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Abstract In this study, convective drying kinetics of tomato slices was conducted in order to identify the characteristic
parameters of such high moisture content product and to establish mathematical models of the drying kinetic for various
range of temperatures typically encountered in industrial dryers. The results allow the calculation of the effective diffusivity
and the activation energy. Drying experiments were conducted in Thermal Process Laboratory of the Research and
Technology Centre of Energy. The drying characteristics of tomato were studied at 38<C, 44<C, 52<C, 57 <C and 64 <C with
three air flow rates of 1ms™, 2ms™*and 3ms™. The drying continues until samples' mass reaches a final moisture content of
11%. Some different mathematical models available in the literature (Newton, Page, Henderson and Pabis, Two-term,
modified Wang and Singh, Logarithmic ...) were used and compared to estimate drying curves of tomatoes. The results
indicated that to reach a final moisture content of 11% at 38<C, 44<C, 50<C, 57<C and 64 <C, the drying time for 1 m/s,
respectively, was 22.4h, 18.5h, 16.7h, 13.5h and 9.9h. For an air flow rate of 1ms™, 2ms™ and 3ms™, the drying time of tomato
slices at 50<C were 16.7h, 14.2h and 11.7h, respectively. The effective diffusivity and activation energy varied from in the
temperature range (38 <C - 64<C). Out of the considered mathematical models, the drying curves were fitted to Logarithmic
and Two-Term equation.

Keywords Convective drying, Tomato, Mathematical models, Reduced moisture content, Effective diffusivity,
Activation energy

the solanaceae family is among the most important
vegetables cultivated in these regions. However, the
degradation of the fresh tomato is a result of its very high
moisture content (about 92%) [8], which favors its

1. Introduction

Many of the industrialized food products have been

manufactured after a drying operation. The heat transfer and
mass take place during the process, causing the variation of
the product water content and its temperature. The setting of
the different curves of the water content evolution is
necessary in order to optimize the conduct and control of
industrially dryers.

In this purpose, there have been many studies on the
drying behavior of vegetables and fruits such as grape seeds
(Roberts and al, 2011) [1], mint, sage and verbena, (Kouhila
and al, 2001)[2] and tomato (Hawlader and al, 1991) [3],
(Doymaz, 2007) [4], (Gurlek, 2009) [5], (Taheri-Garavand,
2011) [6] and (Seyoum Workneh, 2011)[7]. The most used
method of convective drying is the one with the hot air.

The Regions of Cap Bon and Tunisia Centre are major
producers of fruits and vegetables, which part is destined for
the export. The Tomato (Lycopersicon esculentum Mill) of
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physico-chemical and microbiological degradation. The lack
of equipment needed to evaluate this production big waste.

Drying is one of the most important operations in
chemical processing. Many food products are dried to
increase their life, reduce packaging costs and improve the
appearance. The interest in the production of dried tomatoes
is increasing because of the possibility of using them in
different purposes. Therefore, the deep knowledge of the
distribution of water in the product and the behaviour of
moisture loss in drying time and velocity of the drying air is
essential or the conception of the drying process, the product
manipulation and energy savings. For this purpose,
mathematical models are used for describing the drying
mechanisms and predicting the rate of dewatering is
necessary.

The main objective of this study is to investigate the effect
of temperature and air velocity of drying on kinetics drying
tomatoes and to evaluate the ability of some mathematical
models to quantify the drying behavior on the range of
temperatures usually encountered in industrial dryers.
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2. Materials and Methods

2.1. Sample Preparation

The drying experiments were conducted on fresh tomatoes
at commercial maturity (red color and farms) and collected
from the local producer. Tomato samples were washed in the
distilled water and cut into four pieces of uniform size about
10cm length and 1cm thickness. Twelve to sixteen pieces
slices weighing between 200g-210g were dried under
different conditions of temperature and hot air velocity.

2.2. Experimental Procedure

The drying tests were carried out in a hot air blower
installed in the Centre CRTEnN of Borj Cedria Technopark.
Figure 1 [9] shows a typical tunnel dryer used for drying of
tomato:
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Figure 1. Schematic diagram of the laboratory apparatus: (1) electric
power control, (2) blower, (3) heaters, (4) thermo hygrometer, (5)
temperature probes, (6) thermocouples, (7) spotlight Hg, (8) product sample
(tomato), (9) HP data logger, (10) digital balance (Mettler), and (11)
computer

- A ventilator for ensuring the air flow where we can
having control,

- A set heaters to heat the air in flow,

- A set of thermocouples for the temperature
measurement,

- A trial vein equipped with a perforated plate on which
a single layer of product to be dried is exposed,

- A balance and a chain of acquisition (HP data logger)
to register and treat instantly the losses of mass measured.
The plate is connected to a digital balance with a capacity

of 600g and a precision of 0.01g which allows the
monitoring of the variations in the weight of the product.

