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Summary: In this study, drying rates and shrinkage curves of Amelie mango are established from 50 
to 90 °C and the temperature influence is investigated. Results show that drying rates are greatly 
influenced by drying air temperature and most of the drying process takes place during the falling 
drying rate period. From 50 to 90°C, drying kinetics are suitably fitted both by Page and Henderson-
Pabis models. Drying rates of Amelie mango can be deduced from drying kinetics simulated by these 
models. Diffusivities identified in this range of temperature increase with increasing temperature and 
range from 2.12x10-10 m²s-1 to 4.20x10-9 m²s-1. An Arrhenius type of diffusivity law is established 
from drying data and the activation energy value is evaluated. The product shrinkage is not influenced 
by temperature and is best fitted by the linear model. The shrinkage coefficient is evaluated to 1.468. 
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Séchage de la mangue “Amélie” (Mangifera Indica L.): Influence de la 
température sur les courbes de vitesses de séchage et de contraction  

de 50 à 90°C 
 
 
 
Résumé : Dans cette étude, les vitesses de séchage et les courbes de contraction de la variété de 
mangue Amelie sont établis de  50 à 90 °C et l’influence de la température est examinée. Les résultats 
montrent que les vitesses de séchage sont fortement influencées par la température de l'air séchant et la 
majeure partie du séchage a eu lieu pendant la période de séchage à vitesse décroissante. De 50 à 90 
°C, les courbes de séchage sont convenablement ajustées par les modèles de Page et d’Henderson-
Pabis. Les vitesses de séchage de la mangue Amélie peuvent être déduites des cinétiques de séchage 
simulées par ces modèles. Les diffusivités identifiées dans cette gamme de températures croient avec 
la température et varient de 2,12x10-10 m²s-1 à 4,20x10-9 m²s-1. Une loi de diffusivité de type Arrhenius 
a été établie à partir des données de séchage et une valeur de l'énergie d'activation est évaluée. La 
contraction du produit n’est pas influencée par la température et est bien corrélées par le modèle 
linéaire. Le coefficient de contraction est évalué à 1,468. 
 
Mot clés : mangue Amélie, contraction, cinétique de séchage, vitesse de séchage, diffusivité 
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1. Introduction 
 
The dried mango represents a great 
proportion of dried fruit export in West 
Africa. In the case of Burkina Faso, the 
seasonal production of mango is about 
47600 to 54000 tons and its exports has 
gone up from 602.1 to 4921.2 tons 
respectively from 1992 to 2005 [1]. In spite 
of the increase in these exports, great 
quantities of harvest (about 50% of the 
national production) are lost each season 
because of inadequate means of 
preservation. Thus, drying could constitute 
an efficient solution to this problem of 
conservation. For West African mango 
fruits, the mode of drying used in industry 
and traditionally is convective drying and 
Amelie is the most commonly variety used 
for drying and exportation. The knowledge 
of drying rates and the shrinkage behaviour 
of this variety is then necessary for a better 
understanding of the drying process and 
for having dried fruits which respect the 
standards of external markets. It is in this 
context that this work was carried out. 
During these last years, few studies related 
to the mango drying. Goyal et al. [2] studied 
the thin-layer drying kinetics of raw mango 
slices at 55, 60 and 65°C. When studying 
drying of mango pulp in vacuum, Jaya & 
Das [3] developed an exponential 
correlation which allowed determining 
mango diffusivity as a function of initial 
thickness and drying medium temperature. 
Touré et al. [4] studied the free convection 
sun-drying of cassava, banana and mango 
and established an expression linking slices 
initial moisture content to the maximal 
temperature difference between drying air 
and each product. Most of these works did 
not deal with the influence of temperature 
on the shrinkage behaviour and the drying 
rates of mango whereas these physical 
sizes are part of the main parameters which 
control the drying process of fruits. 
Therefore, the objective of this study is to 
investigate that influence of temperature 
and then to contribute to the setting of the 
mango drying process. 

