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Abstract:
Seedless grape (Sultana grape) is a very important commercial fruit grown in large quantities in Tunisia. This
product is characterized by a high initial moisture content (the initial wet basis moisture content of the fruit is
more than 80 %), and thus a high shrinkage during drying. The mature seedless grape is a spherically shaped
fruit. Thermo-physical properties and drying kinetics of seedless grape is essential for the optimization of its
drying processes. This paper is composed of two parts, the first one is reserved to the experimental study of
seedless grapes, such as the establishment of the desorption isotherms which were determined at 40, 50, 60 and
70 °C by using static gravimetric method and these desorption data were fitted by GAB model. Then we were
interested in measurement of the axial hydrous shrinkage of a grape berry and it was expressed as a function of
moisture content. Indeed, the drying kinetics under different controlled conditions of air temperature and rel-
ative humidity were realized. In the second part, the moisture diffusivity of the seedless grape was determined
by minimizing the sum of square of deviations between the predicted and experimental values of moisture con-
tent of convective drying kinetics. The adopted approach was based on a numerical solving of the conservation
equation of the solid phase and the equation of diffusion/convection of liquid phase for spherical geometry,
coupled by the solid phase velocity due to shrinkage. The moisture diffusivity of seedless grape increased with
temperature and was correlated by an Arrhenius-type equation. Indeed, the effect of moisture diffusivity was
expressed by an exponential function. The moisture diffusivity of seedless grape ranged between 3.5610−10

(m2/s) and 12.610−10 (m2/s). Activation energy was found equal to 57.76 kJ/mol.
Keywords: convective drying, seedless grape, desorption isotherms, shrinkage, drying kinetics, moisture diffu-
sivity
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1 Introduction

Drying is a complex phenomenon, whose mechanisms are not yet completely understood. During drying of
agro-alimentary products, moisture diffusivity presents a very important transport parameter for the calcu-
lation of the water transfer inside the product, we can distinguish liquid diffusion, vapor diffusion, surface
diffusion and hydrostatic pressure differences [1, 2]. For a good understanding of transfer process during dry-
ing for production of quality dried products and in order to conserve energy during seedless grape drying. it
is important to know its diffusivity, equilibrium moisture content, shrinkage behavior and drying kinetics [3].
The knowledge of moisture diffusivity coefficient is crucial for simulation and optimization of the drying pro-
cess. The moisture diffusivity’s theory is difficult because the physical properties and composition of products
were very complex and different. Shrinkage present one of the undesirable changes which occur simultane-
ously within moisture diffusivity in drying, it makes changes in physical properties and in the heat and mass
exchange surface. In particular, agro-alimentary products have high initial moisture content (dry basis) and
endure alterations to their original form during the drying process due to significant shrinkage. Heating and
loss of water cause stress in the cellular structure of the food and lead to changes in geometry and decrease
in dimensions [4]. All these parameters and deformations influencing in particular the moisture diffusivity
coefficient. According to the literature, the evaluation’s methods of this coefficient are articulated around two
approaches: analytical and numerical. The first one is based on the analytical solution of the second Fickian
law and providing a median value of diffusivity [5]. However, the application’s conditions of this law are not
strictly checked for products with big deformations. The second approach is based on the numerical resolution
of drying’s models. it with the advantage of taking into account the variation of the shrinkage of the sample
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and also the variation of diffusivity according to the moisture content. It should be noted that in our laboratory
(LETTM) the moisture diffusivity of the deformable products is determined by a relevant numerical approach.
This approach was developed initially by Azzouz et al. [6], improved later by Hassini et al. [7], and it was used
with some improvements concerning both the numerical model and the drying experiments used by the model
to adjust the moisture diffusivity of seedless grapes[8]. Many research tasks on biological products used the
numerical method in order to evaluate the moisture diffusivity coefficient [9, 10].

The aim of this work is to develop a diffusive model which takes into account the shrinkage of the sam-
ple. This model is based on experimental drying kinetics to evaluate the moisture diffusivity coefficient of the
sultana grape, according to the temperature and the moisture content. The adopted method is based to mini-
mization the difference between average moisture content experimental and calculated by a numerical model
of drying.

2 Materials and methods

2.1 Experimental protocol

2.1.1 Raw material

The experimental study has been performed on samples of fresh seedless grapes (Sultana grape) were purchased
from a local market (Tunis, Tunisia). All the grapes were supplied by the same producer in order to maximize
the reproducibility of the results. Moisture content was determined by drying the grape berries 24 h in an oven
at 70 °C [11].

