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Electrohydrodynamic (EHD) drying is a novel non-thermal drying method to dry heat-sensitive foods faster and
with lower energy. Upscaling EHD drying to dry large amounts of food is the current challenge of this tech
nology. In this regard, we quantify how successful a newly-proposed electrode configuration for EHD dryers is for
drying commercial amounts of fruit for a wide range of operating conditions. To achieve this goal, we simulate an
EHD dryer using physics-based modeling. The scalability was evaluated by quantifying the impact of fruit
loading density in the dryer, applied voltage, and distance between electrodes on the drying time and energy
consumption. Drying fruits in a commercial EHD dryer is more optimal when the dryer is densely loaded,
compared to a low loading density. Loading the trays in the dryer to a capacity of 70% increased the drying time
by 16%, compared to drying a few fruits widely spaced apart, but the energy consumption was 28% less. We
identified the best strategy to dry a particular batch of fruit with EHD drying to achieve the fastest drying with
the least energy possible. We found that it is most energy-efficient and quick to load the dryer close to its full
capacity, instead of drying smaller batches in many different runs. By loading the trays in the dryer to 70% of
their capacity, we could dry 7 times faster and with 11 times less energy in a single drying run instead of drying
the same amount of fruit by many different runs. This study presents a key step towards upscaling EHD drying
systems for the industry to dry large amounts of fruits in the shortest possible time and more energy-efficiently.
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1. Introduction
Electrohydrodynamic (EHD) drying is a novel drying technology that
is recently gaining more attention for dehydrating heat-sensitive plantbased food (Martynenko et al., 2020; Moses et al., 2014; Ni et al., 2019).
This drying technology involves the removal of moisture from a material
by employing ionic wind. Ionic wind is created from the high voltage
difference between an emitter electrode and a grounded collector elec
trode (Tadeusz Kudra and Martynenko, 2019). This high voltage ionizes
the ambient air creating ionic movement that generates airflow towards

the collector electrode. A too high voltage should be avoided as this may
result in noisy corona discharge and a complete breakdown of the air,
leading to spark-over or arcing (Defraeye and Martynenko, 2018a).
Compared to standard convective drying techniques, EHD drying is re
ported to enhance drying rate and improve the retention of nutritional
and sensory quality attributes of dried products (Bajgai et al., 2006;
Elmizadeh et al., 2017; Esehaghbeygi et al., 2014; Ni et al., 2019; Pir
nazari et al., 2014). This novel drying technique also induces low energy
consumption, leading to a reduction in the carbon footprint of processed
foods compared with standard drying methods such as hot-air drying
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(Defraeye and Martynenko, 2018a; Taghian Dinani et al., 2014a,b).
Despite the vast potential of EHD drying, there is still no known
commercial EHD drying system yet, to the best of our knowledge. Only a
few working prototypes have been successfully designed (Lai, 2010;
Tuan et al., 2014; Liang, 2000, 2002). A key obstacle is that the
commonly-studied needle-to-plate or wire-to-plate configurations are
not suitable to dry multiple fruit slices uniformly at the same time.
During the EHD drying of large amounts of food using these configu
rations, water vapor accumulation can occur in the air. Moist air is
diverted to adjacent products hence reducing their drying rate. Products
placed at the collector surface edges will thereby dry slower (Defraeye
and Martynenko, 2019). This effect reduces the drying rate for these
products, leading to increased drying time and higher energy con
sumption, and also a heterogeneity in product quality.
A grounded mesh collector (wire-to-mesh configuration) has been
recently identified as a more suitable EHD dryer configuration for drying
large amounts of fruits (Defraeye and Martynenko, 2019) (Fig. 1). This
configuration lowers the interference of neighboring airflows compared
to other EHD dryer configurations (e.g., wire-to-plate configuration),
and the drying air is directly diverted over and away from each product.
By that means, possible recirculation of moist air also is avoided. The
wire-to-mesh configuration also uniformly dries products on all surfaces,
including the bottom surface on the collector electrode. This configu
ration increases drying rate and energy efficiency (Iranshahi et al.,
2020). However, studies on the scalability of this novel EHD dryer
configuration are limited. Only very low mesh loading densities were
evaluated so far (up to 25% of the capacity, so surface area of the trays)
(Defraeye and Martynenko, 2019). For commercial drying processes,
several hundred products are to be dried simultaneously, and the mesh
trays on which products are placed are usually densely loaded, typically
30–90% of the surface area depending on the tray area and product
properties (Cárcel et al., 2011; Foodehy, 2020; Hall, 1988; Othieno,
1986; Precoppe et al., 2015). The effect of the loading density of the
trays in an industrial EHD dryer with fruits on the drying kinetics and
energy consumption has not been investigated for commercial loading
densities.
This study takes a key step forward in making EHD drying of multiple
fruit slices scalable for industrial purposes. For the industrial imple
mentation of EHD drying, it is imperative to quantify drying time and
the amount of energy consumed when drying large amounts of food over
a wide range of process parameters. We achieved this by modeling an
entire EHD dryer (wire-to-mesh configuration) with physics-based
simulations. The scalability was evaluated by quantifying the impact
of fruit loading density, applied voltage, and electrode distance on the
drying time and energy consumption during the EHD drying of apple
fruits.