 
Nomenclature 

D    diffusion coefficient  (m²s-1) 
d  thickness of the sample (m) 
 D0    Arrhenius pre-exponential 
factor (m2s-1)   
Ea     activation energy (Jmol-1) 
L  Length of the slab (m) 
l  half thickness of the sample 
(m) 
MR  moisture ratio 
m    mass (kg)  
Q&    drying rate (kg kg-1 s-1) 
R     perfect gas constant, R=8.3145 
Jmol-1K-1 

R²    coefficient of determination  
RH  relative humidity (%) 
RMSE root mean square errors 
S  surface 
Sb    bulk shrinkage  
T     temperature (°C,°K) 
t    drying time (s) 
V    volume (m3)  
Va  air velocity (ms-1)   
X     dry basis moisture content ( 
kgw kgdm

-1) 
W  Width of the sample (m) 
Greek letters 
β linear shrinkage coefficient  
ρ   density (kgm-3) 
χ reduced chi-square 
Subscripts 
a  air 
db  dry basis  
dm   dry mass 
eff   effective 
eq   equilibrium 
exp   experimental 
m   model  
o  initial 
s   solid 
v                     vapor 
w   water 

 
 
2. Materials and Methods 
2.1. The mangoes 
The Amelie variety used in this study was 
purchased from a local fruit market of 
Bobo Dioulasso, town in the west of 
Burkina Faso. For measures, good quality 
fruits were selected and washed into water 
to which a small quantity of Natrium 
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hypochlorite was added as disinfectant, 
rinsed with drinking water and peeled. The 
pulp was separated from the stone and 
sliced through according to the desired 
thickness.  
 
2.2 Maturity measurement  

The maturity index of mango fruits 
was evaluated by the ratio of total soluble 
solids (in °Brix) and acidity (in mmol/g) 
as: 

)
g

mmol(Acidity

)Brix(solidslelubsototal
I maturity

°
=    (1) 

 
2.2.1 Total soluble solids 
The total soluble solids of mango samples 
was measured with a hand refractometer 
Master-α (ATAGO P-1, 0-33°Brix, Japan) 
initially calibrated with a 20°Brix 
saccharose solution. For the measures, a 
few drops of mango juice obtained by 
pressing a sample were placed in a tissue 
and put down on the refractometer. The 
total soluble solids was thus measured and 
obtained in °Brix.  
 
2.2.2 Acidity  
A 0.01 mol/L NaOH (sodium hydroxide) 
solution added with a 0.05% 
phenolphthalein solution allowed 
measuring the sample acidity. Before each 
measure, the sample was taken from the 
fruit and ground in a mixer (MOULINEX, 
140W, France) to have pulp of mango. 
Three successive acido-basic titrants were 
obtained for that pulp. From the sodium 
hydroxide volume used, the number of 
moles of total acid in the mass of mango 
pulp is deduced from the matter quantity 
preservation equation. The fruit acidity is 
then defined as the ratio of millimoles of 
hydronium ion per mass of fresh pulp used 
in grams. 
 
2.3. Drying Kinetics  
Drying Kinetics of Amelie mango slices 
were determined using a laboratory dryer 
(climatic chamber Votsch Industrietechnik, 
Germany). The schematic diagram of the 

dryer is shown in Figure 1. The 
experiments were carried out using a 
drying air of 10-30 % relative humidity 
and 0.8-1.6 m.s-1 velocity. These 
characteristics of drying air were sufficient 
to reach equilibrium water contents 
corresponding to water activities lower 
than 0.6, the typical preservation water 
activity of dried mango according to 
several authors [1,21,22]. The samples were 
dried in a perforated square basket, which 
had a flow cross-section of 10 cm x 10 cm. 
They were weighted at regular intervals 
with a Master Pro SARTORIUS precision 
balance coupled to the chamber. Mass 
changes with respect to time were noted at 
different temperatures (50-90 °C). The dry 
mass was determined by drying samples at 
105°C in an oven-dryer during 24 h [5]. At 
the end of the 24 h of drying, the measured 
mass for each sample was the dry mass. 
For each sample, the water content on dry 
basis at the different instants of drying was 
then expressed as:   

s

s
dmw m

mtm
kgkgX

−
=

)(
)/(        (2)                                     

Deduced drying curves were simulated by 
the semi-empirical models of Page and 
Henderson -Pabis.  
 

