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a b s t r a c t

Drying is one of the most energy-intensive processes in the multiple industries, due to the high latent
heat required to evaporate the water, which is often done by employing hot-air drying. Electro-
hydrodynamic (EHD) drying is an alternative, innovative drying technology with large potential for in-
dustrial application and lower energy consumption. EHD drying is non-thermal, which makes this
technology particularly suitable for drying of heat-sensitive biomaterials. A key bottleneck for EHD
drying is the process scalability in order to uniformly dry large amounts of product, which is limited by
the geometrical design of the collector electrode. To overcome this challenge, a recently introduced
electrode configuration e a mesh collector e is further optimized in order to significantly reduce the
energy consumption of the process. Exergy analysis was used to identify the energy conversion losses in
ion production, ionic flow generation, and convective dehydration stages of fruit. As a result, a much
more energy-efficient mesh configuration was designed. This improved design resulted in a similar
drying rate as a normal mesh collector but showed a seven times smaller energy consumption. This
upscalable, cleaner, and also much more energy-efficient EHD dryer design paves the way for industrial
prototypes and pilot plants.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Drying is one of the oldest processing technologies with appli-
cations in food, agricultural, pharmaceutical, manufacturing, paper,
polymer, and chemical industries. It is one of the oldest, and a very
practical method for preserving biological materials, such as fruit
and vegetables. It ensures longer storage life (shelf-life) of agri-
cultural products to increase off-season availability and enables less
energy-intensive transportation over large distances since most of
the water is removed. Traditional drying methods, such as solar or
forced-air drying, are cheap and easy to implement, but they have
side-effects, such as long drying times and product contamination
[1]. Industrial hot-air drying is the most commonly used technol-
ogy but typically leads to loss of heat-sensitive compounds (e.g.,
atories for Materials Science
es and Textiles, Lerchenfeld-
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vitamins, antioxidants), excessive shrinkage, and degradation of
the color and flavor [2e4]. Advanced drying technologies, such as
freeze-drying, are applied to avoid such quality loss. These are,
however, often considered to be energy-intensive, costly, and less
suitable for high-volume, low-value products, such as fruits and
vegetables [1,5e7]. At the moment, a significant share of the global
energy usage (annually about 95 EJ) is being consumed in the food
sector [1]. Estimations show that drying consumes 10%e15% of the
total energy consumption of all the food industries in developed
countries [8]. This huge amount of energy consumption demands to
employ more efficient drying technologies.

As an alternative to conventional drying methods, electro-
hydrodynamic (EHD) drying has been introduced. This promising,
non-thermal technology has proven to be effective in dealing with
the main issues of conventional dryers (e.g., cost/energy efficiency
and product quality) by providing faster drying with less energy
consumption [9e11]. In EHD drying, a high voltage is applied be-
tween the emitter and collector electrodes. Due to the large cur-
vature of the emitter, air is locally ionized, resulting in a corona
discharge. The generated ions are accelerated toward the grounded
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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collector electrode by Coulomb force [12]. The movement of the
charged particles transfers momentum to the air molecules
through elastic and/or non-elastic collisions. Thereby, airflow is
generated, which is called ionic wind (Fig. 1). EHD drying shows
promising potential for industrial application as a sustainable
drying technology with low energy consumption [11,13]. However,
some issues have hindered the commercial implementation of this
technology. For instance, little is still known about the exact
contribution of different mechanisms of moisture transfer occur-
ring during EHD drying, such as convection and electrically-
induced mechanisms [9,14]. Moreover, challenges of scaling EHD
drying from the lab-scale to industrial applications still need to be
explored and evaluated.

Several investigations have been carried out to optimize the
operating and geometrical parameters of emitter and collector
electrodes. Most studies, however, apply a wire/needle-to-plate
configuration [13,15]. This configuration has been argued to be
unsuitable for drying large amounts of products simultaneously
and uniformly at an industrial scale [15]. Recently, in a simulation-
based study, Defraeye and Martynenko [10] compared different
collector configurations and predicted significant improvements in
the food drying rate by using amesh instead of a plate collector. The
mentioned study, however, representsmesh in a very idealized way
as a homogeneous, highly porous grounded surface. To further
develop and optimize the mesh collector design, a more realistic
representation of the mesh would be beneficial in the computa-
tional model. Therefore, discrete computational modeling of the
wire mesh is a next step in improving the collector design toward
industrial applications.
Fig. 1. Schematic of EHD dryer configurations: a) Wire-to-mesh configuration which ena
impinging airflow.
In this study, we explored the impact of wire diameter, number
of wires, and mesh open area on the electric field intensity, the
resulting Coulomb force, the generated airflow, and the drying rate.
As a second step, exergy analysis was performed for all the studied
configurations to identify inefficiencies and losses. This information
and quantified electrostatic parameters were used to optimize the
mesh collector configuration. As an innovative step, this study is
exploring one of the current challenges towards the upscaling of
this technology which is simultaneous and uniform drying of a
large amount of products with low energy consumption [16].
Accordingly, an optimal collector wire arrangement to minimize
energy consumption has been proposed. First, this configuration
enables the airflow to pass along each product and thereby avoids
increase in air humidity, which negatively affects the drying pro-
cess (Fig. 1). Second, the mesh enables the product to dry also from
the bottom, leading to more uniform and faster drying [15]. Third,
by grounding only a few number of collector wires, energy con-
sumption decreases significantly. These features make the setup
upscalable to large amounts of products.
2. Materials and methods