The air flow is transversal and homogeneous with the
surface of the product layer, to be dried within a tunnel 80cm
in length and within a section 27*27cm?, in open buckle with
free air.

To ensure a greater stability of the drying conditions and a
perfect homogenization of the temperature inside the blower,
the whole equipment has to work at least half an hour before
introducing the product into the drying room.

The drying of the tomato conducted at various
temperatures (38<C, 44<C, 50C, 57<C and 64<C) for

variable air flow rates like 1 ms™, 2 ms™ and 3 ms™.

The loss of mass was registered in intervals of 5 minutes in
the early stage of drying then increased in 10min, 15min, 30
min and 1 hour in the later stage of drying.

The drying tests were carried out in triplicate and average
values are reported.

Drying continued until the mass of the sample reaches the
final moisture of 11%.

After drying completion, the samples were dried in an
oven at 105<C during for 6-7 hours to identify the final dry
mass of the sample.

2.3. Mathematical Modeling of Drying Curves

Two types of models are used to describe the drying
kinetics and predict the reduced moisture content MR
according to drying time: diffusion models and empirical
models.

The accuracy of diffusion models to predict the moisture
content depends on hypotheses about the geometry, the
diffusivity and the temperature profile of the product. These
models require more computation time and more computer
memory compared to the simple empirical models.
According to some authors diffusion models are more
accurate and allow the modeling of the diffusion of the
internal moisture.

However, they noted that the empirical models are most
useful because they require less time to calculate the drying
rate and are more applicable for the control of drying
technologies. Therefore, it was decided to consider simple
models, the most widely used [7].

The problem of modeling for drying curves consists
usually in elaborating a function verifying the following
equation:

MR =f (t)

Given the complexity of the occurring phenomena during
the product drying, mathematical models in the form of
empirical or semi-empirical relations to describe the drying
were proposed.

The equations of these models express the evolution of the
reduced moisture content MR according to time. These
formulas contain constants which are adjusted to make the
theoretical results match with the experimental drying curves.
Consequently, they are valid only in the field of experimental
investigation for which they were established.

Table 1 groups some mathematical equations reported in
the literature and are frequently used to fit empirical
correlations for describing the drying behavior of natural
products.

In these relations, MR represents reduced mean moisture
content defined by equation (1).

(Mt_Meq>
(MO_MEQ)

Where M; is the moisture content at any time t (kg
moisture/kg dry matter); My is the initial moisture content (kg

MR = o))
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moisture/kg dry matter), and Meq is the equilibrium moisture
content of the product with air in T, HR (kg moisture/kg dry
matter).

The values of M, are relatively small compared to M; and
Mo, where error implied in the simplification is negligible.

Table 1. Mathematical models of drying curves given by different authors

software. The coefficients of each drying model are
determined.

The appropriate model for the description of the drying
kinetics of tomato samples was chosen according to the
following criteria [11]:

« with the highest coefficient of determination( R?) and

[10] the Modeling Efficiency (EF),
o the least reduced Chi-square (x2) and the Systematic

Models Names Equations error mean ( ESM )
1 Newton (Mt / Mo) = exp(-kt) ¢ and the Root mean square error (RMSE)
2 Page (Mt / Mo) = exp(-kt") These statistical parameters are defined by:
Henderson and N 2
3 - Mt/ Mo) = a exp(-kt
Pabis (ML Mo) = 2 exp(-) s MRy i —MR 1)
4 Logarithmic (Mt / Mo) = a exp(-kt) + ¢ X = N _n (2
5 Two-Term (Mt/ Mo) =aexp(-kit) + b
exp(-kat) 1 N
. _ 2
6 Wang and Singh (Mt/Mo) =1+ at + bt ESM :WZ(MRDI’EJ — MReXp,i) (3)
i-1
2.4. Fitting Experimental Drying Curve !
The variations of moisture contents with the drying time N (MR . _MR _)2
are described by the models listed in Table 1 using a RMSE = z pre.! P! (4)
nonlinear regression analysis. i1 N

The regression analysis was performed using Origin Pro8

2 2
ZiN:l(MRexp,i - MRexpmean,i) _ZiNzl(MRpre,i - IVIRexp,i)

N 2
Zizl( MRexp,i - MRexpmean,i )

Where MRy, is the experimental moisture ratio found in any measurement, MRy is the predicted moisture ratio for this
measurement, MRexpmean IS the mean value of the experimental MR, N is the number of observations, and n is the number of
constants.