Basket

Heater
 Distilled Water 

Load Unit 

Control Screen

Balance Screen 

Fan Trays 

Heater
 

Figure 1: Schematic illustration of the 
experimental dryer set-up. 
 
2.4. Bulk shrinkage  
Mango slices of parallelepipedic shape 
were used to establish the mango shrinkage 
curves. The initial mean dimensions of the 
samples used during the experiments are 
presented in Table I. For shrinkage 
measurements, the product was dried at 50-
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90°C in an oven-dryer (WTF BINDER). 
During drying, the weight of the sample 
was regularly measured with a balance 
(SARTORIUS, 0.001g precision, France) 
every 10 min during the first 110 min. 
Then, because of the drying rate decrease, 
measures were taken every 15 min until 
300 min drying and then every 30 min 
until the end of drying, determined by 
constant weight. During drying, the 
dimensions of slices were measured using 
a micrometer (2x10-5 m precision). These 
dimensions were measured at several 
places of the piece of mango and their 
mean values were considered. The results 
of shrinkage measurements obtained are 
the means of two trials at every 
temperature. For each measure, the 
corresponding weights were noted. The 
bulk shrinkage was then deduced as:  

0
b V

VS =            (3) 

Where V is the sample volume at a time t 
of drying and V0 the initial volume of the 
sample. 
At each instant of drying, V and V0 were 
calculated as length×width×thickness by 
assuming that mango slices keep their 
parallelepipedic shape. The curve of Sb in 
function of moisture content reported to its 
initial value is the shrinkage curve. The 
experimental shrinkage curves obtained 
were then simulated with a fundamental 
linear model of volume additivity.  
 
 
Table I:  Initial dimensions of samples used 
for shrinkage measurement  
 
Temperature 

(°C) 
Length 

(cm) 
Width 
(cm) 

Thickness 
(cm) 

40 
50 
60 
70 
80 
90 

5.7 
5.5 
5.6 
6.0 
6.1 
6.0 

4.0 
3.9 
4.4 
3.2 
3.5 
3.9 

1.09 
1.20 
1.26 
1.10 
1.13 
1.02 

 
3. Theory 
3.1. Drying curves 

3.1.1. Simulation 
Drying curves were simulated using two 
empirical models of reduced moisture 
content: Page and Henderson-Pabis 
models. These two empirical models 
coming from the fundamental diffusion 
model are generally suitable for fruits. The 
Page model has been successfully used for 
the drying characteristics description of 
many products such as carrots, okra and 
figs [6,7,8], eggplant [9] and fresh and treated 
Papaya [10]. This model is stated as follow 
[11]:  

)ktexp(
XX

XX
MR y

eq0

eq −=
−

−
=    (4)  

Where: MR is moisture ratio, k and y the 
parameters of Page model, t the drying 
time, X  the moisture content of the 
product at the instant t, X0 the initial 
moisture content and Xeq the equilibrium 
moisture content expressed by Eq. (5) 
according to [1, 15]. 

3316.0/1

eq )36.44T(0193.0
)RH1ln(X ⎥

⎦

⎤
⎢
⎣

⎡
+
−−

= (5) 

The Henderson-Pabis model is an 
exponential model obtained by 
simplification of the first term of the series 
solution of Fick’s second law. It has been 
used in several works for kiwi fruits [12] 
and for mulberries [7]. This model 
effectively predicts the drying rate at the 
beginning of the drying process but 
appears sometimes to be less efficient for 
the last stages of the process. It is 
expressed as [13]: 

)btexp(a
XX

XX
MR

eq0

eq −=
−

−
=      (6)   

Where a and b are the parameters of the 
Henderson-Pabis model. 
 
3.1.2. Effective water diffusivity 
determination 
The water diffusivity of mangoes is 
evaluated by using the simplified 
mathematical Fick’s second law. Assuming 
one-dimensional moisture transfer, 
homogenous and parallelepipedic shape for 
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the mangoes’ samples, uniform initial 
moisture distribution and a non-shrinking 
slab, the analytical solution of Fick’s 
equation can be stated as [14]:                                                                                 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+−∑

