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Abstract—Impact of an electric field treatment (PEF) on 

tissue permeability has been studied based on the kinetics of 

dehydration of biological particles (ex. Shredded carrots). The 

moisture loss kinetics of the particles placed in a closed 

chamber, have been studied based on continuously measured 

relative humidity (ΔΦ) of circulating air. The apparatus could 

be used for the subsequent pressing/PEF treatment operation 

and air circulation. Using two thermo-hygrometers, the 

continuous measurements of the relative humidity difference 

between entering and exiting air, were used in a normalized 

form to follow the kinetics of water loss for various air speed 

and and/or following PEF treatment. Commonly, several 

kinetic models may be correlated with experimental data, i.e. 

Fickian, Page’s, and empirical types. These correlations showed 

that Page’s type model, which is characterized by drying speed 

(k in min-1) and time exponent (n), is best suited for this type of 

tissue (exhibiting shrinkage). The effect of an electric field 

pre-treatment on humidity transport within the particles was 

also illustrated using this experimental setup. An increased 

permeability of the tissue resulted in about 20% drying time 

reduction following PEF pretreatment compared to drying 

without PEF. 

 
Index Terms—Biological particles processing, electric fields, 

modeling moisture loss kinetics, forced convection relative 

humidity, page’s model. 

 

I. INTRODUCTION 

Dehydration by way of drying is a major operation in food 

processing which often consumes significant quantities of 

energy. Dehydrated foods which are widely used, are stable 

under ambient conditions, less costly transported, and can be 

easily incorporated during food formulation and preparation. 

The drying process is used either as primary operation for 

preservation, or as secondary process in certain product 

confectioning operations. 

In general, the mechanism of dehydration by way of drying 

is studied by monitoring the water loss of the dried food 
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versus time as well as process parameters such as the 

pre-treatment, the mode of drying, experimental device, 

temperature, air flow-rate, and geometry of particles [1]-[3]. 

When these parameters are adequately set, the evolution of 

the mass of the samples can be obtained in a continuous way 

without interrupting the drying operation. Nevertheless, in a 

significant number of works dealing with the mechanism of 

drying, to insure adequate weighing without disturbance, it is 

necessary to periodically stop the procedure or to extract one 

or more samples in order to separately determine the weight 

in the course of time [4]-[9]. 

In a number of situations, the experimental apparatus itself 

does not allow to discontinuously weigh the samples. In fact, 

technical solutions required by the equipment construction to 

take advantage of some functionalities, make discontinuous 

measurements more difficult to realize [10]. In addition, 

establishing kinetics of drying in a discontinuous way 

requires a considerable number of test runs (the number of 

points of measurements multiplied by the numbers of 

repetitions), in comparison with a method of a continuous 

measurement. 

In the present work, a method to monitor the kinetic of 

drying of a fixed bed of particles has been established 

uninterruptedly without having to stop tests. The drying 

kinetic is in fact based on continuous measurements of 

relative humidity of a drying air at the inlet and the outlet of a 

filter-press. A number of discontinuous measurements of the 

mass of the samples was carried out to validate the adopted 

method. Generally, the drying curves can be modeled using 

several kinetic models such as Fickian, Page’s, and empirical 

types [1], [2], [11]-[13]. In the present work, only the Page’s 

type model will be considered as it has been previously found 

to best suit drying kinetics for high water content agro-food 

particles [11]-[13]. 

 

II. MATERIALS AND METHODS 

A. Tested Material 

Carrot roots purchased from a local supermarket 

constituted the test material. Prior to each experiment, the 

carrots samples are subjected to two controls: i) quantitative 

control: in which the dry matter is determined by means of an 

infrared desiccator (SMO 01, Scaltec), and ii) qualitative 

control, in which a visual appreciation of the product state is 

done (rigid or soft aspect, appearance of molts). Before filling 

the apparatus, the roots of carrot are reduced in small 

particles (grating type) having a length varying from 3 to 4 

cm and a cross section of about 2 mm2 (1×2). The drying 

runs are carried out with (30  2g) of particles. 
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B. Drying Apparatus 

The tests are carried out in an experimental unit of 

laboratory, allowing at the same time the electric treatment 

(P.E.F) and also the drying of the product. A detailed diagram 

of this unit is presented in Fig. 1. The unit is essentially 

made-up of a cell of drying, an electric generator of pulsed 

electric field and of a microcomputer allowing the command 

and the acquisition of the data. 