2.1.2 Equilibrium moisture content

Desorption isotherms were obtained by keeping the sample at a constant partial pressure of water vapor at
a given temperature until reach the hygroscopic equilibrium. This equilibrium was reached when we has not
noticed a significant change in the sample weight. Desorption isotherms of seedless grape were determined
at several temperatures by a static gravimetric method [12], for placing the sample in a enclosure (Figure 1)
by maintaining with fixed temperature and where moisture control is provided by saturated solutions of salts
(KOH, MgCl2, K2CO3, NaBr, NaNO2, NaCl, KCl and BaCl2) which were selected to provide different water
activities in the range of 0.1–0.9 (Table 1). The salt solutions and their water activities are taken from literature
[13, 14]. The grape berries are suspended in hermetic jars half filled by the various salt solutions, without contact
with its solutions. Then the loaded jars were placed in an oven at controlled temperature. The initial mass of
the grape berry was about 3.040 ± 0.050 g. Four repetitions were performed (four samples per salt). The glass
sorption jars were placed in a vacuum oven at the controlled temperatures of 40, 50, 60 and 70 °C ± 1 °C. Each
sample was carefully weighed every week by using an analytical balance (Mettler, precision: 10−4 g) until no
significant change in weight was observed between two consecutive measurements [15]. Once equilibrium was
reached, the moisture content of the sample was determined by drying 24 h in a vacuum oven at 70 °C [11]. The
hygroscopic equilibrium was reached after 2 weeks.

Table 1: Saturated salt solutions and corresponding water activities.

Solution Temperature (°C)
40°C 50°C 60°C 70 °C

KOH 0.063 0.057 0.055 0.053
MgCl2 0.316 0.304 0.295 0.288
K2CO3 0.433 0.427 0.421 0.416
NaBr 0.532 0.512 0.491 0.473
NaNO2 0.608 0.588 0.565 0.544
NaCl 0.747 0.718 0.703 0.689
KCl 0.823 0.777 0.751 0.727
BaCl2 0.891 0.882 0.872 0.863
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Figure 1: Experimental apparatus for determination of desorption isotherms.

Several mathematics models have been developed in literature to describe desorption isotherms for various
food products [14]. Our experimental data were best fitted with the Guggenheim, Anderson and de Boer (GAB)
model, expressed by the following equation:

𝑋𝑒𝑞 =
𝑋u�𝐶𝐾𝑎u�

(1 − 𝐾𝑎u�) (1 − 𝐾𝑎u� + 𝐶𝐾𝑎u�) (1)

The moisture content equilibrium value (Xeq) was used in the boundary conditions for the moisture diffusivity
estimation model.

The adequacy of the model was evaluated by the correlation coefficient (r) and the standard error coefficients
(s) calculated by the software Curve Expert 5.1. These parameters can be calculated as follows:
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The arithmetic average value of the experimental equilibrium moisture content (𝑋̄u�u�) was calculated by using
this relation [15]:

𝑋̄u�u� =
1

𝑛exp .u�u�u�u�

u�exp .u�u�u�u�

∑
u�=1

𝑋u�u�u� (4)

2.1.3 Shrinkage of seedless grape

In drying process some materials behaves like a rigid materials and other contract and undergo shrinkage
because the components of a solid structure get tighter influenced by internal forces. The material acts as a
saturated porous medium that’s no porosity develops and water occupies all of the pores of the solid matrix.
Concentration is then characterized by a linear relationship between the shrinkage and the moisture content in a
dry basis. The majority of solid matrix still deformable and stops when the matrix reaches a certain threshold of
rigidity. The shrinkage of food products occurs simultaneously with the moisture diffusion inside the product
and can thus affect the velocity of water loss during drying. Shrinkage experiments were carried out on grapes
berries treated of same sizes. These grapes are considered spherical forms. The measurement of the shrink-
age consists in following the evolution of the grape size following its two characteristic diameters (horizontal
diameter and vertical diameter) at various times of drying [3, 16].
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2.1.4 Drying kinetics

The experimental drying kinetics were carried out in a climatic blower: convective vertical downward flow with
controlled temperature (T), relative humidity (RH) and velocity (u), existing in the laboratory of Energy and
Heat and Mass Transfers (LETTM) (Figure 2).

Figure 2: Overall layout of the experimental laboratory dryer.