+
=

−

− ∞

= 2

2
2

0n 22eq0

eq

l
Dt

4
)1n2(exp

)1n2(
18

XX
XX π

π
 

                             (7) 
Where l is the half thickness of the slice, D 
the water diffusivity and n the Fourier’s 
series number. 
  The water diffusivity is evaluated using 
slopes method. Its values are determined 
by plotting experimental drying data in 
terms of ln(MR) versus t/l². Activation 
energy was identified from diffusivity 
according to Arrhenius dependence as:  

)
)15.273T(R

Eexp(DD a
0 +

−
=    (8)                                                                                    

Where R is the perfect gas constant 
(R=8.3145 Jmol-1K-1), D0 the Arrhenius 
factor (m2s-1), T the temperature (°C) and 
Ea the activation energy for internal mass 
transfer (Jmol-1). 
 
3.1.3. Drying rate evaluation 
The drying rate was expressed as the mass 
of water removed per unit of time and per 
unit of dry mass according to the relation: 

dt
dX

Q −=&                        (9) 

Where Q&  (kg kg-1 s-1) is the drying rate and 
X the water content in dry basis. 
The drying rate curves evaluated for each 
experiment were smoothed using a 
Microsoft Excel macro-program. This 
macro initially fitted the series of data by 
an appropriate polynomial function and 
then replaced each value of the series by a 
medium value in such a way that standard 
deviations from initial values are 
minimised. 
 
3.2. Shrinkage  
The bulk shrinkage of foodstuffs during 
drying is considered by many previous 
studies[16, 17]. In this work, the influence of 
temperature on its value is investigated. 
Experimental shrinkage curves of mango 
were established at 50-90 °C and simulated 

using a fundamental linear model. This 
model is based on the hypothesis of the 
additivity of volumes of water and solids, 
assuming that the volume of air in pores is 
negligible and that cellular tissues are 
incompressible [18, 19, 20]. If V is the volume 
of the sample and ms the dry mass, the 
volume versus the moisture content on dry 
basic X is stated as:        

)X1(mV
ws

s ρρ
+=      (10)     

Where: ρs is the density of dry mass and ρw 
the density of water.  
From Eqs. (3) and (10), the bulk shrinkage 
can be expressed as: 

)
X
X

('a'bS
0

b +=         (11) 

With: 

0

0
X1

X
'a

β
β
+

=              (12) 

0X1
1

'b
β+

=              (13)   

Where β is the shrinkage coefficient. The 
value of β was deduced from the ratio of a’ 
and b’ as: 

  1
0X

'b
'a −×=β           (14)    

This expression gives an estimate of the 
shrinkage coefficient of mango which is a 
parameter difficult to determine through 
direct physical measurements. 
 
3.3 Fitting 
The different fittings were obtained 
through a regression program in MATLAB 
software version 7.0.1. The suitability of 
each fitting model was evaluated by the 
values of the coefficient of determination 
(R²), of the the reduced chi square χ² and 
of the root mean square errors (RMSE). 
The best fit of the drying parameters 
(kinetics and shrinkage) were given for R² 
values closer to 1, RMSE values closer to 0 
and χ² values closer to 0.  
 
4. Results and discussion  
4.1 Maturity measurement 
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Samples maturity was evaluated by °Brix 
and acidity measurements. These two 
chemical magnitudes for the whole fruits 
used were respectively 14.0± 1.7 °Brix and 
8.9 ± 3.1 mmol/100gpulp. The maturity 
index represented by the °Brix-acid ratio 
was estimated at 157.30±54.84 
°Brix.g/mmolacid for the whole mangoes 
used. The rate of dry mass was also 
evaluated at 13.66 g/100gpulp. 
 
4.2. Influence of temperature on drying 
rates, drying kinetics and diffusivities 
The influence of temperature on the 
moisture ratio and drying rate curves was 
investigated for temperatures ranging from 
50 to 90 °C. This influence for a mango 
slice of    5 mm thick at 50-70 °C is 
illustrated in Figures 2a, 2b and 3. It can be 
observed that most of the drying takes 
place during the falling drying rate period. 
Also, it can be noticed on Figure 3 that 
drying rates values strongly increase with 
temperature. Consequently, the time 
required to reduce the moisture ratio to any 
given level in Figure 2 depended on the 
drying temperature, being highest at 50 °C 
and lowest at 70 °C. Thus, for a 5 mm 
thick slice, equilibrium is reached in 250 
min at 50 °C, 166 min at 60 °C and 83 min 
at 70 °C. Fruits and vegetables drying rates 
increasing with air temperature increasing 
was reported by many authors for okra [8, 