 

 

Fig. 1. The experimental drying unit diagram. 

 

The drying chamber is a lab scale cell made-up of a 

polypropylene framework comprising a cylindrical cavity, 

two metal plates, a rubber diaphragm (for pressure delivery) 

and two stainless steel electrodes. The internal cross sectional 

surface provided to drying is about 25cm
2
. Sealing of the 

entire the filter-press chamber is ensured by two O-rings 

placed between the plates and the frame (Fig. 2). 

 

 

Fig. 2. The drying cell. 
 

The perforated electrodes allow an adequate distribution of 

drying air through the particles bed. The pressure and the 

flow-rate of the drying air circulating in experimental device 

are adjustable respectively from 0 to 12bars and from 0 to 100 

l/min starting from the network of the compressed air. The 

control of the pressure is ensured by means of a commercial 

pressure reducer. The air flow-rate is detected on a digital 

mass flowmeter (AALBORG GEC47). 

The relative humidity, and the temperature are measured 

by two hygrometers, (Testo645, Germany), assembled at the 

input and at output of filter-press. These various elements, 

namely, the mass flowmeter, the thermo-hygrometers and the 

balance are connected to a control and acquisition system 

allowing continuous acquisition of different parameters by 

the same program developed on the operating system HPVEF 

3.2, as well as the control of the generator of PEF. 

C. Modeling the Drying Kinetics 

Simultaneous measurement of the humidity of the drying 

air, at the inlet (in) and at the outlet (out) of the filter-press, 

are first of all used to obtain the evolution of the difference 

between these two values versus time:  

Δ(t) = out - in = f(t)                          (1) 

The integral under the curve of this evolution is calculated 

then dropped versus time and described as follows: 
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The integral IΔ is computed cumulatively for all the 

duration of drying. To some extent, it is proportional to the 

water loss of the sample, thus, normalizing this integral may 

be assimilated to the normalized mass of the sample:  
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Knowing the initial (m0) and the final (m) masses of the 

particles, the kinetic of drying can be deduced from the 

equation (3) as follows:  

  mMNmmtm o

*)()(                   (4) 

In order to compare the drying kinetic parameters for 

pulsed electric filed treated samples and control ones, Page’s 

type model has first been used and fitted to experimental data 

[14]. The general model is as follows: 

                   (5) 

where the main parameters are :  

k  : is the rate coefficient (1/s),   

n  : is a parameter characterizing the material used. 
28 ((2 1) )iA i     and 

2((2 1) 2 ) ; 1..5i i i       

A Fickian type model can then be considered as a special 

case of Eq. (5) when n=1.  

 

III. RESULTS AND DISCUSSION 

The variations of the difference, Δ, and the integral, IΔ, 

during drying times, are depicted in Fig. 3(a). The filter-press 

is air-tight, so that, the measured difference Δ  represents 

the quantity of water given off by the particles to the drying 

air. The normalized form of the integral, IΔ versus time, 

MN* is presented in Fig. 3(b). The standardized form is then 

used to deduce the evolution of the mass of bed of particles 

during drying using the initial and final masses (Fig. 4). 

This evolution suits perfectly the evolution of the mass 

observed in the case of discontinuous experiments, based on 

the measurement of the masse of the dried sample with a 

mean relative percentage deviation of about 5.38%.The 

treatment of the results of drying in terms of absolute 

moisture instead of the relative moisture, at ambient 

temperature, does not mark a significant deviation compared 

to the discontinuous measurements. The continuous line in 

Fig. 4, show the calculated mass variation versus drying time 

deduced from absolute moisture and shows quite a good 

agreement with the corresponding relative humidity values.  
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Fig. 3. (a) Integral under the curve of Δ = f(t)and (b) standardized form of the integral, IΔ, for a dry air flow-rate of about 47.3 l/mn at ambient temperature. 

 

 
Fig. 4. Evolution of mass of the fixed bed carrot particles versus drying time 

for a dry air flow-rate of about 47.3 l/mn at ambient temperature; (Δ) 

continuous measurement based on  (%), (—) continuous measurement 
based on W, (●) discontinuous measurement. 