Convective EHD drying of fruit was modeled using the finite
element method. The 2D model was composed of a wire-to-mesh
configuration. All the used submodels for EHD, the associated
airflow and drying process were validated previously. The details of
the verification of the EHDmodel with experimental and analytical
data are described in a previous work by Defraeye and Martynenko
[10].
bles the airflow to pass along each product and b) Wire-to-plate configuration with
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2.1. Multiphysics model

The multiphysics model aims to capture the following processes
at play during EHD drying. By applying a positive high voltage (V) to
the wire emitter, air is ionized and ions are produced in the vicinity
of the emitter. These ions accelerate in a strong electric field to the
grounded collector electrode and transfer momentum to the
neutral air particles. This generates EHD-driven airflow toward the
fruit sample by the so-called Coulomb force. The EHD airflow in-
duces, in turn, convective heat and mass exchange with the fruit,
which causes it to dry. To model these multiphysics processes, a
three-step simulation procedure is applied. First, the electrostatic
potential field and ion charge transport under the high-voltage
field are simulated. Second, the resulting Coulomb force due to
ion movement is used to calculate the airflow field. Third, the fruit
dehydration due to convective heat and mass exchange is calcu-
lated. The specific physics and corresponding equations are
described in the following paragraphs.

2.1.1. Electrostatics and space charge transport model
The electrical potential V [V] is linked to the electric field in-

tensity E [V m�1] by Eq.(1). E in the air and the fruit is described by
Poisson’s equation (Eq.(2)):

E¼ � VV (1)

V$ðε0εrEÞ ¼ re (2)

where V and V: indicate gradient and divergence operations,
respectively. re [C m�3] is the space charge density (SCD) of the ion/
fluid medium, ε0 [C V�1 m�1] is the dielectric permittivity of vac-
uum (8.854�10�12 C V�1 m�1), and εr is the relative permittivity of
the material. Note that in this paper inner product between vectors
is denoted by point (for instance A$B). The ion transport is
described by the continuity equation for current density in the drift
region (Ohm’s law):

V$J ¼ 0 (3)

J¼mereE � DiVre þ reu (4)

where J [C m�2 s�1] is the electric current density, me [m
2 V�1 s�1] is

the ion mobility in the air (1.8� 10�4 m2 V�1 s�1), Di [m2 s�1] is the
diffusivity of the ions in the air, and u [m s�1] is the velocity vector
for air. In the particular case of charged particles (i.e., not consid-
ering neutral particles), the drift motion produced by the electric
field (first term on the right-hand side of Eq.(4)) is of the order of
meE � 10�1 � 102 m s�1 for EHD drying devices. This value is much
higher than molecular diffusion, Di � 10�5 � 10�4 (Vre in the
domain is very low), or the advection gas motion which is of the
order of u � 10�4 � 5� 10�4 m s�1. Hence, the drift term is typi-
cally dominant, causing the equation to reduce to:

J¼mereE (5)

2.1.2. Airflow model
Airflow generation due to ion movement is calculated using the

NaviereStokes equation. To link the flow field to the electrostatics
and space charge transport, the Coulomb body force (Fe) is intro-
duced into the momentum equation as a source term.

rau $Vu ¼ �Vpþ maV
2uþ Fe (6)
Fe ¼ reE (7)

where ra [kg m�3] is the air density (1.20 kg m�3 at 20 �C), p [Pa] is
the pressure, and ma [kg m�1s�1 ] is the dynamic viscosity of air
(1.81� 10�5 kg m�1s�1 at 20 �C).

2.1.3. Dehydration model of fruit tissue
The moisture transfer (i.e. dehydration) due to EHD could be

attributed to several driving mechanisms [17]. However, the main
enhancement of mass transfer is attributed to convection via EHD-
generated airflow (ionic wind) [10,14]. In the current model, only
convective moisture removal is taken into account. To this end, the
convective heat transfer coefficient (CHTC) and convective mass
transfer coefficient (CMTC) are determined from airflow calcula-
tions and are imposed as boundary conditions for fruit dehydration
calculations. The material that is dehydrated is apple fruit. The
following conservation equations are solved inside the fruit, further
details are presented in Ref. [10].

vwm

vj

vj

vt
þV $ ð�KmVjÞ¼0 (8)

hl
vwm

vj

vj

vt
þ
�
cp;swsþcp;lwm

�vT
vt

þV$ð�hlKmVjÞþV$ð�lPMVTÞ¼0

(9)

where j [Pa] is the water potential, ws [kg m�3] is the dry matter
density (solid, 130 kgm�3) andwm [kg m�3] is the moisture content
of the tissue. Km [s] is the moisture permeability of the tissue
(8 � 10�16 s), hl [J kg�1] is the specific enthalpy of liquid water, lPM
[W m�1 K�1] is the thermal conductivity of the tissue (porous
medium, 0.418 W m�1 K�1), cp,s and cp,l [J kg�1 K�1] are the specific
heat capacities of dry matter (1634 J kg�1 K�1) and liquid water
(4182 J kg�1 K�1), respectively.

