lary stresses. These effects can happen in surface water at the
material–air interface as well as inside the material at inter-
cellular pores and membrane nanopores (Dommersnes et al.,
2005).

3.6.1.  Driving  forces  or  resistances
By considering Eq. (21) and the assumptions made in the pre-
vious section, the pressure difference between the drop ends
due to the thermally induced surface tension differences is
the driving force of the thermocapillary action. In EHDD, the
electrical fields inside the material generate volumetric Joule
heating and cause temperature gradients in the medium and
possibly also at the surface (Granot and Rubinsky, 2008). Fluid
flow due to the thermocapillary (or Marangoni effect) occurs
because the surface tension at the cooler position is higher
and induces a tangential force that moves the liquid droplet to
the cooler place (Schönfeld, 2008). In other words, unbalanced
surface energy results in a surface flow from lower interfacial
tension areas (high temperature) towards higher interfacial
tension (low temperature).

3.6.2.  Quantifying  the  impact  on  the  drying  rate
Based on the literature, the temperature gradient at the
material–air interface is negligible in EHDD (Singh et al., 2012;
Bajgai et al., 2006). Moreover, for low-temperature gradients,
the variation of droplet contact angle with temperature is
very low ( �	�T ∼= −0.03 to −0.1 [K−1] (Bernardin et al., 1997)).
According to Eqs. (14) and (15), for such a low variation of
contact angle, the thermally-driven mass fluxes (Marangoni
flow) at the material–air interface are negligible. For the ther-
mocapillary effect inside the material, Raso and Heinz (2006)
investigated the local temperature rise due to the Joule effect
in different elements of food material. They proved that the
ratio of the temperature rise in a membrane surface to the sur-
rounding media is equal to c

m
∼105 which is higher than other

element in a food material. Therefore, we quantify the Joule
heating and thermocapillary effects at the membrane because
it is more  likely to happen there. c and m are mean spe-
cific electrical conductivities of the medium and membrane,
respectively [�−1 m−1].

The temperature rise due to Joule heating during EHDD is
proportional to the time t and the current density through the
media j = cE. By taking into account the impact of heat diffu-
sion through the membrane (

√
�t/dm), the Joule heating effect

can be written as follows (Raso and Heinz, 2006):

�TJ = j2t0.5dm
�0.5m�wC

(24)

where t is the time [s] of applying the electric field, j is cur-

rent density [A m−1], � is thermal diffusivity [m2 s−1], dm
is the membrane width, and C specific heat capacity of the
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Fig. 7 – Quantified values for the thermocapillary flow inside the material; (a) temperature rise and associated change of
surface tension vs. different applied voltages at the emitter electrode for a capillary with 5 �m radius, (b) mass fluxes in
different pore radii due to thermocapillary vs. different applied voltages at the emitter electrode, (c) mass fluxes due to pure
capillarity and thermocapillary, and electrocapillarity in a specific applied voltage at the emitter (20 kV) vs. different pore
s
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Fig. 8 – Illustration of the potential field and the ionic
concentration field in an electrical double layer for a flat
surface in contact with an aqueous solution. The external
electric field moves the ions inside the media and causes a
izes.

edium [J kg−1 K−1]. According to (Glockner and Naterer,
006) water surface tension varies with temperature as � =
0−3 (75.83 − 0.1477T) and hence ��th = −10−3 (0.1477�T). In
rder to use this time-dependent variable in our steady
tate equations we have to consider the steady-state tem-
erature rise. Details and the graphs of the obtained values
nder steady-state conditions are available in Section 5 of
he supplementary material. The equivalent thermocapillary
ressure inside pores due to surface tension variation is:

Ps,th = G ��th cos (	)
dpore

(25)

Thermocapillary flux can be written as follows:

th = − kw
�w

�w∇Ps,th (26)