EF = (5)

3. Results and Discussion

3.1. Drying Characteristics

The kinetics of the moisture content loss of tomato samples was determined at temperatures of 38<C, 44<C, 50C, 57<C and
64<C at a drying air flow rate of 1ms™ and at a variable drying air flow rates (Ims™, 2ms™ and 3ms™) for a temperature of
50<C.

The variation of moisture content over time at different temperatures and various flow rate of the drying air is given in
figures 2 (a) and (b). The drying process is characterized by a progressive decreasing of moisture content with time, later
followed by stabilization, to reach a constant value, especially at high temperatures.

As can be seen from the presented data for the same air flow drying, the time required to dry the slices of tomato decreased
with increasing temperature of the air drying and therefore the moisture content of the samples of tomatoes decreases
considerably.

The drying time of tomato slices to moisture content of 11% at 38<C, 44<C, 50<C, 57 <C, and 64 <C with an air flow rate of
1ms™ was, respectively, 22h, 18.5h, 16.7h 13.5h and 9.9h. It is reduced from 1320min to 594min when the drying
temperature increased from 44<C to 64 C.

The same for air flow rate, an increase of 1ms™ to 3ms™ causes a relative decrease in drying time (T = 50<C, the drying time
is 16.7h, 14.2h and 11.7h, respectively, for V equal to 1ms™, 2ms™and ms™); this is due to the increase in the coefficient of
heat and mass transfer between the product and the drying air.
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Figure 2. Variation of the MR of tomato samples over drying time for different temperatures (a) and drying air flow rate (b)
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Figure 3. Variation of the samples tomatoes drying rate for the various temperatures
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Table 2. Statistical parameters
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Newton Page Z:gdlf;)?: Logarithmic Two-Term Wang and Singh
N k;=0.00145
Parameters K=0.00141 k =7.79098.10* k= 0.00145 ';j(l)ggé;g k,=0.00145 a=-0.00117
e n=1.09726 a=1.01445 c:-d 09204 a=0.61833 b=3.67555.10"
e b=0.3961
R? 0.99802 0.99945 0.99833 0.99961 0.99833 0.99923
38T | o 4.13416.10™ 1.16059.10* 3.53992.10* |8.55407.10° |3.67352.10* 1.64446.10*
RMSE 0.02033 0.01077 0.01881 0.00925 0.01917 0.01282
_ k;=0.0025
N k=0.0017 k =0.00118 k=0.00173 ';:?Sgégf k,=0.00255 a=-0.00136
e n=1.05835 a=1.01135 c:-d 12255 a=25.75218 b=5.0652.10"
e b=-24.76878
R? 0.99741 0.99812 0.99754 0.99938 0.9986 0.99703
¢ 4.54799.10* 3.32988.10* 4.35017.10* |1.11488.10* |2.51212.10* 5.25974.10*
RMSE 0.02133 0.01825 0.02086 0.01056 0.01585 0.02293
e k=000229 | Ki70-0068
Parameters K=0.00224 k= 0.00248 k= 0.00223 a:O '9907 " k,=0.00214 a=-0.0017
e a=0.98353 a=0.99726 c:0'00997 a=0.05848 b=7.51501.10"
e b=0.95023
R? 0.99978 0.99984 0.99979 0.99982 0.99989 0.98768
$ 3.42859.10° 2.52731.10° 3.34734.10° | 2.88244.10° | 1.83643.10° 0.00219
1ms RMSE 0.00586 0.00503 0.00579 0.00537 0.00429 0.04678
—_ -4
50 . . K=0.00312 k1:9.14459.10 .
Parameters K=0.0029 k =0.00375 k= 0.00299 2=0.97557 k,=0.00329 a=-0.00219
e n=0.95679 a=1.01477 c:0.02826 a=0.08987 b=1.27659.10°
e b=0.91641
R? 0.99925 0.99966 0.99991 0.99993 0.99994 0.98705
12 1.00061.10* 4.53461.10° 1.18222.10° |9.47365.10° |8.08619.10° 0.00173
RMSE 0.01 0.00673 0.00344 0.00308 0.00284 0.04164
57C K =0.00375 . K=0.00312 k1i0.00343 ai-o.oozss |
_ - k=0.00286 i k2=0.00342 b=1.38211.10
Parameters k=0.0029 n=0.95679 - a=0.97557 -
a=0.98735 002826 a=1.01426
e b=0.00595
R? 0.99925 0.99966 0.99935 0.99993 0.99961 0.9932
x2 1.00061.10* 4.53461.10° 8.79544.10° | 9.47365.10° | 4.83256.10° 8.11645.10"
RMSE 0.010 0.00673 0.00938 0.00308 0.00695 0.02849
_ k;=0.00288
64<C Parameters K=0.00277 k= 0.00319 k=0.00274 z:g'ggifg k,=6.99433.10° a=-0.00211
e a=0.97629 a=0.99147 c:0‘01583 a=0.98275 b=1.1954.10"°
" b=0.01728
R? 0.99976 0.99988 0.9998 0.99996 0.99996 0.99019
$ 3.26216.10° 1.63004.10°° 2.67346.10° |5.74195.10° |5.8123.10° 0.00133
RMSE 0.00571 0.00404 0.00517 0.0024 0.00241 0.0365
k1=0.01005
. 50C =
2ms Parameters K=0.00452 k =0.00695 k= 0.00437 :_gggggé k2=0.00373 a=-0.00349
e n=0.92192 a=0.97051 620‘03181 a=0.23659 b=3.28767.10°
e b=0.7664
R? 0.99818 0.99954 0.99879 0.99936 0.99967 0.98439
_ k1=0.01005
Parameters K=0.00452 k =0.00695 k= 0.00437 zjgggggg k2=0.00373 a=-0.00349
e n=0.92192 a=0.97051 C:0'03181 a=0.23659 b=3.28767.10°
3 ms- 50<C " b=0.7664
R? 0.99818 0.99954 0.99879 0.99936 0.99967 0.98439
x2 2.67933.10™ 6.85704.10° 1.80799.10* |9.7975.10° 5.12603.10° 0.00232
RMSE 0.01637 0.00828 0.01345 0.0099 0.00716 0.04816




