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Abstract This study was conducted to analyze the dry-
ing kinetics of carrot slices in electrohydrodynamic (EHD) 
dryer at different electrode distances. Higher drying rate was 
observed up to about 70% (w.b.) moisture content, which 
has been noted as first falling rate period. The time taken 
to dry the carrot slices to the safe moisture content of 2.5% 
(wb) was about 9, 8.5 and 6.8 h at a distance of 7, 5 and 
3 cm respectively. Five empirical models, Page Model, New-
ton model, Henderson and Pabis model, logarithmic model 
and two term model, were tested for the best fit. The dry-
ing rate constant (k) increased in all the empirical models 
as the distance between the electrode decreased. For 7 cm 
electrode distance, the Page model fitted best whereas the 
Logarithmic model was found to be the best fit for 5 and 
3 cm electrode distance. There is no significant difference 
found in shrinkage of dried carrot slices at different elec-
trode distance. Rehydration ratio increased as the distance 
between electrodes decreased. Moisture diffusivity increased 
as the distance between the electrode decreased. No signifi-
cant difference in colour, β-carotene and sensory attributes 
were found between fresh and EHD dried carrot slices at 
3 cm electrode distance. Specific energy consumption was 
significantly influenced by the electrode distance.

Keywords Electrohydrodynamic drying · Electrode 
distance · Modelling · Carrot

Introduction

Drying is a well-known application of heat under controlled 
conditions to remove moisture from food by evaporation, 
resulting in low moisture product. The main goal of drying 
is to extend the shelf life of food by reducing water activity. 
It also reduces packaging, storage, handling and transporta-
tion cost. Many microorganisms that spoil food and promote 
unwanted changes in food, cannot grow or function with-
out adequate moisture. However, most of the current dry-
ing techniques is energy-intensive and accounts for 12–20% 
of the energy consumption of the dehydration industry 
(Kudra and Martynenko 2015; Li et al. 2006). About 85% 
of the food drying industries uses convective type dryers 
whose efficiency ranges from 20 to 80% and consumes large 
amount of energy for heating the air (Martynenko and Kudra 
2021). Excessive waste heat is one of major reason for low 
efficiency of indirect convective dryers. Their operation 
results in large carbon footprints and high nutrients loss as 
they generally operate at high temperature.

Hence, new drying techniques are being explored to make 
the drying energy-efficient, reduce drying temperature and 
operating cost, minimize waste heat generation and maintain 
the product’s essential characteristics and nutritional pro-
file (Bajgai et al. 2007; Kudra and Martynenko 2015; Singh 
et al. 2012; Zhang et al. 2015). Also, consumer demand for 
products with superior sensory and nutritional properties 
as well as a fresh feel has forced food processors to seek 
alternative drying and processing techniques. This allows 
technologies such as freeze-drying, infrared and microwave 
drying, pulsed field, ultrasonic and superheated steam drying 
to be applied alone or in combination with traditional dry-
ing processes to produce higher-quality dehydrated foods. 
These novel drying technologies are researched with target 
to produce high-quality dried products and reduce energy 
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consumption and green house gas (GHG) emission to the 
environment. Freeze-drying produces products with excel-
lent sensory and hydration properties, but it is expensive 
to implement on an industrial scale. Using microwaves and 
radio frequencies has reduced drying times and improved 
energy efficiency, but scale-up-related issues have caused 
severe implementation problems (Raghavan et al. 2005).

Electrohydrodynamic (EHD) drying is a new non-thermal 
drying method which can resolve many issues related to cur-
rent drying methods such as high energy consumption, nutri-
tional and quality loss at high temperature drying (Zhang 
et al. 2015; Zhong et al. 2019; Acar et al. 2020; Iranshahi 
et al. 2023). During EHD drying process, a high voltage 
electric field is applied at domestic/industrial frequency of 
50 or 60 Hz between two electrodes having substantially dif-
ferent radii of curvature (pin/wire and flat plate). The elec-
tric discharge from positively charged pointed high voltage 
electrode creates jets of high energy ions which accelerates 
towards the flat negative electrode containing material to be 
dried with speed of 80 to 200 m/s. Along their path, these 
ion jets transfer their momentum to neutral air molecules by 
collision causing them to move with speed of 0.1–10 m/s 
(Bashkir et al. 2020; Paul & Martynenko 2021). The mov-
ing ion and air molecules constitutes the corona/ionic wind. 
This corona wind impinges the wet food material, disturbs 
the saturated air layer over moist food and enhances the heat 
and mass transfer rates thus enhancing drying rate. As water 
molecule orient themselves in direction of applied electric 
field, entropy is lowered which results in lowering of tem-
perature of product being dried. EHD drying can increase 
the drying rate by 1.7–4.2 times the conventional drying 
resulting in reduction of drying time by 15–40% (Kudra and 
Martynenko 2020).