2. Materials and methods
A two-dimensional (2D) finite-element model was used to simulate
the drying of multiple fruit slices placed on a grounded mesh collector in
an EHD dryer. By making use of periodic boundary conditions, this
configuration mimics a complete tray on an EHD dryer. The computa
tional model for electrostatics and space charge density, airflow, and
dehydration of the fruit tissue is presented in detail in a previous study
(Defraeye and Martynenko, 2018). Also, the boundary conditions and
simulation parameters are detailed here. Therefore only the main fea
tures are highlighted in this study.
2.1. Computational system configuration
The 2D conjugate continuum finite-element model is used to simu
late the EHD drying of rectangular-shaped apple slices (length L = 10
mm and height H = 5 mm). The configuration of the chosen fruit slice is
a representation of a typical fruit dryer. A high voltage difference is
invoked between emitter (Vw = 10, 20 and 30 kV) and collector (V = 0
kV) electrodes spaced at different electrode distances (de = 20, 30 and
40 mm). Note that the range of EHD process parameters (Vw and de) is
based on the typically used values in the previous EHD drying studies
(Onwude et al., 2021). The voltage difference induces corona discharge
resulting in local ionization of the air at the emitter electrode. The
generated ion flow creates airflow and draws air from the inlet towards
the apple slices being dried. We assumed air at a temperature of 20 ◦ C
and relative humidity of 30%. This ionic wind is used to dry multiple
fruit slices arranged at different spacing Fs (mm). A periodic
wire-to-mesh (WM) configuration was used to simulate the flow around
the multiple fruit slices for Fs = 1.5L–40L, corresponding to a respective
fruit loading density, LD (kg/m2) of 9.46 - 0.35. This loading density
corresponds to a surface coverage ratio (SCR) of the mesh tray of 70% 3%. The size of the zone where the fruit slices are placed is 40L, corre
sponding to 28–2 number of products included in the model. The
domain width is extended to 60L to prevent an influence of the lateral
boundaries on the drying process. The number of products is estimated
from the ratio between the drying zone for particular fruit spacing and
the area of the fruits. LD is the ratio of the fruit mass at different spacing
to the total area occupied by fruits. The SCR is the percentage ratio of the
fruit area to the total area occupied by fruits.
The base case for this study is at applied voltage, Vw of 20 kV, a
radius of wire emitter, rw of 0.25 mm, and electrode distance, de of 20
mm. We assumed that an emitter is present above each fruit, so an EHD
air-jet above each fruit slice. This assumption implies that an EHD dryer
with a higher loading density has more emitter electrodes. Using peri
odic boundary conditions for this simulation study implies that only a
single fruit slice needs to be modeled. The computational model,
including the EHD dryer with apple fruit slices placed on a grounded
mesh collector, is described in Fig. 2.
2.2. Physics-based modeling
The physics-based simulations involved a five-step approach: (1)
identifying the critical value of space charge density (SCD) on the
emitter surface to induce corona discharge (Iranshahi et al., 2020); (2)
solving for the electrostatic potential field and the associated ion charge
transport as a result of corona discharge; (3) solving for the resulting
airflow as a result of ion movement and collision with neutral air par
ticles; (4) deriving the convective heat transfer coefficient (CHTC) and
the convective mass transfer coefficient (CMTC) over the fruit surface
from the preceding airflow calculation; (5) using the stationary CHTC
and CMTC values to calculate the fruit dehydration during the EHD
drying process. The different physics-based modeling equations are
described below:

Fig. 1. Schematic of EHD wire-to-mesh dryer configuration for drying of large
amounts of fruits (not to scale) (Fs = spacing between multiple fruits; de =
electrode distance).
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Fig. 2. Computational model and boundary conditions for the EHD drying of multiple apple fruit slices (figure not to scale).

2.2.1. Electrostatics and space charge transport model
The governing equation of EHD-driven flow has been extensively
described in the literature (Defraeye and Martynenko, 2018b; Fylladi
takis et al., 2014; Iranshahi et al., 2020; Martynenko and Kudra, 2016;
Saneewong Na Ayuttaya et al., 2012). The electrical potential V [V] is
related to electric field (strength) Ee [V m− 1] as expressed in Equation
(1):
Ee = − ∇V

2.2.2. Airflow model
The Navier-Stokes equation was used to estimate the airflow gener
ation due to ion movement and collision with neutral air particles. In
order to relate the electrostatics and space charge transport to the flow
field, a volumetric source term Coulomb (electrophoretic) force (Fe) was
added to the momentum equation as expressed in Equation (7):

(1)

The electrical potential V in air and fruit is described by Poisson’s
equation as given in Equation (2):
∇ ⋅ ( − ε0 εr ∇V) = ρe

(7)

Fe = − ρe ∇V

(8)

where ρa is the air density [kg m− 3], p is pressure [Pa], μa is the dynamic
viscosity of air [kg m− 1 s− 1] and Fe is the Coulomb body force [kg m− 2
s− 2].
Note that the Navier-Stokes equation for turbulent flow is solved by
applying the Reynolds-averaged Navier-Stokes (RANS) approach in
combination with the standard k-ε turbulence model via computational
fluid dynamics, CFD (Defraeye and Martynenko, 2018b). This turbulent
flow model, which averages the velocity and pressure fields in time, is
computed in a stationary way, thus drastically reducing the computing
power and time required for such simulations.
To calculate the convective heat exchanges with the fruit, the
convective heat transfer in the air is solved first using the heat transfer
equation:

(2)

Equation (2) can be expressed as:
∇ ⋅ (ε0 εr Ee ) = ρe

ρa u ⋅ ∇u = − ∇p + μa ∇2 u + Fe

(3)

where ∇ is the gradient operation, ∇⋅ Is the divergence operation, ρe is
the space charge density of the ion/fluid medium [Cm− 3],ε0 is the
dielectric permittivity of vacuum [C V− 1 m− 1], and εr is the relative
permittivity of the material or the dielectric constant.
The ion charge transport as a result of corona discharge is described
by the continuity equation for the electric current density in the drift air
zone (Ohm’s law):

(9)

∇⋅J = 0

(4)

ρa cpa u ⋅ ∇T = − ∇⋅( − Ka ∇T)

J = μe ρe Ee − Di ∇ρe + ρe u

(5)

where cpa is the specific heat capacity of air [J kg− 1 K− 1 ], Ka is the
thermal conductivity of the air [W m− 1 K− 1] and T is the air temperature
[K]. Here, vapor transport in the air is not directly modeled, but its in
fluence on the drying process is accounted for by using the heat and mass
transfer analogy.
The boundary conditions for airflow at both inlet and outlet of the
computational domain, include an imposed zero static pressure. For the
air entering the domain, the turbulence intensity was about 1%. The
lateral boundaries are modeled as slip-wall boundaries (symmetry),
which assume that the normal velocity component and the normal
gradients at the boundary are zero. The interface of the air with the fruit
and also the emitter and collector electrode surfaces are modeled as noslip boundaries for momentum transport.
The spatial CHTC distribution over the fruit surface is determined by
modeling the convective heat transfer from the fruit surface. From
modeling, we calculate the CHTC at every location on the fruit surface.
This is done as the CHTC will vary over the fruit surface. Out of this
spatially-varying CHTC, the CMTC is calculated as well at each point on
the fruit surface. Thus, for the purpose of obtaining this CHTC at each
point on the fruit surface, a temperature difference of 10 ◦ C was set
between the fruit surface Tfruit and the air which enters the domain at the
inlet (Tref). All other boundaries are set to adiabatic. The spatial CHTC
distribution over the fruit surface can then be derived. To this end, we

where J is the electric current density [C m− 2 s− 1], μe is the ion mobility
coefficient in the air [m2 V− 1 s− 1], Di is the diffusivity of the ions in the
air [m2 s− 1], and u is the velocity vector for air [m s− 1]. For charged
particles (i.e., ignoring neutral particles), the drift motion produced by
the electric field (i.e., μe Ee in Equation (5)) is typically dominant in the
order of ∼ 10− 1 m s− 1 − 102 m s− 1 for EHD drying devices. Therefore,
the other two terms (in Equation (5)) are often neglected reducing
Equation (5) to:
J = μe ρe Ee = − μe ρe ∇V

(6)

The boundary conditions for electric potential are a high voltage at
the emitter (wire) Vw, a grounded collector electrode (V = 0 V) and a
zero-flux condition on all other boundaries. The electrical potential at
the fruit surface results from calculation as it is an internal boundary.
The boundary conditions for space charge density (SCD) are a
specified SCD at the emitter ρew , a zero SCD at the collector, and fruit
surface and a zero-flux condition on all other boundaries. To this end,
the SCD is determined iteratively in such a way that the resulting
maximal electric field strength at the emitter surface becomes equal to
Ee , based on Kaptsov’s assumption.
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extract from the simulation the heat flux at each location on the fruit
surface (gc,T), which is determined from the post-processing step of a
separate prior flow field calculation (Eqn (7) and (9)). Using this heat
flux and the constant temperature difference between the fruit surface
(Tfruit) and the approach flow air (Tref), we can extract the CHTC from
Equation (10). This is known as the semi-conjugate approach (Defraeye,
2014).
)
(
gc,T = CHTC  Tfruit − Tref
(10)

Table 1
Parameters and values used for the physics-based simulation of apple fruit.