The grapes berries were placed on a perforated tray which was suspended to an electronic balance with a
precision of 0.001 g. The drying experiments were established at four temperatures 40, 50, 60 and 70 °C and
regulated to ± 1 °C and air velocity at 2.5 m/s. The mass of the product was continuously measured with
constant time interval (2 min) in each drying temperature and recorded by a microcomputer. The experiments
were replicated two times in each temperature in order to check the reproducibility of the drying curves. Drying
was stopped when the weight of the test sample remained constant. The dry solid weight of the product was
determined after each experiment by the vacuum oven-drying method at 70 °C for 48 h [11].

The dry basis equilibrium moisture content X (kg water/kg dry matter) is given by the following expression:

𝑋 =
𝑀u� − 𝑀u�

𝑀u�
(5)

2.2 Numerical identification of the moisture di昀�fusivity coe昀�ficient

The numerical procedure is essential to predict and simulate the drying behavior and it consists on solving the
transfer conservation equations of both solid matter and water to take account for the material’s shrinkage. The
equations are coupled by the solid phase velocity.

In order to facilitate the numerical resolution of the model equations many simplifying assumptions are
formulated:

• The transfers of heat and mass are one-dimensional.

• The product is biphasic water-solid.

• Evaporation is carried out on the surface.

• The shrinkage is ideal and isotropic.

The conservation equations of the solid and water phases are written respectively:

𝜕𝑐u�

𝜕𝑡
= −𝑑𝑖𝑣(𝑐u�𝑢u�) (6)
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𝜕𝑐u�

𝜕𝑡
= −𝑑𝑖𝑣(𝑐u�𝑢u�) (7)

with:

𝑐u� =
𝜌u�

1 + 𝛽𝑋
(8)

𝑐u� = 𝑐u�𝑋 (9)

The liquid mass flux is given by Bird et al. [17]:

𝑐u�𝑢u� = −𝜌𝐷𝑔𝑟𝑎𝑑 (
𝑐u�

𝜌
) + 𝑐u�𝑢 (10)

In convective drying of the grape the liquid migrates by diffusion and is transported by the shrinkage.
For an ideal shrinkage model, we can use the followings equations [18]:

𝑢 =
𝑐u�𝑢u� + 𝑐u�𝑢u�

𝜌
(11)

𝜌 = 𝑐u� + 𝑐u� (12)

By combining previous equations, we obtain finally the conservation equations of solid and liquid phases in
spherical coordinates:
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Equations 13 and 14 were numerically solved for 𝑢u� and X using the initial and boundary conditions at the
surface (r = R) and at the center of a grain (r = 0):

𝑡 = 0; 0 < 𝑟 < 𝑅; 𝑋 = 𝑋0; 𝑢u� = 0 (15)

𝑡 > 0; 𝑟 = 0;
𝜕𝑋
𝜕𝑟

= 0; 𝑢u� = 0 (16)
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𝜌u�
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(−𝐷

𝜕𝑋
𝜕𝑟

+ 𝑋𝑢u�
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𝑅
[
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𝑇

−
𝑅𝐻 ∗ 𝑃u�u�u�u� (𝑇u�)

𝑇u�
] (17)

The saturation vapor pressure was derived from the literature [14]:

𝑃u�,u�u�u� = exp(52.576 −
6790.5

(𝑇u� + 273.18)
− 5.281 ∗ log (𝑇u� + 273.18)) (18)

The mass transfer coefficient to the level of the grape surface is evaluated starting from the heat transfer coeffi-
cient according to the following equation [19]:

𝐾u� =
𝐷u�

𝑑
(2 + 0.552𝑅u�

0.53𝑆𝑐0.33) (19)

Reynolds and Schmidt numbers were respectively calculated with the air experimental conditions:

𝑅u�u�
=

𝜌𝜈𝑑
𝜇

=
𝜈𝑑
𝜐

(20)

𝑆𝑐 =
𝜇

𝜌𝐷
(21)
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The control volume spatial discretization with entirely implicit time integration which we were used was de-
veloped by Patankar [20]. The total number of calculation nodes over the sample thickness was kept fixed but
the control volumes thicknesses were changed at each time step, as the sample thickness changed during dry-
ing. The thickness of each control volume was changed independently, according to the local moisture content
variation and considering a constant dry solid mass within each control volume [7].

The establishment of moisture diffusivity was carried by the minimization of the difference between the
experimental drying kinetics (X = f (t)) and the simulated one.