The development of EHD dryer units has the potential 
to provide several potent benefits. As EHD drying dry the 
products at low temperatures and does not require exces-
sive heat, it is considered as non-thermal dehydration tech-
nique and suitable for drying heat-sensitive foods (Basiry 
and Esehaghbeygi 2010; Defraeye and Martynenko 2018; Li 
et al. 2006; Singh et al. 2012; Vu et al., 2014, Iranshahi et al. 
2022). EHD drying improves drying rate, reduces dehydra-
tion time and shrinkage (Alemrajabi et al. 2012; Martynenko 
and Kudra 2015; Yang and Ding 2016; Polat & Izli 2022), 
maintains uniform texture (Martynenko and Kudra 2016a, 
b), retains nutrients (Ding et al. 2015; Tirawanichakul et al., 
2009) and taste (Martynenko and Kudra 2016a, b; Xiao & 
Ding 2022) of the dried product. The specific energy require-
ment in EHD drying of glass beads saturated with water 
has been reported to be less than latent heat of vaporization 
(2700 kJ/kg). For the food, where water is present in bound 
state the energy requirement for phase change of water is 
expected to be more than that observed in glass beads (Singh 
et al. 2012). For EHD drying of tomato slices specific energy 

requirement was reported to be in the 4400–16500 kJ/kg 
while the oven drying required 3.6 ×  106 kJ/kg, which is 
about 200 times more than the EHD drying (Esehaghbeygi 
and Basiry 2011). Similarly in EHD of sea cucumber it was 
found that drying costs only 21.31% of electrical energy 
required for oven drying (Bai et al. 2013).

However, EHD drying techniques is still not thoroughly 
researched nor well adapted due to presence of some grey 
areas. Not many studies are available on drying different 
food products under high voltage electric fields. There are 
many factors that affect the drying behaviour in EHD dry-
ing such as type of current (AC or DC), applied voltage, 
electrode configuration, electrode distance (Kudra and 
Martynenko 2020; Martynenko and Kudra 2020, 2021).The 
research on EHD drying is very limited in the food process-
ing sector. Ding et al., (2015) studied the drying behaviour 
of carrots at varying electric field. However, the effect of 
varying electrode distance was not studied. It was therefore, 
decided to investigate the drying kinetics of carrot slices at 
different electrode distance in EHD dryer. Five analytical 
models, namely Page model, Newton model, Henderson and 
Pabis model, Logarithmic Model and Two Term Model were 
compared to study the best fit model on the drying kinetics 
of carrot slices.

Materials and methods

Materials

Carrot was procured from a local vegetable market of 
Anand, Gujarat, India. It was washed, cleaned and the sur-
face moisture was removed by blotting paper. Samples were 
stored in zip pouches at 4°C in a refrigerator for further 
use. The initial moisture content (89.74% ± 1.32 (w.b.) of 
the sample was calculated by hot air oven method (AOAC 
1999). Carrot was sliced with the help of adjustable stain-
less-steel slicer, into 2 ± 0.1 mm thickness with an average 
size of 45 × 20 mm. The shape of the slice was elliptical with 
an average value of 45 ± 0.81 mm major and 20 ± 0.45 mm 
minor axis. No pre-treatment was given to the slices.

Experimental setup

The experimental setup of electrohydrodynamic dryer with 
all accessories is shown schematically in Fig. 1. Main com-
ponents of the experimental setup were a high voltage gen-
erator (High Voltage-India, Bangalore), drying chamber, 
heating chamber, blower, sample holder, anode and cathode 
electrode and sharp needles. The drying chamber consisted 
of a wooden box with a coating of matt fire-resistant paint. 
The inner dimensions of the EHD drying chamber were 
30 × 30 × 30 cm. Two hardened SS 316 plates of 1.5 mm 



141J Food Sci Technol (January 2024) 61(1):139–149 

1 3

thickness were installed as anode and cathode. The sharp 
pins of 20 mm in length were welded on an anode plate 
before hardening it. The parameters which were standard-
ised on the basis of trial experiments and available literature 
before the development of the dryer were: AC or DC voltage, 
the distance between two electrodes, voltage/cm supplied 
to electrodes, plate or pin electrodes, type of pin electrodes, 
number of pin electrodes per square centimetre of the elec-
trode, the distance between pin electrodes, the temperature 
of the air during drying and air velocity during drying. The 
developed EHD dryer was operated at variable AC voltage 
from 0 to 50 kV. Thin, sharp sewing needle electrodes were 
used at variable distance from 3 to 7 cm. The dryer was 
operated at ambient temperature with a natural convection. 
No blower was used during experiments.