 

The curve obtained by continuous measurements results 

from the average of three tests of approximately 3 hours each 

one (about one day of tests). This illustrates the interest of 

uninterrupted measurements which require definitely less 

time of tests to obtain equivalent results (need two to three 

days of discontinuous measurements). 

The experimental device could be used to study the effect 

of air flow on the kinetic of drying of the vegetable particles 

inside the cell. As shown above in Fig. 5 (a)&(b), an increase 

of the velocity of drying is obtained by increasing the air flow. 

Moreover, the representation of the results while being on 

(-dMN*/dt) = f (MN*), revels a characteristics behavior of the 

agro-alimentary products (i.e. structural deformation 

hindering drying, hardening of the particles external layer in 

contact with drying air…) [4]-[6]. 

The effect of an electric pre-treatment by a PEF was 

realized in same experimental device. The PFE pre-treatment 

was applied in a similar manner with respect to an 

experimental optimization done in a previous study [14]-[16]. 

The drying process, carried out at ambient temperature under 

an air flow-rate of about 10 l/min, showed a great potential of 

a PEF pre-treatment to enhance water diffusivity. 

 
Fig. 5. Drying kinetic of carrot particles versus dying time (a) and drying rates versus normalized moisture content (b) for different dry air flow-rate at ambient 

temperature; D5 = 47.3 l/mn, D4 = 37.75 l/mn, D3 = 28.83 l/mn, D2 = 19.7 l/mn and D1 = 11 l/mn. 

 

Fig. 6. PEF pre-treatment effect on drying kinetic (a) and drying rates (b) of an air flow-rate of about 11 l/mn at ambient temperature: (…) untreated samples, 

(—) treated samples. 
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The drying kinetics of carrot pulps was significantly 

improved (Fig. 6(a)) and the drying time was decreased of 

what about 110 minutes (about 20% time reduction). 

Furthermore, the plot of drying rate versus moisture content 

reveals that a significantly higher rate is initially obtained 

combined with a longer constant rate period. 

As can be seen from Table I, the PEF treatment had a 

significant effect on the rate coefficient (4.95×10
-4

 compared 

to 3.21×10
-4

) corresponding to about 54% increase. The 

power (n) didn’t seem to vary since it mainly characterizes 

the tissu (carrot here). 

 

 
TABLE I: PAGE’S TYPE MODEL PARAMETERS OBTAINED FROM MATLAB© CURVE FITTING TOOLBOX 

 Constants Value 95% conf. Interval R2 

 Ai
§ 5..1;))12((8 2  ii     

Untreated samples i 51212 2 ..i;))i((     0.997 

 kn 3.207 x10-4 (2.398 to 4.017) x10-4  

 n 1.521 (1.464 to 1.579)  

 Ai i Same as above   

PEF-treated 

samples 

kn 4.952x10-4 (3.719 to 6.186)x10-4 0.996 

 n 1.587 (1.519 to 1.654)  

§Ai,i correspond to diffusion with “no surface resistance” condition 

 

IV. CONCLUSION 

This paper is a part of a study concerning the impact of an 

electric treatment with a PEF on the drying kinetics of 

agro-alimentary products. The objective of this study was to 

validate the means of measurements and experimental device 

of drying and use it to analyze the effect of PEF treatment on 

the drying kinetics. The measurement technique was 

validated by a series of tests in which drying is stopped in 

order to be able to dismount the cell and to weigh the samples. 

For instance, for a given flow-rate, one day of tests is enough 

to obtain the kinetics of drying (the average of three tests) 

compared with more than three days of tests with the 

discontinuous method and for the same conditions of drying.  

This illustrates well the saving of time carried out without 

incidence on the precision of measurements.  

The present method allowed to detect a positive effect of 

forced convection and PEF pretreatment on the drying 

kinetics. For instance, about 20% reduction in the drying time 

was achieved following a PEF pretreatment. Furthermore, 

PEF treated samples were characterized by a significantly 

higher initial drying rate combined with a longer constant rate 

period. Modeling the kinetics of drying by Page’s type model 

revealed that the drying rate may be increased by more than 

50% following a PEF treatment. 
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