Moisture diffusivity depends on the variation of the moisture content during drying, the physical structure
of the products and the experimental drying conditions [21]. Generally the variation of the moisture diffusiv-
ity with temperature is represented by Arrhenius equation 8, [22–24]. However the influence of the moisture
content has not been performed into a general accepted model. In the present study, the effect of the moisture
content is suitable presented by an exponential function [7]:

𝐷(𝑋, 𝑇) = 𝐷u�1 (𝑇) exp (𝐷u�2 (𝑇) 𝑋) (22)

with:

𝐷u�1 (𝑇) = 𝐷0 exp(−
𝐸u�

𝑅.𝑇
) (23)

𝐷u�2 (𝑇) = 𝐴𝑇 + 𝐵 (24)

3 Results and discussion

3.1 Desorption isotherms

The results of the experimental measurement of the desorption isotherms of grapes at 40, 50, 60 and 70 °C are
shown in Figure 3. The shape of the isotherms is sigmoid corresponding to type II curves according to BET
classification [25], similar to the majority of food products.

Figure 3: Desorption isotherms for prickly seedless grape at various temperatures.

An acceptable agreement between experimental and calculated fit can be observed. Commonly, at each
temperature, all experimental data of desorption isotherms, show an increase of the equilibrium moisture data
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with increasing of the water activity. In addition, these curves show that the equilibrium moisture content
increases when the temperature decreases, which is consistent with the literature [26]. At higher temperature
and at a given water activity, the equilibrium moisture content is lower, signifying less hygroscopic capacity due
to modifications induced by temperatures in the product and the higher energy levels of the water molecules
[27].

The three parameters of the GAB model (Xm, C and K) depend on the characteristics of the product and the
equilibrium temperature. The values ​​of these parameters at various temperatures and the statistical analysis
are given in Table 2.

Table 2: Estimated parameters and fitting criteria of the GAB model applied to experimental desorption isotherms data of
seedless grape.

Temperature
(°C)

Xm (kg/kg d.b) C K r S

40 0.152 18.862 0.803 0.999 0.007
50 0.134 18.128 0.821 0.999 0.004
60 0.113 18.116 0.848 0.999 0.004
70 0.101 11.337 0.865 0.999 0.004

3.2 Shrinkage curves

Figure 4 presents the curves of the dimensionless relative diameters characteristics (a) (dv/dv0) and (b) (dh/dh0)
of a grape versus the moisture content, for various temperatures of drying. We note that, the shrinkage following
vertical diameter dv varies linearly lasting all the period of drying. On the other hand, the shrinkage follow-
ing the horizontal diameter dh is constant. This particular evolution of the shrinkage, at the end of drying is
explained by the fact why the transfer of water is dominating according to the vertical diameter of the grape.
For low moisture content air penetration and development of air-filled porosity in the material at the end of
drying.

Figure 4: Curves of the dimensionless relative diameters characteristics (a) (dv/dv0) and (b) (dh/dh0) of seedless grape.

The predictive correlation of the shrinkage is given by the expressions bellow:

𝑑u�

𝑑u�0
= 0.15𝑋 + 0.443; (0.02 ≤ X ≤ 0.4kg/kgd.b); r = 0.987 (25)

𝑑ℎ

𝑑ℎ0
= {0.073𝑋 + 0.719; (0.7 ≤ X ≤ 0.4kg/kgd.b) ; 𝑟= 0.978

0.004𝑋 + 0.76; (X ≤ 0.7kg/kgd.b) ; 𝑟 = 0.932 (26)

3.3 Drying kinetics

The evolution of the drying kinetics as a function of drying time and the variation of the drying rate versus
moisture content of Sultana grape at various air conditions, were both shown in Figure 5 and Figure 6. These
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curves illustrate the absence of constant drying period, they show only the falling-rate period. This result desig-
nate that diffusion is the physical process governing moisture movement in berries grape. We note a reduction
in the drying time when the drying air temperature increase. These results are the same for other food products
[28].

Figure 5: Variation of moisture content of Sultana grape versus drying time at different air temperatures.

Figure 6: Drying rate of Sultana grape versus moisture content at different air temperatures.
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3.4 Identification of the moisture di昀�fusion

Figure 7 presents the evolution of the moisture diffusivity as function as moisture content of the sultana grape.
at different temperatures and an air velocity equal to 1.5 m/s. these curves shown a significant increasing of
the moisture diffusivity with the air drying temperature and a moderate increasing with the moisture content.
Similar results have been reported by Kiranoudis et al. [29], Garau et al. [30],and Guiné et al. [31].

Figure 7: Moisture diffusivity of the grape estimated by numerical method at various temperatures.

The reduction of the moisture diffusivity with the reduction of the moisture content is generally considered
as a normal behavior in biological products [22, 32, 33].