where gc,T is the convective heat flux at the air-fruit interface at a
particular location on the fruit surface [W m− 2], which depends on the
rate of heat transfer at the fruit surface and the location on the fruit
surface (m), CHTC is the convective heat transfer coefficient [W m− 2
K− 1], Tfruit is the temperature at the fruit surface [K] and Tref is the
reference air temperature [K]. The distribution of the CHTC over the
fruit surface is shown in Fig. 3. The figure shows varying values of CHTC
around the entire fruit surface.
The spatial CMTC distribution over the fruit surface is estimated
from CHTC using the heat and mass transfer analogy, called the ChiltonColburn analogy (Defraeye et al., 2012; Onwude et al., 2018a, 2018b).
In this study, the corresponding CMTC/CHTC ratio (analogy factor) is
presented in Table 1. Spatially varying CHTC and CMTC are accounted
for in the model, which are determined a-priori by a separate flow field
calculation (Section 2.2.2). Thereby, local differences in CHTC and
CMTC on the fruit surface for other EHD dryer configurations or fruit
loading densities are inherently included in the model.
2.2.3. Modeling the drying of fruit tissue
To model the heat and mass transfer process in the fruit tissue, we
used a previously developed model (Defraeye and Verboven, 2017).
Therefore, only the main model features and equations are highlighted
here. The main model assumptions are that evaporation occurs only at
the tissue surface and that shrinking and swelling of the tissue are
neglected as often assumed in multiphysics modeling of fruit drying
(Defraeye, 2014; Khan et al., 2016; Kumar et al., 2014; D. I. Onwude
et al., 2020).
During the EHD drying of food, the mass transfer can be due to
convective dehydration by ionic wind, cell-membrane electroporation,
and other water transport mechanism. However, the main driving force
for mass transfer enhancement is convection via EHD-generated airflow
(ionic wind) (Defraeye and Martynenko, 2018a,b; Martynenko et al.,
2017). Based on this, only the convective mass transfer process was
considered in this study. Accordingly, the CHTC and CMTC and their
distribution over the fruit surface were obtained from the airflow study
(see section 2.2.2) and, after that, were imposed as boundary conditions
for fruit dehydration calculations. Equations (11) and (12) present
conservation equations for the apple fruit tissue. More details can be

Parameters

Symbols

Value (unit)

Source

Sample length
Sample height
Fruit spacing
Fruit loading density
Voltage at the wireemitter electrode
Radius of wire emitter
electrode
Radius of wire
collector electrode
Electrode distance
Air temperature
Relative humidity of
the air
Dielectric permittivity
of vacuum

L
H
Fs
LD
Vw

10 (mm)
5 (mm)
1.5L–40L (mm)
0.35–9.46 (kg m− 2)
10 - 30 (kV)

rw

0.25 (mm)

rc

0.05 (mm)

de
Tref
RHref

20 - 40 (mm)
20 (◦ C)
30%

ε0

8.85 × 10−
V− 1 m− 1)

Dielectric permittivity
of the material

εr

1 for air and 54 for
apple fruit

Mobility of ion in the
air

μe

1.80 × 10−
V− 1s− 1)

Air density

ρa

Dynamic viscosity of
air

μa

1.20 (kg m− 3) at
20 ◦ C
1.81 × 10− 5 (kg
m− 1 s− 1) at 20 ◦ C

Dry-matter density of
apple
Moisture permeability
of apple tissue
Thermal conductivity
of apple tissue
Specific heat capacity
of dry matter
Specific heat capacity
of liquid water
Specific heat capacity
of air

ws

12

4

(C

(m2

Km

solid, 130.00 (kg
m− 3)
8.00 × 10− 16 (s)

λap

0.42 (W m−

cps

1634.00 (J kg−
K− 1 )
4182.00 (J kg−
K− 1 )
1005.00 (J kg−
K− 1) at 20 ◦ C

cpl
cpa

1

1

K− 1)
1
1
1

K− 1 )

Specific heat capacity
of water vapor

cpv

1880 (J kg−

Latent heat of
vaporization

Lv

2.5 × 106 (J kg− 1)

Thermal conductivity
of the air

Ka

0.03 (W m−
at 20 ◦ C

Critical moisture
content
Critical dry-base
moisture content
Analogy factor

wcrit

37.80 (kg m− 3)

Xcrit

0.29 (kg kg− 1 dry
matter)
7.03 × 10− 9

CMTC/
CHTC

1

K− 1)

Defraeye &
Martynenko
(2018b)
Defraeye &
Martynenko
(2018b)
Defraeye &
Martynenko
(2018b)
Iranshahi et al.
(2020)
Defraeye &
Martynenko
(2018b)
Defraeye & Radu
(2017)
Defraeye & Radu
(2017)
Defraeye & Radu
(2017)
Iranshahi et al.
(2020)
Iranshahi et al.
(2020)
Defraeye &
Martynenko
(2018b)
Defraeye &
Martynenko
(2018b)
Defraeye &
Martynenko
(2018b)
Defraeye &
Martynenko
(2018b)
Defraeye &
Martynenko (2019)
Defraeye &
Martynenko (2019)
Defraeye et al.
(2012)

found in (Defraeye and Martynenko, 2018b).

∂wm ∂ψ
+ ∇ ⋅ (− Km ∇ψ ) = 0
∂ψ ∂t
hl

) ∂T
(
)
∂wm ∂ψ (
+ cps ws + cpl wm
+ ∇ ⋅ (− hl Km ∇ψ ) + ∇ ⋅ − λap ∇T = 0
∂ψ ∂t
∂t

(11)
(12)

The constitutive equations for liquid water and water vapor en
thalpies are presented in Equations (13) and (14):
(
)
(13)
hl = cpl T − Tref 0
(
)
hv = cpv T − Tref 0 + Lv

Fig. 3. Convective heat transfer coefficient (CHTC) distribution over the fruit
surface at a surface coverage ratio (SCR) of 4% for the base case parameters of
Vw = 20 kV, rw = 0.25 mm, and de = 20 mm.

(14)

Using the spatially varying CHTC and CMTC, the fruit is dried with
4

D.I. Onwude et al.