2.2. Computational system configuration

The computational system configuration in this study has a 2D
geometry, consisted of a wire as the emitter electrode, a grounded
mesh as the collector electrode, and a rectangular slice of apple
(L � H ¼ 10 � 5 mm) as the material that is dehydrated (Fig. 2),
representing a long fruit stick. The EHD-generated airflowdraws air
at a temperature Tref of 20 �C and a relative humidity RHref of 30%
from the inlet toward the fruit to be dried. These are typical con-
ditions for convective fruit drying in the ambient environment. The
emitter-collector distance and the voltage at the emitter wire are
considered to be 20 mm and 20 kV, respectively. Other simulation
conditions, as well as the computational model, are summarized in
Fig. 2. As a further step toward a realistic model of the mesh col-
lector, the size, number, and location of individual wires in the
mesh have been considered. Including the wires discretely in the
model should lead to a more precise simulation of the electric field
intensity, Coulomb force, and resulting airflow around the drying
material.

2.2.1. Effect of wire size and mesh open area
An important parameter of a mesh is the wire diameter. To

quantify the impact of wire diameter on the EHD drying process, we
simulated meshes with a constant open area but for varying wire
diameters (dw). This implies that by changing the diameter of wires,
their number per unit area had to change to maintain the same
open area. The wire spacing was chosen realistically, namely large
enough to be transparent for airflow and small enough to support
samples [18]. In this regard, three meshes with approximately 85%,



Fig. 2. Computational model and simulation conditions (figure not to scale).
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70%, and 50% open area (porosity) were considered. Meshes with
different open areas were compared to the ideal, homogeneous
mesh which has an open area of 100%, as applied in Ref. [10]. The
diameter and number of wires for different cases are presented in
Table 1.
2.2.2. Optimization procedure and configurations
The objective of optimization was to minimize energy con-

sumption by manipulating the electrostatic conditions of the mesh
collector. Particularly, special arrangements of the grounded mesh
wires were explored to concentrate the intensity of the electric field
more closely to the sample. In other words, we aimed to increase
the driver for EHD flow, the Coulomb force density, in the region of
interest (ROI), namely the region in the vicinity of the fruit (defined
in section 2.4). This can be achieved by increasing the local intensity
of the electric field and guiding the charged particles into that
specific region. To this end, the location of the grounded wires
should satisfy both electrostatic and aerodynamic conditions. The
first challenge for this optimization was to choose the lowest
possible number of grounded wires to decrease input power while
keeping average SCD and electric field strength as high as possible.
Table 1
Studied mesh configurations in terms of wire diameter and open area. The naming
indicates first the percentage of the mesh open area and second the diameter of the
wires.

Case name Wire diameter dw [mm] Number of Wires Open area [%]

Plate collector - - 0
Ideal Mesh 0 ∞ 100
P85_D1000 1000 23 85.2
P85_D500 500 46 85.2
P85_D300 300 75 85.5
P85_D240 240 97 85.1
P70_D1050 1050 46 70.4
P70_D500 500 97 70.3
P50_D1900 1900 46 50.2
P50_D900 900 97 50.3
P50_D500 500 175 50.2
Another challenge was to decrease the pressure loss by reducing
the wire diameter within the limits of typical wires specification.

The first step to deal with these challenges was to find the op-
timum active area of the collector electrode. This has been done by
increasing the number of the groundedwires. We started with only
one grounded wire and then increased the number of wires to find
the highest electric field intensity in the vicinity of the collector
electrode. Increasing the number of grounded wires stopped when
the evaluated metrics (e.g., energy consumption, drying time, etc.)
showed little variation compared with the case of all grounded
wires. Then, the optimum number of grounded wires has been
chosen based on the trade-off between low drying time and low
energy consumption. In this way, the lowest possible number of
grounded wires has been found. As a next step, the locations of
those optimum number of grounded wires were optimized to
further enhance the performance. Different case studies for this
optimization procedure are shown in Table 2.
2.3. Numerical simulations

This model was implemented in COMSOL Multiphysics (version
5.4a). Firstly, in order to obtain the critical SCD value on the emitter
surface for corona formation, a parametric sweep was performed
and the average of the resulting values based on different criteria
(e.g. Ref. [18,19]) was selected. Having obtained the correct SCD, the
electrical potential and space charge density distribution were
solved at the same time as a stationary problem. Then, the steady-
state turbulent airflow was solved. The stationary values of the
convective mass and heat transfer coefficients on the fruit surface
were obtained from the airflow and applied to the fruit boundaries.
Finally, the transient dehydration process was simulated for 25 h,
starting from the specified initial conditions.

A fully-coupled direct solver, based on theMUMPS (MUltifrontal
Massively Parallel sparse direct Solver) algorithm and a segregated
solver, relying on the PARDISO (PARallel DIrect sparse SOlver
Interface) algorithm, were the solver schemes used for this simu-
lation. The convergence threshold and other solver settings were



Table 2
Studied configurations of P85_D240 mesh for the minimization of energy consumption. For naming, the first part shows the mesh open area, the second part represents the
number of grounded wires, and if grounded wires are in contact with the sample there will be a third part to indicate it.