22 S. Ben Mariem & S. Ben Mabrouk: Drying Characteristics of Tomato Slices and Mathematical Modeling

It can be concluded therefore that there is a significant
influence of the drying air temperature compared to air flow
rate. These results were highlighted also by Kouhila [12] for
different agricultural products where the temperature is the
most factor influencing drying kinetics.

The moisture content decreases with drying temperature
and higher air velocities which can offer a bigger deficit of
the water vapor pressure, which is one of the driving forces
for the diffusion process of moisture to the outside.

The increase of the drying potential and the reduction of
the drying time can be explained by the fact that the rise of
temperature causes an increase of the heat transfer intensity.

The increase of the drying temperature is responsible for
the increase of the energy of water molecules, thus
accelerating the migration of the water inside the product,
what can escape more easily and more quickly.

The process of drying (figure 3) is characterized by two
distinct periods.

¢ A short initial period which coincides with the stage of "
sample overheating” due to the difference of initial
temperature between the sample and the drying air [13].

During this period the quantity of free water is important
and the internal heat production leads to an increase of
internal temperature and steam pressure, which both help in
the diffusion of moisture to the surface, thus increasing of the
drying speed.

e The second period during which the drying rate
decreases gradually; it can be due to the reduction of the
availability of water molecules.

Consequently, the period of decreasing the drying rate
expressed a high resistance to transfer of heat and mass
within the material.

Besides, the rapid evaporation of the surface water could
lead to the formation of a solid layer on the surface which
inhibits water elimination, what reduces the drying velocity.
When the drying reaches its final stages, the majority of
water molecules are linked [14], and thus the plan of
evaporation and the drying rate decreases again.

3.2. Modeling of the Drying Curves

The experimental data of the reduced moisture content
obtained at different drying temperatures were simulated for
the various drying models indicated in the Table 1.

The coefficients and the statistical parameters were
calculated for the various drying models and are summarized
in Table 2.

This indicates that all models can be used to describe the
drying behavior of tomato samples.

The model with lowest RMSE and 2 and highest R?
provide a good description of the experimental data.

The highest values of R? and the lowest values of RMSE
and of y2 were observed in the" Logarithmic" and
"Two-Term" models.

We can conclude, therefore, that "Logarithmic" and
"Two-Term" models show a better concordance between the
simulated and experimental values.

On the other hand, the least appropriate model is the Wang
and Singh model for all the drying temperatures used.

Figure 4 presents the results of the regression analysis
performed by Origin Pro.8 software with a comparison
between the experimental values and the simulated values by
the "Logarithmic" and "Two-Term" models.