Drying experiments

Carrot slices were weighed (40  g) and loaded on the 
grounded electrode (cathode) of the EHD dryer. Experi-
ments were conducted at an ambient temperature of 30 ± 2 
°C with a relative humidity of 33 ± 3%. Drying behaviour of 
carrot slices in EHD dryer was studied at three different elec-
trode distance (3, 5 and 7 cm) at constant voltages (24 kV) 
and frequency (50 Hz). The weight of the carrot slices sam-
ple was recorded periodically at an interval of 10 min. All 
the experiments were performed in triplicate. Drying rate 
and moisture ratio were calculated using the following for-
mula (Shrivastava and Kumbhar, 2011):

where.
DR is drying rate, Mt is moisture content of carrot slices 

at time t  , Mt+Δt is moisture content of carrot slices at time 
t + Δt , Δt is the difference in time (h), MR is moisture 
ratio, M is moisture content at time t  (% db), Me is equilib-
rium moisture content (% db) and M0 is the initial moisture 
content (% db).

Empirical models

The main goal of developing a mathematical model of 
the system is to predict the accuracy and determine which 
model best defines EHD drying kinetics. Table 1 lists the 
empirical models used to describe the drying kinetics of 
the EHD system. These models are purely termed semi-
theoretical models and depend on temperature, humidity, 
air velocity and range of moisture content but not on the 
geometry of foodstuff, its diffusivity and conductivity. The 
best-suited models for carrot slices were selected based 
on the values of statistical parameters at a distance of 3, 
5, and 7 cm and under an applied high voltages of 24 kV.

(1)DR =
dm

dt
=

Mt −Mt+Δt

Δt

(2)MR =
M −Me

Mo −Me

Fig. 1  Schematic diagram of 
EHD dryer
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Table 1  Different empirical 
models for EHD drying

Model Name Analytical Expression Reference

Page Model MR = e
−ktn Page (1949)

Newton Model MR = e
−kt Bruce (1985)

Henderson and Pabis Model MR = ae
−kt Henderson and Pabis (1961)

Logarithmic Model MR = ae
−kt + c Yagcioglu (1999)

Two Term Model MR = ae
−k

1
t + ae

−k
2
t Özdemir and Devres (1999)
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Effective water diffusion

During the falling rate period, the internal resistance of 
moisture transfer is the limiting factor, that governs the 
dehydration process. The movement of moisture within 
the product can be explained by overall moisture diffu-
sivity. Fick’s second law of diffusion, used to account 
the transport of moisture during falling rate period is 
expressed as:

where; M is the moisture content (% db), t is the drying time 
(s), r is the spatial dimension and Deff  is the effective diffu-
sion coefficient  (m2/s).

Calculation of effective diffusion coefficient was based 
on the assumption that the diffusion coefficients was con-
stant for each electrode distance, shrinkage of dried sam-
ple was negligible, initial moisture content of the sample 
was constant and thickness of the slab kept constant dur-
ing electrohydrodynamic drying. The analytical solution 
of Eq. (3) can be written as:

where, L is the half the thickness of the slab, n is the posi-
tive integer.

For longer drying time, Eq.  (4) was simplified and 
obtained by taking the natural logarithmic on both the 
side (J. Crank 1979; Arevalo et al. 2004; Caixeta et al. 
2002).

Specific energy consumption and electrical cost 
estimation

Specific energy consumption indicates net amount of 
energy consumed to evaporate the unit mass of water 
and expressed as kJ/kg  H2O removed. Total energy con-
sumed during EHD drying of carrot slices were measured 
from a three phase energy meter (Trinity Energy Meter 
model Entity) whose output was in kWh. Amount of water 
removed was calculated from the difference of initial and 
final weight of the sample during EHD drying.

The cost of electricity used in drying was estimated by 
multiplying the total energy used in the with energy price 
per unit (INR 10  kWh−1).

(3)dM

dt
= Deff

d2M

dr2

(4)

MR =
M −Me

Mo −Me

=
∑n=∞

n=1

8

(2n − 1)�2
exp

(

Deff (2n − 1)2�2t

4L2

)

(5)

Deff = ln

(

�
2

8
MR

)(

−
4L2

�2t

)

= (−0.0851 − 0.4053lnMR)
L2

t

Shrinkage and rehydration ratio

For every EHD dried samples, the volume of carrot slices 
was measured by the liquid displacement method, where 
toluene was used as a reference liquid (Mohsenin 2020). 
All experiments performed in triplicate.

where: Vi is the initial volume of the carrot slice before dry-
ing  (cm3); Vo is the final volume of carrot slice after drying 
 (cm3).