23], for carrot [6], for eggplant [9], for fig [24] 
and for green bean [25].  
The experimental results of drying kinetics 
were fit using Page and Henderson-Pabis 
models and the fitting statistics are 
presented in Table II. The experimental 
data were well fitted by the two models 
with similar values of fitting parameters. 
However, Page’s model fitting parameters 
R² from 0.9940 to 0.9996 and χ² from 
4.3428x10-5 to 4.7429x10-4 were the 
highest. As showed in Figure 2, both Page 
and Henderson-Pabis models suitably 
describe the experimental drying curves of 
mango slices and may be assumed to 
represent Amelie mango drying kinetics 
profile. Drying rates of Amelie mango (in 

kg kg-1 s-1) can then be deduced from 
drying kinetics gave by these models (by 
derivation according to time) as: 
For Page model: 

( ) )ktexp(XXt
dt
dX

Q y
eq0

1y
0 −−=−= −α& (5) 

For Henderson-Pabis model: 

( ) )btexp(XX
dt
dX

Q eq01 −−=−= α&       (16) 

With yk0 ×=α  and ba1 ×=α  
Where x, y, a and b are the parameters of 
Page and Henderson-Pabis models showed 
in   Table II, X0 the initial water content  
and Xeq the equilibrium water content give 
by the relation (5). 
From the drying curves, were deduced 
water diffusivities identified from the 
slopes of ln[(X-Xeq)/(X0-Xeq)] vs. t/l2 fitted 
straight-line. This linear data fitting was 
done with a determination coefficient 
R²=0.9742. Identified diffusivities were 
presented in Table III, likewise 
temperature influence on their values were 
illustrated. These diffusivities range from 
2.12x10-10 m²s-1 at 40 °C to 4.20 x10-9 m²s-

1 at 90 °C. These diffusivities values can be 
compared to those obtained by Ruiz-López 
& García-Alvarado [26] for a Mexican 
mango variety, which varied from 10-10 
and 2x10-9 m²s-1. From 40°C to 90°C, 
diffusivities from Table III and Figure 4 
increased with temperature from 10-10 m²s-

1 to 10-9 m²s-1. Also, ln(Deff) decreased 
almost linearly with the inverse of 
temperature according to Figure 4. From 
the slope of the curve ln(Deff ) vs. 1/T 
(Figure 4), the activation energy value was 
evaluated at 25 kJ/mole. This value was 
close to 27 kJ/mole, that obtained by Ruiz-
López & García-Alvarado [26] for the 
Mexican variety. From experimental data 
fitting according to Arrhenius law and for 
temperature ranging from 40 to 90°C, 
Amelie mango diffusivity was best 
expressed by the following equation: 
 

⎥
⎦

⎤
⎢
⎣

⎡

+

−
= −

)15.273T(R
25000

exp10x625.9)s/²m(D 6  (17) 
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Figure 2a: Influence of temperature on the drying kinetics of Amelie mango slices and simulation by 

Henderson-Pabis model. 
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Figure 2b: Influence of temperature on the drying kinetics of Amelie mango slice and simulation by 

Page model. 
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Figure 3: Influence of temperature on the drying rate of Amelie mango slice 
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Table II: Fitting statistics of drying kinetics  
            

Dimensions     Henderson-Pabis 
L  W d Ta Va RH a            b  R²             χ² 
(cm) (cm) (mm) (°C) (ms-1) %        
 
3.6       2.6       5           40            1.6     30 0.965    8.872x10-4              0.9934  5.6778 x10-4      
4.2       1          5       50  0.8     15 1.015 2.876x10-4 0.9971  1.4957x10-4     
4          1          5          60   0.8     15      1.060 5.167x10-4     0.9923      6.1110x10-4      
3.8       0.5       5          70   0.8     15       1.082 4.202x10-4    0.9896      1.0x10-3      
4          2.5       15        80            1.6     10 1.026  1.677x10-4      0.9939   7.5552x10-4     