The results are presented in Fig. 7. In Fig. 7a, the temper-
ture rise due to the Joule heating is shown for a capillary
ith 5 �m radius. The temperature rise can amount to 10 ◦C,
hich results in a change of the surface tension up to 1.6 mN
−1 (Fig. 7a). The mass flux due to the thermocapillary flow

n capillary exponentially increases by increasing the applied
oltage at the emitter (Fig. 7b). Like all the other sources of
apillarity, the thermocapillary impact is higher in smaller
ores. The fluxes due to the thermocapillary, electrocapillary,
nd natural capillarity action (zero voltage) are presented in
ig. 7c. The thermocapillary-induced fluxes are larger than
lectrocapillary fluxes, but both of them are several orders of
agnitude smaller than the natural capillarity fluxes. There-

ore, the electric field-induced capillary flow contribution is
egligible compared to the natural capillarity during EHDD.

.7.  Electro-osmotic  flow

n this section, we  quantify how electro-osmosis in porous
aterials like fruits during EHDD can contribute to the water

ransport process. Besides EFDF, which was discussed in Sec-
ion 3.4, the presence of electric charges on the cell membrane,
he pores, and capillary surfaces inside the fruit tissue affects
he ion distribution of the liquid and forms the electrical dou-
le layer (EDL) (Li, 2004). EDL consists of a compact layer of
mmobile balanced charges and a diffuse layer of mobile ions
Fig. 8). In the diffuse layer, the density of the counter ions
positive ions in Fig. 8– is higher. The presence of an external
lectric field induces an electrical force to the excess counter-
ons in the diffuse layer and causes the fluid to flow. This

henomenon is called electro-osmosis, and the resulting flow

s called electro-osmotic flow (EOF).
net flow called EOF.

3.7.1.  Driving  forces  or  resistances
The pressure gradient induced by the applied electric field is
the main driving force in EOF. The water inside the material
and the cell cytoplasm are conductive mediums surrounded
by a membrane or capillary surfaces with dielectric charac-
teristics. According to the Lippmann theory, by increasing the
applied electric field between a conductive liquid (i.e., droplet
or film) and a solid surface, EDL’s net charge density increases.
This leads to an increase in the electric forces acting on the
ions in the liquid (Xu et al., 2021).

3.7.2.  Quantifying  the  impact  on  the  drying  rate
Because the Reynolds number inside the material is extremely
small, we consider the water as an incompressible fluid
under steady-state conditions. The velocity uEOF due to the
electro-osmosis flow is considered as the velocity vector. The
electro-osmosis velocity uEOF for a single pore is defined by
considering the balance between viscous and electrical forces
(Di Fraia et al., 2018; Maier et al., 2016):

uE = ε0εm�

�w
E (27)

where � [V] is the zeta potential at the wall (see Fig. 8), the
water flux can be written as follow:

JEOF = Jl = − kw
�w

�w∇ (Pc) = −�wuE (28)
We  calculated EOF for a single pore under various applied
voltages at the emitter using the above formula (Fig. 9). The
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Fig. 9 – Quantified values for the electro-osmotic flow (EOF)
inside a single pore with respect to the applied voltages at

the emitter electrode.

mass flux and EOF velocity linearly increase with increasing
the voltage. It implies that for a higher EOF flux, hence a better
drying rate, operating with higher voltages could be beneficial.

3.8.  Membrane  electroporation  and  transmembrane
flow

In this section, we quantify how an electric field over cel-
lular materials like fruits during EHDD can change the cell
membrane permeability. Electric modification of cell mem-
brane permeability or so-called electroporation is defined as
an increase in the number and/or size of the hydrophilic
nanopores (i.e., aqueous pathways) in cellular membranes.
It is due to an elevated electric potential difference between
the membrane’s inner and outer surfaces caused by the exter-
nal electric field. It results in higher membrane permeability
and, consequently, higher transmembrane water transport
for two reasons. First, the additional and larger nanopores
facilitate molecular transport across the cell membranes by
increasing the hydrodynamic permeability of the membranes.
Second, electrokinetic effects (electro-osmosis, electrophore-
sis) induced by the transmembrane electric potential affect
the molecular transport (Smith and Weaver, 2011). Membrane
electroporation has different applications, especially in plant
tissue treatment via the pulsed electric field (PEF) method and
introducing gene material into living cells (Zhang, 1991).