Rehydration ratio of dried carrot slices at different 
electrode distance were calculate by taking 10 g dried 
carrot slices, which was submersed in 50 ml distilled 
water for 7 h. The temperature of the distilled water was 
35 ±  1°C. Carrot slices were weighed after removing the 
excess and free water by blotting paper. All experiments 
were performed in triplicates. Rehydration ratio was cal-
culated by using the equation (Ding et al. 2015):

where; m1 is the weight of dried carrot slices after rehy-
dration; m2 is the weight of dried carrot slices before 
rehydration.

Colour

The International Commission on Illumination (CIE) 
parameters L*, a*, and b* were measured by Chroma 
Meter (Konica Minolta, CR-400, Japan). Instrument was 
calibrated with a standard ceramic white plate (L* = 83.5, 
a* = 0.1394, b* = 0.3360) prior to colour measurement. 
The average L*, a*, and b* values were obtained from 
three replicates readings taken from five different loca-
tions in the sample. Chroma (C) value, hue angle (h*), 
and total color difference (ΔE*) were calculated using 
the equations (Pathare et al. 2013; Hashinaga et al. 1999):

(6)ShrinkagePercentage =
Vi − Vo

Vi

x100

(7)RehydrationRatio =
m1

m2

(8)C =
√

a∗2 + b∗2

(9)h∗ = tan−1
(

b∗

a∗

)

(10)ΔE∗ =
√

Δa∗2 + Δb∗2 + Δc∗2
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β‑carotene analysis

Β-carotene analysis was carried out by the method adopted 
by Prakash et al. (2004) with some modifications. The 
carrot sample (1 g) was grinded with 50 ml of acetone 
in a mortar. The sample was pulverised with a pestle to 
facilitate extraction. The acetone extract, petroleum ether 
(100 ml) and 5 g sodium sulphate (to aid moisture absorp-
tion) were taken in a separating funnel and shaken well. 
The separating funnel was allowed to stand for two layer 
formation. The upper most layer was taken for further 
treatment with petroleum ether. The upper most layer was 
taken and the volume was made up with petroleum ether to 
100 ml. The absorbance was measured at 452 nm by using 
spectrophotometer.

Sensory evaluation

Sensory evaluation of fresh and rehydrated EHD dried carrot 
slices were carried out to confirm the product acceptability. 
Ten semi-trained panel members (5 male and 5 female fac-
ulty, age between 32 to 48 years) carried out organoleptic 
evaluation on 9-point hedonic scale (1- dislike extremely 
and 9-like extremely). The average hedonic score is reported 
with standard deviation. One way ANOVA (Daniel’s XL 
Tool Box Version 7.3.4) was carried out by employing Bon-
ferroni-Holm posthoc test.

Statistical analysis

Non-linear regression analyses were performed to select 
the best equation and model to define the drying curves. In 
addition to  R2, the various statistical parameters such as chi-
square (χ2), mean bias error (P) and root mean square error 
(RMSE) were used to determine the quality of the fit. The 
best model must have the lower values of χ2. RMSE gives 
the deviation between the experimental and predicted values 
and P indicates the relative percent error. The prediction 
carried out using the model showed that MR values nearest 
to the trendline prove the model’s best fit at different drying 
characteristics of the product being dried. This analysis was 
performed in MATLAB software. The following equations 
calculated these parameters (Darabi et al., 2001; Jena and 
Das 2007; Kaleta and Górnicki 2010; Menges and Ertekin 
2006).

(11)�
2 =

∑N

i=1
(MR

���.,i −MRpre.,i)
2

N − n

(12)P =
1

N

∑N

i=1
(MRpre.,i −MR

���.,i)

where.
MR

���.,i is experimental moisture ratio found in any 
measurement, MRpre.,i is predicted moisture ratio for this 
measurement, N  is the number of observations and n is 
number of constants.

(13)RMSE =

[

1

N

N
∑

i=1

(MRpre.,i −MRexp .,i)
2

]
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Fig.2  Drying rate vs time at a 07  cm, b 05  cm, c 03  cm distance 
between two electrodes at 24 kV
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Results and discussion