Case study name Grounded wire
number

Not-grounded
wire number

Grounded wire number
in contact with sample

P85_2wire 2 95 0
P85_2wire_Contact 2 95 2
P85_3wire_Contact 3 94 1
P85_4wire 4 93 0
P99_4wire 4 0 0
P85_5wire_Contact 5 92 1
P85_6wire 6 91 0
P85_8wire 8 89 0
P85_16wire 16 81 0
P85_32wire 32 65 0
P85_64wire 64 33 0
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determined based on sensitivity analysis in such a way that
increasing the tolerance further did not alter the solution results
anymore. Maximal time steps of 60 s, determined by a temporal
sensitivity analysis, were applied combined with adaptive time-
stepping. Grid sensitivity analysis was also carried out to ensure
that grids were built properly for the air and fruit domains. To this
end, we increased the resolution of the grids until the results did
not change anymore. The grid consists of tetrahedral and quadri-
lateral finite elements which were refined toward electrode
boundaries and the airetissue interface for numerical accuracy
enhancement. The total number of the elements varies from 336
181 to 726 122 depending on wire diameter and mesh open area.

2.4. Metrics to evaluate EHD drying performance

Several metrics were calculated in a specific region of interest
(ROI): specifically a region close to the sample in which the most
variation and largest gradients occur (Fig. 2). This was done because
the phenomena of heat and mass transfer that play important roles
in convective drying, take place close to the airetissue boundary.
For this study, a rectangle with a width of 10 sample length (Ls) and
a length of 5Ls around the sample was arbitrarily considered as the
region of interest. This specific area includes the sample, the
emitter, and a part of the mesh collector close to the sample.

2.4.1. Drying time
To evaluate the drying time, the critical drying time was used.

The critical drying time (tcrit) is defined as the time needed for the
sample to reach the critical moisture content (wcrit) which is the
averaged moisture content in the sample that corresponds to an
equilibrium water activity below which no spoilage occurs [20].
wcrit was considered 37.8 kgm�3 for this study. Using tcrit enables us
to have a simple way to compare different drying curves because a
single value is obtained per drying process.

2.4.2. Mesh parameters
The open area of the mesh, b, can be defined as the ratio of open

area to the total area:

b¼
�
1� dw

l

�2

(10)

where dw is the wire diameter [m] and l is called the mesh length
[m], which is the center-to-center distance between two wires.

2.4.3. Energy consumption
The energy consumption was calculated as a product of input

power Pi [W] and critical drying time tcrit [s].
E¼ Pi � tcrit (11)

The input power is defined as:

Pi ¼V :I (12)

where I is ionic current from emitter to collector which can be
calculated for a unit length of the emitter, as [20,21]:

I¼ j%emitterJ dsjy2premitter

 X
i

meireiE

!
remitter

(13)

In order to make it more general and sensible, the consumed
energy [MJ] is defined per fresh fruit mass [kg] and it is called
specific energy consumption (SEC) [MJ kg�1].
2.4.4. Exergy analysis
Exergy is defined as the maximum work that can be extracted

from a system when this system moves toward thermodynamic
equilibriumwith a reference environment [22]. In other words, it is
simply the maximum available energy and is equivalent to the
transformable work [23]. The exergy efficiency can be calculated
using the following equation [23,24]:

hE ¼
Exout
Exin

� 100% (14)

Exergy analysis can be applied at both the entire process and
sub-process levels, which enables us to evaluate the magnitudes
and the location of the energy losses in the system [24]. Consid-
ering three main sub-processes of the entire process of EHD drying
(Fig. 3), namely ion production, ionic flow generation, and
convective dehydration, three exergy efficiencies have been
defined. First, there is the electrical exergy efficiency hE, which
takes into account the corona (plasma) generation losses and it is
determined as the ratio of discharged exergy (power) of the emitter
(Pe) to the exergy (power) delivered by the energy source (Pi) [25]:

hE ¼
Pe
Pi

� 100% (15)

In this study, the input power (Pi) was calculated from Eq. (12)
with V equal to 20 kV, while the output power Pe was calculated
from Eq.(16);

Pe ¼%domainE:J ds (16)

Second, it is desirable to see howmuch of the power, discharged
by the emitter is turned into air momentum. Here is the place to
take into account the losses due to plastic collisions, ion dissipation,



Fig. 3. Schematic illustration of different stages in EHD drying with their inputs and
outputs.

K. Iranshahi et al. / Energy 208 (2020) 1181686
thermal radiation, sound/light emission, and all the other losses
associated with energy transfer from accelerated charged particles
to the airflow. This efficiency index, called here as fluid mechanic
exergy efficiency, can be defined as follows:

hFM ¼ Pf
Pe

� 100% (17)

where Pf is flow power (kinetic exergy) and, as defined for the
Fig. 4. Simulation of mesh with different open area: a) Illustration of different mesh open a
Specific energy consumption.
pump, Pf ¼ QðdPÞ, where dP [Pa] is the pressure difference gener-
ated between the emitter and collector and Q [m3 s�1] is air flow
rate. Using the dynamic pressure definition, it is possible to rewrite
the equation as Pf ¼ 0:5raAu

3, where A [m2] is the cross-section
area of the inlet. It is noteworthy that due to the high amount of
losses in this sub-process, the value obtained for this parameter is
very small. Third, the drying performance of the device should be
considered in the overall performance evaluationwhich leads us to
drying exergy efficiency;

hdrying ¼
Pmoist

Pf
� 100% (18)

where Pmoist is the moisture removal exergy (power) derived from
the Gibbs free energy equation, which is the energy associated with
a chemical reaction. Using the formulation provided in Refs. [26],
but for steady conditions, the following formula is considered for
Pmoist .