Journal of Cleaner Production 329 (2021) 129690

airflow entering from the inlet at a constant air temperature Tref
(Table 1) and relative humidity RHref (Table 1).
Where wm is the moisture content of the fruit tissue [kg m− 3], ws is
the dry matter density [kg m− 3], Km is the moisture permeability of the
tissue [s] and ψ is the water potential [Pa]. hl is the enthalpy of liquid
water [J kg− 1], hv is the enthalpy of water vapor [J kg− 1] λap is the
thermal conductivity of the apple tissue [W m− 1 K− 1], cps is the specific
heat capacity of dry matter [J kg− 1 K− 1], cpl is the specific heat capacity
of liquid water [J kg− 1 K− 1], Tref0 is a reference temperature (0 ◦ C) and
Lv is the heat of vaporization [J kg− 1].
For heat transfer, the boundary condition states that heat loss from
the fruit tissue due to conduction and liquid water transport equals the
convective heat exchange with the environment and the heat removal
due to the water vapor loss, including evaporation. For mass transfer,
the boundary condition states that the moisture loss from the fruit tissue
equals the convective vapor removal from the surface.
The input parameters and values used for the physics-based simu
lation of multiple apple fruit slices are presented in Table 1.

(Onwude et al., 2019), and was estimated according to the following
equation:
SEC =

E
Mw

(15)

where Mw is the amount of water evaporated by drying (kg)
(16)

E = Pi × tcrit
Pi [W] is the input power and is defined as:

(17)

Pi = Vw × I

I [A] is the ionic current discharged from the emitter electrode to the
mesh collector electrode, and it is given for a unit length as (Iranshahi
et al., 2020; Mazumder et al., 2018; Shrimpton, 2009):
(
)
∑
I = |∯ emitter J ds| ≅ 2πremitter
μei ρei Ee
(18)
i

rw

3. Results and discussion

2.3. Numerical simulation implementation

3.1. Scaled-up EHD dryer

The physics-based model was implemented in COMSOL Multiphysics
(version 5.4a), which is a commercial-based software for finite element
analysis and simulations. Linear shape functions and a fully-coupled
direct solver based on MUltifrontal Massively Parallel sparse direct
Solver (MUMPS) algorithm were employed to solve for the electrical
potential and space charge density. The turbulent airflow, coupled with
the heat transfer in solids physics, was solved using a segregated solver,
based on the PARallel DIrect sparse SOlver Interface (PARDISO) solver
scheme. The drying behavior of apple fruit was solved using the
quadratic shape functions, together with a MUMPS fully-coupled direct
solver scheme.
A grid sensitivity analysis was conducted to ensure that the results
were grid-independent. The grid consisted of tetrahedral and quadri
lateral finite elements. The grid was refined towards the electrode
boundaries and the air–fruit interface to improve the numerical accu
racy and stability. The total number of the elements varied from 119 575
to 402 744 depending on the fruit loading density, electrode distance,
and applied voltage at the emitter.

3.1.1. Impact of fruit loading density on drying kinetics
The impact of fruit loading density in the virtual EHD dryer on the
drying kinetics of fruits for a scaled-up EHD dryer is quantified (Fig. 4).
The aim is to identify the extent to which loading the trays in the EHD
dryer with multiple fruit slices would affect drying time regarding in
dustrial upscaling. In Fig. 4a, the moisture content change is shown for
different fruit loading densities: high (4.73–9.46 kg/m2), medium
(1.77–3.55 kg/m2) and low (0.35–1.18 kg/m2). This corresponds to
33%–70%, 13%–25%, and 3%–8% for high, medium and low surface
coverage ratio (SCR), respectively. In Fig. 4b, the corresponding critical
drying times required to dry apple fruits in a single run, down to a
critical moisture content of 37.8 kg m− 3, are shown for different fruit
loading densities (LDs). Differences in the critical drying time (tcrit) be
tween drying at low LD and high LD was about 2 h. Compared to drying
at low (SCR = 8%) and medium (SCR = 25%) fruit loading densities,
loading the EHD dryer with large amounts of fruits (SCR = 70%) dried
fruit up to 16% and 10% slower, respectively. As the fruit loading
density increases, the airflow field changes so that it negatively affects
the CMTC (Fig. 6d), so the removal of moisture from the material. This is
evident from Fig. 5 which shows the corresponding CMTC distribution
over the fruit surface, along its four exposed surfaces (top = 1–2, rightside = 2–3, bottom = 3–4, and left-side = 4–1). The CMTC distribution
over the fruit surface is clearly dependent on the fruit loading density.
The convective mass transfer is relatively higher at low fruit loading
densities (SCR = 3%) compared to high fruit loading density (SCR =
70%) (Fig. 5), even with a lower average inlet airspeed (Fig. 7). How
ever, the CMTC is not constant over all fruit surfaces at different fruit
loading densities (Fig. 5). This is due to small changes in the flow field,
so changes in the CMTC and CHTC across all surfaces for different fruit
loading densities. This is expected to be the reason for the small fluc
tuations in the critical drying time at different fruit loading densities, as
shown in Fig. 4b.
Fig. 6(a–d) shows that the electric field strength (EF), Coulomb force
density (CFD), space charge density (SCD), and CMTC all have a nonlinear relation to the amount of fruit to be dried. EF, CFD, and SCD in
the drying domain decrease in a quadratic manner (blue dotted lines)
with increasing fruit loading density (Fig. 6a–c). A quadratic relation
ship fits slightly better than a linear one for EF. The CMTC on the fruit
surface decreased with an inverse power-law correlation as the fruit
loading density increased (Fig. 6d). This means that higher drying rates
were obtained when drying smaller amounts of fruits which are spaced
wider apart due to higher electric field strength (Fig. 6a) and space
charge density (Fig. 6c), which led to a higher Coulomb force density