Drying rate

Drying rate graphs plotted against the time for dehydration 
of carrot slices is shown in Fig. 2. It can be observed from 
the figure that the constant rate period was absent and dry-
ing took place in the falling rate period only. The falling rate 
period occurred in three different stages. During the first 
falling rate period, the drying rate decreased rapidly up to 
about 70% (w.b.) moisture content. In the second falling rate 
period, the drying rate decreased gradually while in the third 
falling rate period, it decreased very slowly. This is due to 
the fact that during first falling rate period, surface and free 
moisture evaporates very fast whereas in second and third 
falling rate period, the rate of drying depends on the outside 
condition of the solids and transfer of moisture takes place 
through capillary action and mass transfer through diffusion 
process. Similar findings were also reported by Pirnazari 
et al. (2016) and Shrivastava and Kumbhar (2011). At dif-
ferent electrode distances in an electrohydrodynamic dryer, 
it was noted that with a decrease in the distance, the electric 
field applied to the product increases henceforth, drying time 
decreases with a decrease in distance. Goodenough et al. 
(2007), Kudra and Martynenko (2015), Sumariyah et al. 
(2019) also observed that as distance between the electrode 
decreased, the drying rate increased. To remove the same 
moisture content from carrot slices, the time taken was 550, 
505 and 410 min at 7, 5 and 3 cm electrode distances respec-
tively. This study reveals that the best drying rate was found 
at 3 cm electrode distance, whereas Li et al. (2006) reported 
the maximum drying rate at 3.5 cm electrode distance. There 
was notable variation in drying rates with time in different 
electrode distances due to the generation of different electric 
field strengths at ambient temperature. It was 4.66 kV/cm, 
3.4 kV/cm and 3.1 kV/cm for 3, 5, 7 cm electrode distance 
respectively. It can therefore concluded that the higher the 
electric field intensity between the electrodes, the lesser the 
drying time and vice versa.

Empirical modeling of drying behaviour

Moisture ratio graphs for five different empirical models 
have been plotted along with experimental moisture ratio 
against time for EHD drying of carrot slices. It can be seen 
from Figs. 2 and 3 that the drying rate decreased with the 
moisture ratio. Similar findings were also reported by Ding 
et al. (2015) and Alem-Rajabif and Lai (2005). Moisture 
ratio decreased almost constantly and no sudden fall was 
noticed in moisture ratio with time. The criteria for selecting 
the best fit model describing the drying kinetics of electro-
hydrodynamic drying were based on the highest value of  R2 
and lowest values of RMSE, P and χ2. It can be seen from 

Table 2 that the Page model fitted best for 7 cm electrode 
distance with the highest value of  R2 being 0.99 and the 
lowest value of χ2 is 0.003439, RMSE being 0.057604 and 
P is 0.070857. The Logarithmic model was found to be the 
best fit for 5 and 3 cm electrode distance with a maximum 
 R2 of 0.99 in both the case. A minimum value of χ20.000512 
and 0.003884, RMSE0.02197 and 0.060055, P 0.016216 
and 0.001847 was found for 5 and 3 cm electrode distance 
respectively. Drying constants are given in Table 3. Among 
all drying constants of all five empirical models, k is the 
drying rate constant  (h−1). The value of k indicates the rate 
at which water from the product is removed. It can be seen 
from Table 3 that the value of k increased in all the empirical 
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models as the distance between the electrode is decreased 
from 7 to 3 cm. The increasing value of k indicates the rapid 
increase in drying rate.

Experiments conducted on EHD drying of carrot slices 
revealed that as the electrode distance decreased, moisture 
diffusivity increased. The average moisture diffusivity coeffi-
cient was found to be 4.60 ×  10–8, 3.94 ×  10–8 and 3.68 ×  10–8 
 m2/s at 3, 5 and 7 cm electrode distance respectively. Due to 

less distance, the effect of ionic wind is more prominent at 
3 cm compare to 5 and 7 cm electrode distance. This might 
be due to acceleration in disintegration of hydrogen bonds 
of water molecules at 3 cm electrode distance. This leads to 
continuous flow of ionic wind, which remove the water faster 
from the surface of the carrot slices yielding in best drying 
rate at 3 cm electrode distance.

Specific energy consumption and electrical cost 
estimation

The specific energy consumption (SEC) consumed during 
electrohydrodynamic drying varied from 6.82–9.83 ×  104 kJ/
kg water removed (Table 4). It could be seen that the spe-
cific energy consumption during drying (kJ/kg  H2O) was 
significantly influenced by the electrode distance (p < 0.05) 
and energy consumption increases as the distance between 
the electrodes increases. The increase in SEC with elec-
trode distance is due to increased drying time at larger elec-
trode distance and subsequently large net energy consump-
tion thereof. Same trend of results were also reported by 
Sumariyah et al. (2019) in drying of potato slices. Authors 
observed SEC in range of 10–20 ×  107 kJ/kg water removed 
as the electrode distance increased from 4 to 12 cm. Bai 
et al. (2013) reported SEC of 4.386 ×  103 kJ/kg in case of 
EHD of sea cucumber. Esehaghbeygi and Basiry (2011) 
observed SEC of 4.4–16.5 ×  103 kJ/kg in case of EHD dry-
ing of tomato. Our SEC results lies in between the values 
reported for potato slices and tomato slices. The high value 
of SEC in our study is due to low sample holding capacity 
of the fabricated equipment (40 g). However, the observed 
SEC in our study are much less than SEC reported for hot 