Pmoist ¼
mmoist

�
hfg � T0Sfg

�
tcrit

(19)

Where mmoist [kg] is the total removed moisture from the sample
during drying time until tcrit . T0 [K] is the ambient temperature,
while hfg [J kg�1] and Sfg [m2 s�2 K�1] are the specific enthalpy and
entropy of water evaporation, respectively. Each one of these per-
formance indicator numbers can be used as a powerful tool for
analyzing the EHD drying process, as will be seen in section 3.
Finally, the overall exergy efficiency (hoverall) can be calculated by
reas, b) CMTC as a function of sample boundary length, c) Sample moisture kinetics, d)
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multiplying hE , hFM , and hdrying . Fig. 3 represents different sub-
processes with related input-output powers that are used in our
exergy analysis.

3. Results and discussion

The convective dehydration process at the fruit surface is driven
by the airflow field, which is produced by the ionic wind. The
produced ionic wind is, in turn, driven by the Coulomb force, which
is the result of the electrostatic field and ion concentration in the
air. In this section, we will follow the aforementioned chain of
events to interpret the results.

3.1. Mesh parameters impact

The main goal of this section is to evaluate the influence of wire
diameter and mesh open area on the food drying performance in
Table 3
Quantitative evaluation of the most important parameters for different mesh open areas

Parameter
Case

tcrit
[h]

Average CMTC
[m s�1] � 107

Maximum air speed
[m s�1]

Average airs
[m s�1]

Plate collector 16.25 0.7 2.1 0.63
Ideal Mesh 7.47 2.6 2.3 0.67
P85_D500 9.72 1.31 3.2 0.57
P70_D500 9.75 1.30 3.3 0.57
P50_D500 10.20 1.28 3.4 0.59

a in the region of interest.
b average over the entire domain.

Fig. 5. Distribution of ion flow and electrostatic parameters together with the resulting airsp
(SCD) distribution, c) Coulomb force distribution; d) airspeed distribution.
terms of energy consumption and drying time.
3.1.1. Ideal mesh vs. real mesh
The difference between an ideal mesh and a mesh where the

wires are modeled discretely, is discussed in this section. The dry-
ing curves, CMTC value on the airefruit interface, and the energy
consumption are depicted in Fig. 4. In order to have a quantitative
evaluation, the most important parameters such as tcrit, airspeed,
and the average value of Coulomb force, SCD, and electric field in
the ROI are calculated (Table 3). The distribution of electrically-
related parameters, together with the resulting airspeed distribu-
tion, in the region of interest are shown for ideal and real mesh in
Fig. 5 and Fig. 6, respectively.

According to Table 3, the average values of the electrostatic and
ion-flow parameters for ideal and real meshes, namely electric field
intensity, SCD, and Coulomb force, are almost similar. The ideal
mesh, however, induces a higher average airspeed around the fruit
.

peeda Pressure dropb

[Pa]
Average Fea

[N]
Average Ea

[V m�1] � 10�5
Average SCDa

[C m�3] � 105

1.18 23.39 2.64 8.84
0.02 20.30 2.55 7.96
0.14 21.12 2.57 8.22
0.14 21.57 2.59 8.33
0.25 21.60 2.59 8.34

eed in the region of interest for ideal mesh: a) electric field intensity distribution, b) ion



Fig. 6. Distribution of ion flow and electrostatic parameters together with resulting airspeed in the region of interest for P50_D500: a) electric field intensity distribution, b) ion
(SCD) distribution, c) Coulomb force distribution; d) airspeed distribution.
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(Table 3) and a better drying from the bottom (Fig. 4b). As a result,
drying on real mesh is 30% slower than on ideal mesh, with more
than a 2-h difference since the real mesh induces a smaller CMTC
(Fig. 4b). Dissimilarity in the CMTC between ideal mesh and real
mesh arises from a different airflow distribution around the drying
material. As it is shown in Figs. 5d and 6d, ideal mesh results in a
more uniform airflow around the fruit which improves the mois-
ture removal from the material-air interface. In the real mesh
(Fig. 6), a less average airspeed with a higher spatial gradient,
compared to the ideal mesh, is generated which leads to a lower
moisture removal rate from the material surface. Differences in the
flow field (higher average airspeed) and drying characteristics be-
tween the ideal and real meshes are attributed to two factors. First,
although the average electrostatic and ion-flow parameters are
similar, their distribution in the domain is different, which can
induce a different flow field. Second, the different pressure drop
due to the wires also affects the airflow. The pressure drop over the
real mesh was calculated as 0.15 Pa versus 0.02 Pa for the ideal
mesh (including the fruit slice). This difference results in smaller
average airspeeds and lower CMTC for a real mesh and, hence, a
lower drying rate. In summary, we found an added value of
modeling the wires discretely in our simulations, compared to in an
idealized way. It should be noted, that mesh collector provides fruit
drying faster and more uniform than a solid plate collector
(Table 3), which is the main advantage of a mesh collector
configuration.
3.1.2. Mesh open area effect
In this section, the impact of different mesh open area (50%, 70%,

and 85%) with similar wire diameter on the drying kinetics is
evaluated (Fig. 4a). There is no doubt that the mesh open area af-
fects airflow distribution [26,27]. The aim here is to see how this
airflow distribution at mesh collector with different open areas
would affect the drying kinetics.