1.2

—Exp values 38°C
= Logarithmic fitted Values 38°C
—Exp values 44°C
Logarithmic fitted Values 44°C
—Exp values 50°C
TwoTern fitted Values 50°C

l B

V=1m/s
0.8

0.6 —Exp values 57°C
TwoTerm Fitted Values 57°C
0.4 —Exp values 64°C

Logarithmic Fitted Values 64°C
0.2 -

MR (kg moisture/kg dry matter)

0
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Drying time (mn)

Figure 4. Comparison of the experimental MR values and the simulated
MR values by "Logarithmic" and "Two-Term" models at various drying
temperatures

3.3. Effective Diffusion Coefficient and Activation
Energy

The water migrates from the inside to the surface of the
product under the effect of various mechanisms which can be
combined. In this analysis, the main mechanism of the water
transport for the tomatoes slices is considered as diffusive
type.

A Simple diffusion model based on Fick's second law is
considered for the evolution of the moisture content
according to the gradient of moisture content and a global
diffusivity which includes the various transport phenomena:

MR o’MR
o e ©
MR = moisture content (g water/ g dry matter);

t = time (s);
x = thickness of the sample (m);
D =diffusion coefficient (m% s).

This mathematical equation describing the drying process
and calculating the diffusion coefficient is based on the
classic simplifying hypotheses:

- The migration of water is only by diffusion;

- The water content on the surface is equal to that of
equilibrium;

-The diffusion coefficient and the temperature of
product are considered constant;

- And the retreat of the sample is negligible.

Based on these hypotheses, the analytical solution of
Fick's second law, developed by (Crank, 1975) [15],
considering the slice of tomato as a fine layer of half the
thickness L, can be expressed by:
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27[2Defft
——exp| -(2n+1)* ———|(7)
72 5 (2n+1) 41

When the drying time is enough large and MR is less than
0.6, all the terms of the series are negligible compared to the
first term and the equation can be simplified to a linear
equation expressed by (Crank, 1975) :

Ln(MR) = Ln(%)—

? Dt

e | ®

T

The D values are generally determined by the graphic
method by representing the experimental data of drying in
terms of Ln (MR) according to the drying time (t). The result
is a line with a slope (n°Der/4L?) which allows calculating
the effective diffusion coefficient (figure 5).

The D¢ calculated values are presented in Table 3.

Table 3. The tomatoes samples D¢ Values

Temperature <T | Drying flow rate (ms®) | Dey Values(m?®s™)
38 1 3.0722 .10°
44 1 3.6220.10°
50 1 40480 .10°
57 1 47995 .10°
64 1 6.7881.10°
50 2 4,8186.10°
50 3 5.7023.10°

The relationship between D¢ values and the drying
temperatures can be calculated using the Arrhenius equation:

E
D =Dgexp| ——2 9
eff 0 p( RT ) ©)

Where Dy is the pre-exponential factor of the Arrhenius
equation (m%s);

Ea: The activation energy for water diffusion (kJ/mol); R
is the constant of perfect gases (= 8.3143kJ/k mol.K); and T
is the air drying temperature K.

The activation energy which represents the energy barrier
that the system has to exceed for stabilizing is determined
from the slope of the Arrhenius curve representing
experimental Ln (Deg) according to 1/ T shown in figure 6.

Equation 9 can be rearranged as:

E.(1

We pull an activation energy of the tomato samples of
13.56kJ.mol™*with a correlation coefficient r = 0.99 with air

drying velocity of 2ms™ and 10.67kJ.mol ™ with a correlation
coefficient r = 0.93 for the drying air velocity of 1ms™.

60000 80000 100000 120000
- 38°C

_ - 44°C

€ . 52°C

e 57°C

=

= 64°C

1.4 Drying time (s)

Figure 5. Simultaneous effects of the temperature and the drying air flow
on the tomatoes effective diffusion coefficient
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Figure 6. Effect of drying temperature on the effective diffusion
coefficient of water

4. Conclusions

In this study, the kinetics drying of tomato slices were
experimentally studied under various temperatures and air
flow rates. The air drying temperature has an essential role in
the characterization of drying behavior of tomato samples.
The increase in temperature and flow rate of the drying air
increases the drying potential and consequently decreases the
drying time.

To explain the tomato drying behaviour, different
mathematical models were used. The "Logarithmic" and
"Two-Term" models provide the best representation of the
drying Kinetics of tomato slices. This was based on three
statistical parameter used to evaluate the fitting quality of
each model, the correlation coefficient, the reduced
chi-square and the root mean square error (RMSE).
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