Table 2  Statistical analysis of different empirical model

Electrode 
distance
(cm)

Empirical 
Models

Statistical Values

R2 χ2 RMSE P

7 Page 0.99 0.003439 0.057604 0.070857
Newton 0.97 0.009554 0.098596 0.003228
Henderson and 

Pabis
0.96 0.011364 0.104713 0.123597

Logarithmic 0.96 0.012462 0.108656 0.352701
Two-Term 0.98 0.010235 0.097553 0.060221

5 Page 0.99 0.002427 0.048311 0.050616
Newton 0.97 0.011514 0.106266 0.033349
Henderson and 

Pabis
0.96 0.014335 0.117402 0.201375

Logarithmic 0.99 0.000512 0.02197 0.016216
Two-Term 0.98 0.011366 0.10243 0.054306

3 Page 0.99 0.004846 0.067936 0.101710
Newton 0.95 0.01811 0.132961 0.046005
Henderson and 

Pabis
0.95 0.021371 0.142667 0.244748

Logarithmic 0.99 0.003884 0.060055 0.001847
Two-Term 0.96 0.018837 0.13055 0.069637

Table 3  Drying constants of 
different empirical models

Electrode 
distance 
(cm)

Empirical Models Drying Constants

n k a c k1 k2 b R2

7 Page 1.658 0.0342 – – – – – 0.966
Newton – 0.201 – – – – – 0.900
Henderson and Pabis – 0.217 1.0010 – – – – 0.915
Logarithmic – 0.002 47.351 –46.368 – – – 0.993
Two–Term – – 0.553 – 0.225 0.225 0.553 0.915

5 Page 1.832 0.0489 – – – – – 0.976
Newton – 0.205 – – – – – 0.882
Henderson and Pabis – 0.223 1.00141 – – – – 0.912
Logarithmic – 0.000442 143.016 –141.977 – – – 0.995
Two–Term – – 0.573 – 0.217 0.217 0.568 0.912

3 Page 2.221 0.0686 – – – – – 0.953
Newton – 0.211 – – – – – 0.819
Henderson and Pabis – 0.2251 1.00138 – – – – 0.849
Logarithmic – 0.00086 344.107 –343.034 – – – 0.963
Two–Term – – 0.572 – 0.238 0.238 0.567 0.849
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air drying (297.29 MJ/kg) (Abbaspour-Gilandeh et al. 2020) 
and comparable to the combined infrared/hot air drying 
(30.20–87.51 MJ/kg) (Geng et al. 2022) of carrot. Inter-
estingly Dehghannya et al (2021) reported SEC for inter-
mittent microwave drying of carrot between ~ 300 ×  103 
to 650 ×  103 MJ/kg which quite high as compared to SEC 
observed in this study.

Increasing the sample holding and drying capacity will 
increase the water removed per batch of drying and thus 
would reduce the SEC. The variation in SEC values can be 
attributed to first the product variation where water are held 
in tissue matrix by different forces, second to variation in 
applied voltage by different researchers and  third to differ-
ent electrode position and configuration in different EHD 
set up used by them.

The electrical cost of drying per kg of fresh carrot by 
EHD drying considering INR 10 per unit charge in India 
for different electrode distance is mentioned in Table 4. 
Drying cost increased proportional to the increase in net 
energy consumption. Since the present set up is a bench 
top model the cost of drying is liable to decrease on scale 
up. This is because increase in sample holding capacity of 
EHD dryer will increase the evaporation capacity of dryer 
without increasing the energy consumption substantially. 
However, research needs to be carried out to analyse the 
effect of increasing platform size with larger number of elec-
trodes on the net energy consumption. Abbaspour-Gilandeh 
et al (2020) reported SEC of 297.29 MJ/kg in hot air drying 
of carrot slices at 65 °C at air speed of 1  ms−1. Considering 
their 100 g sample size and final moisture content of 0.2% 
(db), the total electric consumption turns out to be 7.05 kWh 
and the cost of drying 1 kg of fresh carrot is INR 705 which 
is more than 50% the cost estimated for our EHD dryer.