The simulation showed that all configurations with different
open areas resulted in almost the same drying behavior with
negligible differences in drying rate and tcrit (Fig. 4c). This surpris-
ing finding could be explained by the coupling of aerodynamic and
electrostatic effects. From purely aerodynamic considerations,
decreasing the mesh open area would increase the pressure drop
[27,28]. In a mesh collector, however, the additional effect of elec-
trostatic conditions plays a significant role. Smaller open area cor-
responds to a stronger average electric field and a larger
concentration of ions (charges), leading to a higher average
Coulomb force (Table 3). In turn, this leads to an increase in
airspeed, especially around the wires. It follows that aerodynamic
and electrostatic effects compensate each other, resulting in similar
average airspeeds for mesh collectors with different open areas.
However, if we compare the specific energy consumptions (Fig. 4d),
the effect of the mesh open area becomes significant. By increasing
the open area, the energy consumption per unit mass of evaporated
water decreases. In the practical context, the industrial design of
mesh collector should pursue the largest possible open area,
because it would reduce energy consumption without a significant
effect on drying time.
3.1.3. Wire diameter effect
The effect of the wire diameter on the drying kinetics was

investigated for meshes with the same open area. The wire diam-
eter determines the curvature of the collector electrode, which



Table 4
Quantitative evaluation of the most important parameters for different wire diameters.

tcrit
[h]

Average CMTC
[m s�1] � 107

Maximum Airspeed
[m s�1]

Average Airspeeda

[m s�1]
Average Fea

[N]
Average Ea

[V m�1] � 10�5
Average SCDa

[C m�3] � 105

P85_D1000 9.56 19.8 2.8 0.56 20.73 2.56 8.10
P85_D500 9.72 19.2 3.2 0.57 21.15 2.57 8.22
P85_D300 9.58 19.7 2.9 0.58 21.23 2.57 8.25
P85_D240 9.46 21.9 3.2 0.59 21.16 2.58 8.20

a in the region of interest.
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affects the electrohydrodynamics. The most important parameters
of the different physical processes are shown in Table 4. The
smallest wire diameter that was modeled in this study was 240 mm.
A lower value is not common for metallic meshes due to the
problems with manufacturing and structural strength consider-
ations. Although the impact of wire diameter on the drying time is
not very striking, a smaller wire diameter generally leads to higher
average airspeeds, CMTCs and drying rates. The absence of a clear
correlation between wire diameter and process parameters could
be explained by the resulting difference in the distributions of the
electric field, ion flow and, subsequently, the Coulomb force and
airflow field.
3.1.4. Energy analysis
In this section, mesh open area and wire diameter effects are

evaluated with respect to energy consumption. The quantified
power used by each sub-process is tabulated in Table 5. The
discharge power (Pe) slightly increases by decreasing the open area
due to the larger overall collector surface, which leads to a higher
ionic (charge) current. The impact of the wire diameter on Pe shows
different behavior in high (85%), medium (70%), and low (50%) open
area meshes. In high open area meshes (85%), collector wires with a
smaller diameter induce a higher discharge power due to the
higher curvature of the collecting surfaces. In low open area
meshes, the wire spacing in the mesh collector is very small. This
seems to affect the electric field in such a way that a higher cur-
vature of the wires does not increase the electric field intensity
around the wires.

Flow power (Pf) is determined by pressure drop on the mesh. A
smaller open area results in a higher pressure drop and, conse-
quently, lower flow power. For meshes with large open areas, the
pressure drag increases with the increase of wires density per unit
area (or decrease of wire diameter). In contrast, for meshes with
small open areas, the effect is the opposite. Spacings smaller than 5
wire diameters increase the pressure drop due to the additional
interference drag combined with the individual pressure drag of
Table 5
Calculations of power and exergy efficiency for different mesh open areas and wire diam

Parameter
Case

Number of
released
electrons
� 10�15

Input power
Pi [W]

Discharge
power Pe [W]

Flow power Pf
[W] � 103

Moisture
removal pow
Pmoist [W] �

Plate
collector

11.5 36.7 36.6 17.2 4.9

Ideal Mesh 9.7 31.1 30.7 19.9 10.6
P85_D1000 8.6 27.5 26.2 39.8 8.3
P85_D500 9.1 29.2 28.3 45.9 8.2
P85_D300 9.4 30.2 29.4 54.2 8.3
P85_D240 9.4 30.2 29.5 52.9 8.3
P70_D1050 10.0 32.2 31.4 44.6 8.2
P70_D500 9.9 31.7 31.1 43.3 8.1
P50_D1900 11.0 35.3 34.6 49 8.0
P50_D900 10.5 33.9 33.2 40.2 8.2
P50_D500 10.2 32.7 32.3 31.4 7.8
eachwire [29]. On the other hand, a smaller open area increases the
overall collector surface, which results in a higher ionic current
hence, higher Coulomb force and energy consumption. As already
mentioned, this higher Coulomb force compensates the higher
pressure drop to some extent, therefore keeps the drying rate
almost constant for different open areas.

The power required for dehydration (Pmoist) for different open
areas and wire diameter is almost the same, which results in the
same drying time for all cases. Overall, the total energy consump-
tion, as mentioned before, increases by decreasing the mesh open
area.
3.1.5. Exergy analysis
In this section, different exergy efficiency indices are evaluated

to identify the source of losses and opportunities for energy effi-
ciency improvement in the EHD dryer system. Energy analysis is
useful to show the energy consumption and required power for
different parts of the system. However, it gives no information
about how far a given system is from ideal conditions. This can be
done with exergy analysis.