3.8.1.  Driving  forces  or  resistances
The applied external electric field is the driving force of
membrane electroporation which results in decreasing the
resistance against water flux across the cell membrane. The
cell membrane has dielectric properties, and there is an elec-
tric potential difference between the inner and outer sides
of the membrane (Tosteson, 1989). It can be considered as a
capacitor with two plates and a dielectric in between. Apply-
ing an external electric field increases this potential difference
and induces higher electrical stress on the membrane (Zhang,
1991). By increasing the electric field strength, the pores
increase in size and number until the membrane ruptures
(dielectric breakdown) at the critical transmembrane voltage,
Um, crit (Zhang, 1991; Chen et al., 2006; Movahed and Li, 2012).

3.8.2.  Quantifying  the  impact  on  the  drying  rate

We  assumed that the number of pores at the membrane
determines the cell membrane permeability. Accordingly, we
considered that the initial cell permeability (at zero voltage)
is equivalent to a pore density of N0 [cm−2]. In this regard,
using the formulation provided in (Kanani et al., 2010) for the
initial membrane water permeability (K0

m = 7.4 × 10−19 [s]),
the equivalent pore density N0 is 15 × 104 [cm−2]. (Granot and
Rubinsky (2008)) employed the Krassowska model to calculate
N as follows:

N = N0e
q

(
Um
Um,  th

)2

(29)

In this equation, q = 2.46 is the electroporation constant,
e ∼= 2.71 is the Euler’s or so-called Napier’s number, Um [V]
is the average transmembrane potential difference across
the membrane, and Um,th is the threshold strength (typically
0.2−1 V) that the electrical stresses lead to the appearance
of local defects (pores) at the membrane surface (Chen et al.,
2006). Details about the calculation of Um are available in the
Supplementary material. Variation of the membrane water
permeability km

k0
m

is proportional to the variation of the mem-

brane porosity, which in turn is proportional to the variation
of the pore density N

N0
(Kanani et al., 2010). Therefore:

km = N

N0
k0
m (30)

The water flux through the cell membrane Jm is defined as
(Prawiranto et al., 2018; Granot and Rubinsky, 2008):

Jm = Jl = − kl
�l
�l∇ (Pc) = −km

Lm
( c −  w) (31)

where  w and  c are the water potential at the cell wall
(outside of the membrane) and protoplast (inside of the mem-
brane), respectively. Details about the calculation of  w and  c
are available in the Supplementary material. Lm is membrane
thickness (≈10 nm).

The results are represented in Fig. 10. Increasing the voltage
always results in higher electroporation and higher mass flux
(Fig. 10). Regarding time, membrane permeability changes up
to 90 min, but after 90 min, there is no change in the permeabil-
ity for any applied voltage. It can be concluded that regardless
of the voltage, pore formation will be saturated in 90 min. We
used the obtained permeabilities after 90 min  for our steady-
state flux equations. Note that for voltages above 25 kV, the
pore formation starts immediately after starting the process,
but it takes time at lower voltages. At very high voltages such
as 30 kV, the largest change in permeability occurs during the
first few minutes (Fig. 10a). It implies that for having a better
drying rate, one of the strategies could be starting the drying
process at very high voltages for a few minutes and continuing
the process at lower voltages to save energy.

4.  Ranking  the  transport  mechanisms
based on  their  contribution

In the above sections, based on previous works and literature,
we considered all possible water transport mechanisms that
could take place during EHDD. The results are presented based
on mass flux. To compare the relative contribution of each
transport mechanism for our specific case study, the steady-
state fluxes and flow rates for a capillary with 5 �m radius are

calculated. The selected pore radius has the highest contribu-
tion in the pore-size distribution of plant-based food (Rahman
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Fig. 10 – Quantified values for membrane electroporation and the transmembrane flow inside the material; (a) variation of
membrane permeability pore density vs. time for different applied voltages at the emitter electrode, (b) pore density and
percentage of change in membrane permeability for different applied voltages at the emitter electrode, (c) transmembrane
water flux for different applied voltages at the emitter electrode.