The variation of (Dx1) versus (1/T) for Sultana grape is shown in Figure 7. By the analysis of the experimental
data, it was revealed the existence of exponential relationship between these parameters.
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Figure 8: Variation of predicted diffusivity coefficient with (1/T) for seedless grape.

The variation of (DX2) with temperature for sultana grape was shown in Figure 9. We revealed a linear
relationship between these parameters. Correlation coefficient (r) of the fitted lines with experimental data was
obtained as 0.9972.

Figure 9: Variation of (DX2) with temperature for seedless grape.

Hence, taking into account relations from previous curves (Figure 8 and Figure 9) over the range of water
content from 3.8 to 0.3 (kg /kg dry matter) and temperature values ranging from 40 up to 70 °C, our findings
are quite similar to those reported by Doymaz [23],who found that the water diffusivity of grape varies between
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3.5610−10 (m2/s) and 12.610−10 (m2/s). The water diffusivity of Sultana grapes is expressed by the following
equation:

𝐷(𝑋, 𝑇) = 8.48 × 10−2 exp(−
57.56
𝑅𝑇

) exp ((0.01𝑇 − 4.149) 𝑋) (27)

In order to compare our semi-empirical diffusivity correlation with those reported in literature, the moisture
diffusivity versus moisture content obtained with eq. 27 and with two others correlations selected from Sarava-
cos [34] and Raghavan et al.[35] for seedless grapes were compared (Table 3). It can be noted that our results is
very close to that found in literature for the cited references. The slight difference between the compared data
can be explained mainly by the estimating methods of moisture diffusivity, what stresses the need for stan-
dardization and benchmarking of moisture diffusivity measurements. Otherwise, it should be noted that our
activation energy value (57.56 kJ/mol) is far from to that found by Azzouz et al. [8],using a numerical approach
to estimate the moisture diffusivity of grape and identifies a value of activation energy equal to 34,87 kJ/mol.
This difference can be attributed mainly to the grapes varieties and the measurements errors.

Table 3: Comparison of the estimated moisture diffusivity values with those reported in literature.

X (kg/kg d.b) T (°C) D (m2/s)

Present work 0.72 ≤ X ≤ 3.08 50 8.810−11 ≤ D ≤ 5.10−10

0.72 ≤ X ≤ 3.05 60 1.610−10 ≤ D ≤ 8.8 10−10

Raghavan et al. (1995) 0.17 < X < 3.5 50 1.10−11 ≤ D ≤ 4.10−10

Saravacos (1986) 0.15 ≤ X ≤ 2.4 60 5.10−11 ≤ D ≤ 2.5 10−10

4 Conclusion

The equilibrium moisture content of seedless grape was determined at several temperatures 40, 50, 60 and 70 °C
over the water activity range of 0.02–0.9, using the static gravimetric method. The desorption isotherms were
found to decreases with increasing temperature at constant water activity. However, at constant temperature
they increase with increasing water activity.

The shrinkage of seedless grape was determined, it presented a linear function of moisture content and
an empirical equation of shrinkage was developed. This shrinkage was included into the numerical diffusion
model.

The drying kinetics of seedless grape were established, their contained only falling periods. The drying rate
increased when increasing the air temperature.

The moisture diffusivity of seedless grape was determined from convective drying kinetics by using nu-
merical approach, these values were correlated to temperature and moisture content by an Arrhenius-type
correlation. The coefficients of the obtained correlation were also correlated with the state variables (T and X)
of the product using an exponential and linear functions. Moisture diffusivity increased with air temperature.
According to our study, the shrinkage effect must not be neglected in moisture diffusivity for highly shrinking
materials.
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Nomenclature

aw: The water activity
C and K: The characteristic constant of the GAB model
cl: The concentration of the liquid phase (kg/m3)
cs: The concentration of the solid phase (kg/m3)
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D: The moisture diffusivity (m2/s)
D0: The Arrhenius factor (m2/s)
Ea: The activation energy (kJ/mol)
Md: The dry mass (kg)
Mf: The final mass (kg)
Mv: The Vapor molar mass (kg/mol)
nexp·data: The number of experimental points
nparam: The parameters number of the model
Pv.sat: The saturation vapor pressure (Pa)
r: The radial distance (m)
RH: The relative humidity (%)
U: The mass averaged velocity
us and ul: Velocities of solid and liquid phases (m/s)
Xeqi: The experimental equilibrium moisture content
Xeqcal.: The calculated equilibrium moisture content
Xm: The moisture content (kg/kg dry matter)
β: The experimental shrinkage coefficient
ρ: The total mass density (kg/m3)
ρs: The density of dry solid (kg/m3)
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