The electrical exergy efficiency (hE) has a direct relationwith the
overall collector surface (Table 5). Accordingly, the highest value of
hE is associated with an ideal mesh that has the maximum possible
collector surface. Hence, the smaller the open area, the higher the
collector surface and the lower the ion production losses. The high
values of hE shows that ion-production sub-process contains very
low losses, so there is a very limited opportunity for further
improvement. Note that usually the input power for electrical ef-
ficiency calculation is considered as the input power of the power
supply device. In the current calculations, input power is consid-
ered as the discharge power at the emitter so the losses in the
power supply are not included; therefore, we can see high values
for hE in the Table 5. These values would be lower in a real situation
and can be improved by increasing the power supply efficiency.

Fluid mechanic exergy efficiency (hFM) is the smallest compared
with other exergy efficiencies. Obviously, a large share of the total
eters.

er
103

Electrical exergy
efficiency hE [%]

Fluid mechanic
exergy efficiency
hFM [%]

Drying exergy
efficiency
hDrying [%]

Overall exergy
efficiency
hoverall [%]

99.7 0.05 28.4 0.01

98.8 0.06 53.3 0.03
95.3 0.15 20.8 0.03
97.0 0.16 17.8 0.03
97.5 0.18 15.3 0.03
97.6 0.18 15.6 0.03
97.6 0.14 18.3 0.03
98.1 0.14 18.6 0.03
98.0 0.14 16.4 0.02
98.3 0.12 20.4 0.02
98.7 0.10 24.66 0.02
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losses in the system is dedicated to momentum transfer from ions
to the neutral air particles. Therefore, there is a large opportunity
for performance improvement and further optimization of this sub-
process. Note that a higher hFM means that a higher amount of the
potentially available momentum that is provided by accelerated
ions is exploited.

In the last sub-process (moisture removal), the drying exergy
efficiency (hDrying) decreases by a factor of 2 for the real mesh when
the wires are modeled discretely. Based on this difference between
ideal and realmesh, further improvement in this sub-process is also
possible. Because the current model considers only convective
dehydration, improvements in aerodynamic conditions have to be
pursued. Hence, in the optimization process, we tried to have an
airflow distribution similar to the ideal mesh by proper arrange-
ment of grounded wires. Finally, considering hoverall, the very open
mesh is the best option for the mesh collector configuration.
Further optimization (next part of the current study) should be
done through both aerodynamic and electrostatic considerations in
order to improve hDrying and hFM , respectively.

3.2. Mesh collector optimization

Employing a mesh as the collector opens up opportunities for
manipulations of electrostatic conditions and ionic flow distribu-
tion, which is another advantage of a mesh over plate collector. The
mesh collector gives better flexibility to alter Coulomb force dis-
tribution via grounding wires in specific locations. Based on the
insights obtained from the previous section, this section aims to
optimize mesh configuration in terms of high drying rate and low
energy consumption by improving hFM and hDrying . The reason for
the improvement was our ability to change the Coulomb force
distribution by manipulating electric field intensity, the space
charge density, and their distributions. The resulting Coulomb force
is supposed to provide relatively high average airspeed and airflow
distribution close to the ideal case by which hDrying will increase.
The results of this optimization are described and discussed in the
following sections.
Fig. 7. Optimization based on performance indicator graphs for different grounded wire nu
efficiency of the best configurations.
3.2.1. Optimization of the active area of the collector electrode
As the first step in our optimization study, the optimal active

area of the collector electrode (i.e. number of the grounded wires)
was explored. The mesh with 85% open area (namely, P85_D240)
was selected for this optimization based on its best performance
among other configurations (see section 3.1). Fig. 7 shows the
graphs used for the performance evaluation of different cases. The
results for the highest gradient region in Fig. 7c are shown, in
Fig. 7d, to have a better resolution. In Fig. 7d, the configurations
which have at least one wire in contact with the sample are shown
by hollow circles. Because the fruit has some conductivity, when it
is in contact with the grounded wires, it acts partially like a col-
lector surface (especially in its sharp corners) and increases the
overall collector surface. As such, it also affects the electric field and
ion flow distribution. Therefore, the cases where the wires are in
contact with the sample have to be distinguished from the others.

Based on the specific energy consumption graph (Fig. 7a), the
higher the number of grounded wires, the higher the energy con-
sumption due to the higher ionic current (the applied voltage is
constant for all cases). The critical drying time in Fig. 7b reaches an
asymptote for more than four grounded wires. P85_1wire and
P85_2wire configurations cannot be among the optimal options
due to the huge difference in drying time compared with other
configurations. Based on Fig. 7c and d the mesh configuration with
4 grounded wires shows the best overall exergy efficiency.
Considering the trade-off between drying time, energy consump-
tion, and exergy efficiency, the optimal number of grounded wires
is four when none of the grounded wires are in contact with the
fruit.When the groundedwires are in contact with the fruit surface,
the electrical conductivity of the fruit makes the fruit to act as a
grounded surface to some extent. This situation changes the elec-
trostatic conditions and creates a different hoverall as a function of
the number of wires (Fig. 7d).

In Table 6 the values of convective drying exergy efficiency
(hDrying) for P85_1wire and P85_2wire are considered as zero
because the generated airflow is very weak which results in almost
natural dehydration. The number of released electrons during
mbers: a) Specific energy consumption, b) Drying time, c) Exergy efficiency, d) Exergy



Table 6
Calculations of exergy efficiency and overall performance for different number of grounded wires.