Shrinkage and rehydration ratio

The shrinkage of dried carrot at 3, 5, 7 cm electrode distance 
at 24 kV supplied voltage were found 67.133, 67.276 and 
68.531% respectively. It reveals that there is no significant 
difference on shrinkage of dried carrot (p > 0.05) at differ-
ent electrode distance. This might be due to the structural 
network of the carrot slices and the even distribution of cell 

water at high corona wind under needle to plate electrode. 
Similar trends of result were reported by Bai et al. (2012), 
Esehaghbeygi and Basiry (2011) and Esehaghbeygi et al. 
(2014). Rehydration ratio of carrot slices was found to be 
3.8, 4.1 and 4.8 at electrode distance of 7, 5 and 3 cm respec-
tively. As the distance between the electrode increased, rehy-
dration ratio decreased and vice versa. This might be due 
to the varied structural changes at different electrode dis-
tance. Significant penetration of corona wind caused porous 
structure created at smallest electrode distance (3 cm) with 
constant voltage supply while at larger electrode distance 
such porous structure formation were limited. Therefore best 
drying rate and rehydration ratio were observed at small-
est electrode distance. Statistical analysis indicate that the 
rehydration ratio was significantly influenced (P < 0.01) by 
the distance between the electrode. The same trend of results 
were reported by Yu et al. (2018), Yang and Ding, (2016). 
Best drying rate and highest rehydration ratio were found at 
3 cm electrode distance.

Colour

Comparison of change in color of fresh, EHD dried and 
rehydrated carrot slice are depicted in Table 5. The hue angle 
 (h*), chroma (C), darkness factor  (b*/a*), and  L*,  a*,  b* values 
characterise and determine the change in color. Fresh carrot 
slices had a significant (P ≤ 0.05) brighter color due to high-
est  L* value than dried and rehydrated slices at different elec-
trode distance. This bright color was retained in EHD dried 
and rehydrated carrot slices at 3 cm electrode distance and 
there is no significant difference (P ≤ 0.05) noted between 
colour parameters of fresh and EHD dried. There is also no 
significant difference found in  a*,  b* values at 3 cm elec-
trode distance as compared to fresh sample, which indicate 
that the EHD dried and rehydrated sample retained its red 
color. Redness was reduced and yellowness was increased at 
5 and 7 cm electrode distance in both dried and rehydrated 
samples. As the drying time at 5 & 7 cm electrode distance 
relatively higher than 3 cm electrode distance, the browning 
pigment formation increases. Chroma (C) is a parameter to 
determine the degree of difference hue compared to gray 
color (Shrivastav et al. 2021). It is observed from Table 5 

Table 4  Drying parameters of 
EHD drying of carrot slices

The values are given in Mean ± Standard deviation of triplicates. Values with different superscript are
significantly (p < 0.05) different in a column

Electrode dis-
tance (cm)

Moisture Diffusivity Coef-
ficient [×  10–8  m2/s]

Energy Consumed
(kWh)

Specific Mechani-
cal Energy
[×  104 kJ/kg]

Electrical 
Cost of Dry-
ing
[INR  kg−1]

3 4.60 0.677 ± 0.02c 6.82 ± 0.45c 169.25
5 3.94 0.842 ± 0.03b 8.49 ± 0.63b 210.5
7 3.68 0.975 ± 0.04a 9.83 ± 0.34a 243.75
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that the value of C is significantly different at 5 and 7 cm 
electrode distance in both EHD dried and rehydrated sample 
as compared to fresh carrot slices whereas at 3 cm electrode 
distance no significant difference was noticed. This indicates 
that the intensity of color perceived by human being is good 
for dried as well as rehydrated samples at 3 cm electrode 
distance. Total color difference (ΔE) was found to be mini-
mum at 3 cm electrode distance, which indicates that the 
magnitude of color difference is very less between the dried 
and fresh sample. This is attributed to less time taken for the 
sample drying at 3 cm electrode distance compared with 5 
& 7 cm electrode distance. As mentioned earlier, lower elec-
trode distance increases high electric field. Consequently, 
water molecules escape at faster rate and thereby lowering 
product temperature and entropy by releasing heat to the 
surrounding (Hashinaga et al 1999). Therefore, it imparts 
better color retention advantage as a non-thermal process 
technology. Similar results were also reported by Shrivastav 
et al. (2021).

β‑carotene

Β-carotene (in wet basis) content of fresh and rehy-
drated EHD dried samples is represented in Table 6. No 

significant (p < 0.05) difference was observed in fresh and 
EHD dried sample at 3 cm electrode distance. However, 
significant reduction in β-carotene content was observed 
at EHD drying at 5 cm & 7 cm electrode distance relative 
to fresh carrot sample. The higher β-carotene reduction at 
higher electrode distance can be attributed to higher dry-
ing time and more exposure to corona wind. This might 
have induced oxidation of β-carotene unsaturated chemi-
cal structure (Prakash et al. 2004).

Sensory evaluation

Sensory evaluation of fresh and rehydrated EHD dried 
carrot slices were carried out and the data pertaining to 
sensory evaluation is depicted in Table 6. Rehydrated 
EHD dried carrot slices at 3 cm electrode distance was not 
significantly different (p > 0.05) than fresh carrot slices. 
However, EHD dried carrot slices at 5 & 7 cm electrode 
distance were significantly different (p > 0.05) compare to 
fresh carrot slices. Sensory evaluation confirmed the EHD 
dried product quality of carrot slices.