Fig. 11 – Contribution of different EHD-induced water
transport mechanisms to the total mass transfer during the
E
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t al., 2005). Fig. 11 shows the contribution of each transport
echanism in the total mass transfer. Note that the presented

esults in the figure are the changes induced by EHD. Fluxes
ue to the natural dehydration mechanisms such as natural
onvection and capillarity are not included. They are consid-
red as the benchmark. Convection to air due to the ionic wind
s the dominant mechanism. Therefore, this study verifies that
HD drying is a convective-based process, as stated in previous
tudies. Membrane electroporation is the second important
echanism that contributes to the total mass transfer rate.
s can be seen in the figure, the contributions of the other
echanisms are not significant.

.  Discussion

his study hints at the driving forces that should be focused on
or EHD drying to further improve the drying rate when using
his technology. For instance, the importance of the airflow
o effectively distribute the airflow around the sample is now
bvious. It improves the total drying rate by increasing the
vaporation mechanisms. As discussed, operating in higher
oltages at the beginning of the drying process increases the
ransmembrane flow, hence the total drying rate, while keep-
ng the process energy-efficient. Moreover, AC voltage with low
requency instead of pure DC can provoke membrane elec-
roporation. Another advantage of using AC voltage with low
requency, which was not explored in this study, is avoiding
he accumulation of charges on the drying material surface.
ecause while operating the EHD dryer for a long time in DC
ode, free charges will be deposited at the dielectric surfaces,
uch as the drying material surface (Blennow et al., 2000). Con-
equently, this electrostatic induction leads to a counteracting
electric field component, which reduces the total electric field
in the domain between the emitter and the collector (Blennow
et al., 2000). Changing the polarity of the applied voltage from
time to time (i.e., AC voltage with a low frequency) can reduce
this undesirable phenomenon. The AC frequency should be
low in the range from 10 to 100 Hz to avoid temperature rise
in the drying material due to Joule heating.

Another possibility is further destabilization of the bound-
ary layer (and consequently increase the convection and
evaporation mechanisms) by modulating carrier frequency
with the patches of higher frequency in the range of kHz. It can
increase the turbulence level of the generated ionic wind and
enhance the ability of the airflow to remove the moisture from
the material boundary layer. This technique has been widely
used in aerodynamics to destabilize the boundary layer (see
Iranshahi and Mani (2018), Benard and Moreau (2012), Corke
and Post (2005)). It may have another advantage of membrane
excitation and increasing the electroporation without signif-
icant enhancement of the local temperature (important for
heat-sensitive components in food).

It should be noted that the calculations are performed for
the constant drying rate period where the resistance to mass
transfer by external factors such as convection is much greater
than the internal resistances like capillary action or mem-
brane permeability (Plumb, 2000). As we showed, the electric
field’s impact is mostly on the internal resistances. There-
fore, the EHD-driven mass transport mechanisms could be
of higher importance in the subsequent decreasing drying
rate period where the mass transfer is internally controlled.
As such, we predict that the drying rate difference between
the EHDD and pure convective dehydration during falling rate
periods is higher.

6.  Conclusion

The contribution of different water transport mechanisms
during EHD drying of plant-based foods is investigated. The
mass fluxes and drying rates of the identified mechanisms
are estimated at the constant drying rate period and ranked
based on their contribution to the total drying rate. It is shown
that convection to the air is the dominant mechanism in
EHD drying. Moreover, cell membrane electroporation has a
considerable contribution to the total mass transfer. The con-
tribution of the other driving forces and mechanisms, such
as electro-osmosis and thermocapillary flow, is not signifi-
cant. The reported difference in the drying rate between the
convective drying and EHD drying is caused by these addi-
tional dehydration mechanisms, which are activated due to

the electric field’s presence. This study can be considered
as the next step towards establishing a full physics-based
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model of the dehydration process, including the falling rate
period. Moreover, the results of this paper can be helpful to
further understand the EHD drying process towards perfor-
mance improvement and industrial implementation of this
promising technology.
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