2.4. Drying performance evaluation
Critical drying time (tcrit) (h) and specific energy consumption (SEC)
(kJ/kg) were used to evaluate the impact of different EHD drying con
ditions on the drying behavior of apple fruit. The critical drying time
(tcrit) represents the time required for the apple fruits to reach the critical
moisture content (wcrit) (kg m− 3) (Defraeye and Verboven, 2017). Here,
wcrit is defined as the averaged moisture content of a product that cor
responds to an equilibrium water activity aw,crit = 0.6, beyond which
spoilage does not occur (Bonazzi and Dumoulin, 2014). wcrit was
considered as 37.8 kg m− 3, which corresponds to a critical moisture
content on a dry basis (Xcrit) of 0.29 kg/kg (dry matter) for this study
(Defraeye and Martynenko, 2019). The use of tcrit enables an elegant
quantitative comparison of the drying process for different operating
conditions. The reason is that the entire drying curve is synthesized into
one parameter. Besides, the batch drying time (tbat) was used to quantify
the total drying time required to dry a large batch of apple fruits, namely
0.013 kg for 40 fruit slices. Drying a batch of fruit can be done by drying
all fruits together in one run or drying smaller amounts in different
drying runs. Drying smaller amounts can speed up the drying process of
every single run. For example, if 100 apple fruit slices make up a batch,
the batch drying time is the total time required to dry these 100 apple
slices in an EHD dryer, so for one or more drying runs.
The specific energy consumption (SEC) (kJ/kg) is defined as the
energy E in kJ, required to remove 1 kg of water from a food product
5
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Fig. 4. (a) Moisture content (w) over time for different fruit loading density (LD); (b) Critical drying time (tcrit) and batch drying time (tbat) as a function of the
surface coverage ratio (SCR). The results are for the base-case scenario (Vw = 20 kV, rw = 0.25 mm, de = 20 mm).

moisture content. Similarly, loading the EHD dryer up to 25% capacity
dried food up to ~2 times faster compared to drying potatoes at the same
loading density in a traditional air dryer (at 30 ◦ C drying air tempera
ture) (Bon et al., 1997). Loading the EHD dryer with fruits to a capacity
of 25% dried up to 40% faster than drying sweet potatoes with the same
loading capacity in a solar tunnel dryer at ambient air conditions
(Bechoff et al., 2010). On the other hand, loading the EHD dryer with
apples up to 10% capacity dried 25% slower compared to loading an
industrial dehydrator with apples (maximum air temperature = 70 ◦ C)
with the same capacity (Foodehy, 2020). In summary, in most cases, it is
faster to load an EHD dryer densely with food and dry than drying the
same amount of food in an upscaled traditional air dryer. However, this
depends largely on the type of food and the drying conditions of the
dryer. It is, for example, difficult to compare standard forced convective
drying airflow field with EHD driven airflow. The reason is that a proper
comparison should imply that the airflow rates are about the same. This
is often difficult to determine from the usually performed single-point
airspeed measurements, as the flow fields significantly differ.

Fig. 5. Convective mass transfer coefficient (CMTC) distribution around the
fruit sample (along the red solid lines: top = 1–2, right-side = 2–3, bottom =
3–4, and left-side = 4–1) at different surface coverage ratio (SCR) for the base
case parameters of Vw = 20 kV, rw = 0.25 mm, and de = 20 mm.

3.1.2. Impact of fruit loading density on energy consumption
The specific energy consumption (SEC) for drying large amounts of
fruits in an upscaled EHD dryer is quantified (Fig. 8). Compared to
drying few amounts of fruits separately on a mesh (SCR = 8%), loading
the EHD dryer with multiple fruit slices (SCR = 70%) dried with 28%
less energy (Fig. 8a). For a densely packed EHD dryer with fruits (SCR =
70%), the SEC is 25% lower than loading the dryer to a capacity of 25%
(Fig. 8a). At higher loading density, less energy is required to remove the
same amount of water than drying at lower loading densities. Fig. 8b
shows the non-linear relation between SEC and critical drying time. For
the highest critical drying time (SCR = 70%), the SEC value was the
lowest (Fig. 8b). This is because we need less energy to produce the ionic
wind (see Fig. 6) while still having an acceptable drying process
(Fig. 6d).
To quantify the most energy-efficient way to dry a batch of fruit
slices, the impact of batch drying time on SEC is shown in Fig. 9. As
expected, energy consumption increased linearly with increasing batch
drying time (Fig. 9). This means that it is more energy-efficient (~10
times less energy) to load the dryer more densely (SCR = 70%) and then
dry, instead of drying the same amount of fruit by many different runs
with lower loading densities (SCR = 8% and 25%).
We compare the specific energy consumption (SEC) in a scaled-up
EHD dryer with those of traditional air dryers. Compared to drying
large amounts of food in a cabinet air dryer (SCR = 80%; SEC = 381,600
kJ/kg) (Precoppe et al., 2015), loading the EHD dryer up to 70% ca
pacity dried fruits with ~200 times less energy. Generally, the SEC