Parameter
Case name

Number of
released
electron
� 10�15

Input
power
Pi [W]

Discharge
power
Pe [W]

Flow
power
Pf
[W] � 103

Moisture removal
power
Pmoist [W] � 103

Electrical
exergy
efficiency
hE [%]

Fluid mechanic
exergy
efficiency
hFM [%]

Drying exergy
efficiency
hDrying [%]

Overall
exergy
efficiency
hoverall [%]

P85_1wire 0.17 0.5 0.5 0.0 3.2 86.8 0.0 0 0
P85_2wire 0.39 1.2 1.1 0.5 4.4 86.7 0.0 0 0
P85_2wire_Contact 2.35 7.5 6.8 38.6 9.6 89.9 0.6 24.9 0.13
P85_3wire_Contact 2.55 8.2 7.3 38.3 9.6 89.2 0.5 25.0 0.12
P85_4wire 1.96 6.3 5.4 38.3 9.5 86.9 0.7 24.9 0.15
P85_5wire_Contact 4.09 13.1 11.0 38.6 9.6 84.0 0.3 25.0 0.07
P85_6wire 3.15 10.1 9.0 39.7 9.5 89.3 0.4 24.0 0.09
P85_8wire 4.20 13.6 12.3 39.4 9.5 90.4 0.3 24.2 0.07
P85_16wire 5.56 17.8 16.3 40.1 9.5 91.7 0.2 23.7 0.05
P85_32wire 6.28 20.1 18.5 38.4 9.5 92.0 0.2 24.8 0.05
P85_64wire 7.11 22.8 21.2 38.5 9.6 93.1 0.2 25.0 0.04
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corona discharge for P85_4wire (Table 6) is approximately five
times lower than not-optimized meshes (Table 5). Taking into ac-
count the chemical reaction chains happening in the corona
discharge provided in Ref. [30,31] this leads to five times lower
toxic gas (Ozone and NOx) emissions, which is very important for
an environmentally friendly device.

3.2.2. Optimization of the location of the grounded wires
The second step in the optimization study is to optimize the

spacing of those four grounded wires. The results of the location
optimization procedure are shown in Fig. 8. Fig. 8a and b show the
schematic of the locations of the grounded wires and the naming
system used for these case studies. Fig. 8c shows the drying curve of
Fig. 8. a) and b) Schematic illustration of optimized configuration, c) Drying curves for comp
for ideal mesh, e) airspeed distribution in ROI for optimized configuration.
the optimized configurations. In the best case that we could reach
(Fig. 8d and e), four collector wires were located at d1 ¼ ±1.1Ls and
d2 ¼ ±0.6 L (Fig. 8a). The overall exergy efficiency (hoverall) for
P85_4wire_1.1_0.6 is increased to 0.20% which shows 30%
improvement compared with the standard case (P85_4wire).
Moreover, comparing the drying curves of P85_4wire_1.1_0.6 and
P99_4wire_1.1_0.6 shows the effect of pressure drop on the drying
rate due to decreasing the mesh open area.

The difference in electrostatic parameters and ion density dis-
tribution between the optimized case and the other studied con-
figurations is shown in Fig. 9. The difference in the SCD and electric
field distributions for different configurations results in an obvious
difference in Coulomb force distribution between the optimized
aring optimized configuration with other configurations d) airspeed distribution in ROI



Fig. 9. Distribution of ion density and electrostatic parameters in ROI: a) Electric field intensity distribution b) SCD and ionic current distribution, c) Coulomb force distribution.
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case and the other configurations. As a result of the manipulation of
the electric field in the region of interest, with an even lower
average SCD and Fe, a satisfactory average airspeed is reached just
by proper arrangement of the grounded wires which increases the
fluid mechanic exergy efficiency. The resulting airspeed together
with the airflow distribution around the sample (low-pressure
drop behind mesh and fruit) leads to relatively good drying time
with low energy consumption. The specific energy consumption of
the optimal configuration during the drying time is more than 7
times lower than other configurations (Fig. 10). This is a huge
improvement and a step toward a more efficient EHD drying
Fig. 10. Specific energy consumption for an ideal mesh, a mesh where the wires are
discretely modeled and such a mesh that is optimized.
device. This configuration can be proposed for further experimental
validations.
4. Conclusion

In this study, we optimized in-silico a mesh collector design of
an electrohydrodynamic fruit dryer in order to significantly reduce
its energy consumption. This design was optimized by targeting
drying time and energy consumptionwhile analyzing the exergy of
ion generation, momentum transfer to air, and dehydration. Our
main conclusions are:

- The geometrical parameters of the mesh, namely wire diameter
and open area, do not influence the dehydration kinetics
significantly. However, the energy consumption increases with
decreasing the open area of the mesh. Hence, to minimize
drying time and minimize energy consumption, the mesh open
area should be chosen as large as possible.

- An optimized mesh configuration is designed, which provides a
similar drying time but a seven times lower energy consump-
tion compared with a standard mesh.

This research demonstrated another advantage of the mesh
collector over the plate collector. Using a mesh as a collector pro-
vides the opportunity for the manipulation of the electrostatic
parameters and ion flow. By having a proper analysis of the elec-
trostatic and aerodynamic conditions, it is possible to reach an
optimal configuration of the collector wires. With this study, we
made this upscalable EHD dryer design now much more energy-
efficient, which paves the way to industrial prototypes and pilot
plants.
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