Table 5  Color parameters of fresh, EHD dried and rehydrated carrot slices

The values are given in Mean ± Standard deviation of triplicates. Values with different superscript are significantly (p < 0.05) different in a col-
umn
L* Lightness, a* Redness, b* Yellowness, h* hue angle, C chroma, ΔE Total color difference

Condition of 
carrot slices

Electrode 
distance (cm)

L* a* b* b*/  a* C h* ΔE

Fresh – 53.62 ± 2.41a 18.00 ± 3.01a 29.91 ± 2.36a 1.72 ± 0.49a 35.05 ± 1.16a 58.89 ± 5.98a 0
EHD Drying 3 53.02 ± 0.87a 19.22 ± 1.99a 30.04 ± 0.69a 1.57 ± 0.16a 35.69 ± 1.32a 57.44 ± 2.63a 1.37

5 48.37 ± 0.79b 16.59 ± 0.31b 37.60 ± 0.23b 2.27 ± 0.04b 41.10 ± 0.26b 66.18 ± 0.40b 9.42
7 48.41 ± 0.69b 15.66 ± 0.61b 36.48 ± 0.65b 2.33 ± 0.09b 39.69 ± 0.69b 66.77 ± 0.82b 8.70

Rehydrated 3 52.80 ± 0.85a 17.32 ± 1.77a 28.69 ± 0.26a 1.67 ± 0.19a 33.54 ± 0.68b 58.93 ± 2.85a 1.62
5 47.57 ± 2.95b 15.84 ± 0.23b 36.51 ± 0.35b 2.20 ± 0.04b 39.79 ± 0.34b 66.54 ± 0.36b 9.20
7 47.09 ± 0.70b 14.27 ± 0.29b 35.37 ± 0.55b 2.48 ± 0.02b 38.14 ± 0.61b 68.03 ± 0.16b 9.29

Table 6  Sensory Evaluation & β-carotene content of fresh and rehydrated EHD dried carrot slices

Represented values are the average of scores awarded by ten panel members for each sensory attribute. Values with different superscript are sig-
nificantly (p < 0.05) different in a column
wb wet basis

Condition of carrot slices Electrode dis-
tance (cm)

Appearance Taste Texture Overall acceptability β-carotene
(mg/kg) (wb)

Fresh – 8.6 ± 0.52c 8.7 ± 0.48c 8.8 ± 0.42b 8.8 ± 0.42b 58.41 ± 3.52c

Rehydrated EHD dried 3 8.2 ± 0.42bc 8.4 ± 0.52bc 8.3 ± 0.48ab 8.5 ± 0.53b 54.93 ± 2.42bc

5 7.8 ± 0.42ab 8.0 ± 0.47ab 7.9 ± 0.32a 7.9 ± 0.41a 51.86 ± 2.93ab

7 7.3 ± 0.48a 7.8 ± 0.42a 7.8 ± 0.42a 7.8 ± 0.42a 48.98 ± 3.03a
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Conclusion

Application of EHD drying is one of the promising tech-
nologies nowadays, which dry the products at atmospheric 
temperature with low energy consumption during drying 
because there is no latent heat of vaporization required for 
removal of moisture and no greenhouse gases production. In 
this paper carrot slices were dried at electrode distance of 7, 
5, 3 cm with an applied AC voltage of 24 kV at ambient tem-
perature. Multiple needle electrodes were used and drying 
rates, moisture ratio were studied. Carrots drying followed 
three different falling rate periods where the maximum 
amount of moisture was removed during the first stage of the 
falling rate period. As the distance between the electrodes 
decreased, drying rate increased and the best drying rate was 
observed at 3 cm distance. High electric field between the 
electrodes reduced the drying time. Statistical data revealed 
that Page model was the best fit for the drying kinetics at 
7 cm electrode distance, whereas the Logarithmic model 
was best fit for 5 and 3 cm electrode distance. As drying 
rate increased, the drying rate constant also increased. No 
significant difference is noted in the percentage of shrinkage 
at different distance of electrode. Rehydration ratio found 
highest in the sample dried at minimum electrode distance. 
Highest moisture diffusivity of 4.60 ×  10–8  m2/s was noted 
at 3 cm electrode distance and the lowest was 3.68 ×  10–8 
 m2/s. Difference of magnitude of color was minimum in 
between fresh and EHD dried carrot slices. Specific energy 
consumption in EHD drying for carrot slices was found to 
be in the range 6.82–9.83 ×  104 kJ/kg water removed. EHD 
dried samples exhibited good β-carotene retention and sen-
sory attributed comparable to fresh sample. EHD drying is 
a step ahead towards obtaining a high quality dried product 
with less energy consumption.
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