(Fig. 6b). However, the CMTC decreased non-linearly (inverse powerlaw) with average airspeed in the domain inlet (Fig. 7). This implies
that higher fruit loading density results in higher average airspeed but
not necessarily much higher convective mass transfer and drying rate
than drying at low fruit loading density. The reason lies in the local flow
field around the fruit, which leads to smaller CMTCs over the fruit
surface (Fig. 5). This vital insight corroborates similar findings for lowmedium fruit loading densities (Defraeye and Martynenko, 2019).
We also quantify the best possible way to dry a large batch of fruit
slices in an upscaled EHD dryer. Therefore, the impact of fruit loading
density on batch drying time is analyzed. Fig. 4b depicts the variation in
the total batch drying time required to dry the same amount of apple
fruits by many different drying runs, based on the fruit loading density.
For a densely loaded EHD dryer (SCR = 70%), the total batch drying
time is 6 times lower than when drying a few amounts of fruits on mesh
with large fruit spacing (SCR = 8%) and 3 times lower than loading the
dryer at 25% capacity (Fig. 4b). In other words, it is faster to load the
dryer densely and then dry, instead of drying the same amount of fruit
by many different runs with a lower loading density.
We compare the drying rate (so drying time) of the upscaled EHD
dryer with upscaled traditional air dryers, which are currently reported
in the literature. Loading a cabinet air dryer with litchi to a capacity of
80% (13.3 kg/m2 loading density) at ~60 ◦ C air temperature took up to
~16h to reach critical moisture (Precoppe et al., 2015), whereas loading
the EHD dryer up to 70% capacity will require only ~9h to reach critical
6
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Fig. 6. (a) Average electric field strength (EF) in the drying domain as a function of fruit loading density (LD); (b) Coulomb force density (CFD) in the drying domain
as a function of fruit loading density (LD); (c) Average space charge density (SCD) in the drying domain as a function of fruit loading density (LD); (d) Convective
mass transfer coefficient (CMTC) as a function of fruit loading density (LD). All results are for the base case (Vw = 20 kV, rw = 0.25 mm, de = 20 mm). Simulated data
points are shown as solid lines and best-fit lines/curves as blue dots.

than that of standard air drying (even at very low temperatures (Mote
vali et al., 2011)), which is often in the range of 180,000 kJ/kg – 1,800,
000 kJ/kg (Onwude et al., 2016).
3.2. EHD process parameters for scaled-up EHD dryer
3.2.1. Impact of emitter voltage on drying time and energy consumption
The impact of the applied voltage at the emitter on the drying time
and energy consumption of a scaled-up EHD dryer with wire-to-mesh
configuration is quantified for different fruit loading densities
(Fig. 10). Fig. 10a shows that the drying time (tcrit) reduces with
increased applied voltage at the emitter for high to low fruit loading
densities. Specifically, increasing the emitter electrode voltage by a
factor of three when drying apple fruits will cause the fruit to dry up to
~30% faster (Fig. 10a). Similar results on the effect of applied voltage at
the emitter on drying time during EHD drying of fruit have been re
ported in the literature (Defraeye and Martynenko, 2018b; Elmizadeh
et al., 2017; Pirnazari et al., 2014, 2016). However, Elmizadeh et al.
(2017) and Pirnazari et al. (2014, 2016) reported an increase in emitter
electrode voltage (≤20 kV) by a factor of two.
With respect to energy consumption, increasing the emitter’s applied
voltage led to a significant SEC increase for all loading densities
(Fig. 10b). Drying multiple fruit slices in an EHD dryer at a low emitter
voltage is by far more energy-efficient (11x) than drying at a very high
voltage (Fig. 10b). The drying time is higher, but the resulting energy
consumption still is lower. An increased voltage at the emitter implies

Fig. 7. Convective mass transfer coefficient (CMTC) versus average airspeed at
the domain inlet (Ua) for the base case parameters of Vw = 20 kV, rw = 0.25
mm, and de = 20 mm.

values for the EHD drying of fruits range from 120 kJ/kg to 16,500
kJ/kg (Kudra and Martynenko, 2015; Martynenko and Zheng, 2016;
Defraeye and Martynenko, 2018a). These values are significantly lower
7

D.I. Onwude et al.

Journal of Cleaner Production 329 (2021) 129690

Fig. 8. (a) Specific energy consumption (SEC) versus fruit loading density (LD) based on critical drying time (tcrit); (b) Specific energy consumption (SEC) versus
critical drying time (tcrit). All results are for the base case (Vw = 20 kV, rw = 0.25 mm, de = 20 mm).

et al., 2018).
3.2.2. Impact of electrode distance on drying time and energy consumption
The impact of the distance between emitter and collector electrodes
on the drying time and energy consumption of the EHD dryer with wireto-mesh configuration is quantified (Fig. 11). An increase in the elec
trode distance significantly increases the drying time (tcrit) for high,
medium, and low fruit loading densities (Fig. 11a). This means that
fruits will dry increasingly slower when they are further away from the
emitter, even in a densely loaded EHD dryer. The reason is that the
electric field strength, space charge density, and airspeed in the fruit
domain reduce with increased distance between the fruit and the
emitter. This effect results in lower ion currents in the vicinity of the
fruit, hence lower airflow speed around the sample and reduced
convective transfer rates (Defraeye and Martynenko, 2018b).
On the other hand, increasing the electrode distance caused a sig
nificant reduction in the specific energy consumption irrespective of the
quantity of fruit dried (Fig. 11b). The energy cost of drying many fruits
simultaneously in an EHD dryer can be drastically reduced (~77%) by
increasing the electrode distance. In other words, it is more energy
efficient to dry fruits when they are further apart from the emitter. This
is connected to the significant reduction in electrical power (63%–81%
depending on the fruit loading density) and current (Taghian Dinani,
Havet, et al., 2014) at the emitter surface.
We quantify the tradeoff between the impact of voltage at the emitter
(Vw) and electrode distance (de) on the EHD drying process and energy
consumption. Fig. 12 shows the non-linear relationship between SEC

Fig. 9. Specific energy consumption (SEC) versus batch-drying time (tbat). All
results are for the base case (Vw = 20 kV, rw = 0.25 mm, de = 20 mm).

increased input power, hence an increase in energy consumption, which
does not outweigh the shorter drying time. This result is consistent with
those in the literature for the EHD drying of fruits (Martynenko and
Zheng, 2016; Taghian Dinani and Havet, 2015; Yang and Ding, 2016; Yu

Fig. 10. (a) Critical drying time (tcrit) as a function of fruit loading density (LD) for different voltages at the emitter (Vw); (b) Specific energy consumption (SEC) as a
function of fruit loading density (LD) for different voltages at the emitter (Vw). The results are for the base case, de = 20 mm, and rw = 0.25 mm.
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Fig. 11. (a) Critical drying time (tcrit) as a function of fruit loading density (LD) for different electrode distance (de); (b) Specific energy consumption (SEC) versus
fruit loading density (LD) for different electrode distance (de). The results are for the base case, Vw = 20 kV and rw = 0.25 mm.

and critical drying time with Vw and de changes for different surface
coverage ratios (SCR). The figure clearly shows that it is best to dry at
low voltages and large electrode distances irrespective of the fruit
loading density. Figs. 10 and 11 show that higher energy is consumed by
increasing the voltage Vw and decreasing electrode distance de. How
ever, these changes do not affect the drying process to the same extent
(Fig. 12), as the SEC does not decrease proportionally to the decrease in
Vw or increase in de so increased drying time. This means that the gain in
reducing the drying time (~25%) does not out-weight the impact of
voltage at the emitter and electrode distance on energy consumption
(~100% increase), regardless of the fruit loading density (Fig. 12).
4. Conclusions
The study modeled a scaled-up EHD dryer with a wire-to-mesh
configuration. We quantified the impact of fruit loading density, the
applied voltage at the emitter, and the electrode distance on the drying
time and energy consumption for an upscaled EHD drying process. To
pave the way for the industrial implementation of this drying process,
the key conclusions derived from this study are as follows:

Fig. 12. Specific energy consumption (SEC) as a function of critical drying time
(tcrit) for different surface coverage ratios (SCR). The results are for the base
case (Vw = 20 kV, rw = 0.25 mm, de = 20 mm).

● Loading large amounts of fruits (SCR = 70%) at the same time in an
EHD dryer dried up to 16% slower in a single drying run but with
28% less energy compared to drying fruits with very wide spacing
apart (SCR = 8%).
● It is more energy-efficient (11 times less energy) and faster (7x) to
dry large amounts of fruit (SCR = 70%) in a single drying run in a
scale-up EHD dryer, instead of drying the same amount of fruit by
many different runs (SCR = 8%). Loading a scale-up EHD dryer at
50% capacity will consume more energy (2x) and dry slower (30%)
than densely loading the dryer to 70% capacity.
● Compared to a traditional air dryer that is densely loaded with food,
loading an EHD dryer up to 70% capacity will dry up to ~2 times
faster and with ~200 times less energy.
● Drying multiple fruits in a densely loaded EHD dryer at a lower
voltage is by far more energy-efficient (11x) than drying at a very
high voltage, even though the fruits will dry ~30% slower depending
on the fruit loading density.
● The energy consumption of drying multiple fruit slices in an EHD
dryer can be drastically reduced (~77%) by increasing the electrode
distance, notwithstanding that the fruits will dry ~25% slower
depending on the fruit loading density.
● The gain in reducing the drying time by up to 50% in a scaled-up
EHD dryer does not outweigh the impact of voltage at the emitter
and electrode distance on energy consumption.

of scaling-up the novel EHD dryer with wire-to-mesh configuration to
dry large amounts of fruits faster, with low energy consumption.
Moreover, this in-silico study enables better insight into the role of key
electrostatics and ion transport in the energy-efficient industrial EHD
drying process of fruits.

This simulation-based research has demonstrated the high potential
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