4          2          10        90            0.8     10  1.114  2.432x10-4      0.9898   1.2x10-3     
                 Page  
    
    y  k            R²  χ² 
 
3.6 2.6      5            40 1.6 30  0.943  1.651x10-4  0.9909  7.8618 E-4 
4.2       1          5           50       0.8 15 1.061  1.756x10-4      0.9968     1.6445x10-4 
4          1          5           60  0.8      15      1.065  2.939x10-4     0.9940      4.7429x10-4 
3.8       0.5       5           70  0.8      15         1.231  6.246x10-5      0.9983      1.7277x10-4 

4          2.5       15         80          1.6      10 1.085  8.404x10-5      0.9934   8.1158 x10-4 
4          2          10         90          0.8      10 1.454  4.483x10-6      0.9975   2.9933 x10-4 

 
 
Table III: Influence of drying temperature on the water effective diffusivity value 
 
Ta   Thickness          X0    Deff 
(°C)  (mm)    (kgwaterkgdm

-1)   (m²s-1) 
 
40    5    9.23  2.1178x10-10 
50  5    8.22  7.4951x10-10 
60  5    8.59  1.6402x10-9 
70  5    8.43  1.9749x10-9 

80  15    9.00  3.9602x10-9 
90   10    11.86  4.1964 x10-9 
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Figure 4: Influence of temperature on Amelie mango water diffusivity from 50 to 90°C 
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4.3. Shrinkage 
Slices bulk shrinkage coefficient variations 
with reduced moisture content from 50 to 
90 °C are presented in Figure 5. Three 
samples were used for each temperature 
and the average shrinkage values were 
presented. The shrinkage curves obtained 
were overall linear and almost the same at 
50-90 °C. Therefore, it could be deduced 
that Amelie mangoes shrinkage is not 
influenced by drying temperatures. The 
whole of experimental shrinkage curves 
were linear and could be fitted by the 
linear model of relation (18). The values of 
the determination coefficient (R²) and of 
the root mean square errors (RMSE) are 
showed in Table IV. These fitting 
parameters were respectively higher than 
0.96 and 1.5863x10-4 for the range of 
temperature used.  Thus, the linear model 
of volumes additivity may be assumed to 
represent the bulk shrinkage of Amelie 
mangoes at 50-90 °C. This linear model is 
based on physical assumptions and 
supposes that the evaporated water volume 
during drying is replaced by the same 
volume of shrinkage. The shrinkage 
coefficient evaluated from the slope of the 
shrinkage curve was 1.468. This value of 
the shrinkage coefficient is in accordance 
with the order of magnitudes given by 
former similar studies [27] that estimated 
the density of solid matrix for fruits and 
vegetables to vary between 1.3 and 1.55.  
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Figure 5: Influence of temperature on the bulk 
shrinkage of Amelie mango slices from 40 to 
90°C 
 
Table IV: Mango slices shrinkage: 
experimental data fitting at 50-90 °C with 
 linear additivity model. 
 

Linear bulk 
shrinkage  

coefficients 

Ta  (°C) R2 Standard error 

a=0.9547 
  
b=0.0491 

40 
50 
60 
80 
90 

0.9895 
0.9929 
0.9692 
0.9937   
0.9611 
0.9775 

1.5863 x10-4 

1.9738x10-4 

4.9229x10-4 
1.3739x10-4 
6.2704x10-4 
5.7777x10-4 

 
 
5. Conclusion  
In this work, the temperature influence on 
drying rates and bulk shrinkage of Amelie 
mango is investigated.  Drying kinetics, 
drying rates and bulk shrinkage were 
experimentally established and simulated 
by models at 50-90 °C. It is found that 
drying rates are greatly influenced by 
temperature and most of the drying process 
takes place during the falling drying rate 
period. Drying kinetics are best fitted both 
by Page and Henderson Pabis models. 
Drying rates of Amelie mango can be 
deduced by differentiation of drying 
kinetics gave by these models. Effective 
diffusivities identified at 50-90°C range 
from 2.12x10-10 m²s-1 to 4.20x10-9 m²s-1. A 
temperature-dependence law of diffusivity 
is established from drying data and the 
activation energy is evaluated. Mango 
shrinkage curve is not influenced by 
temperature and is best fitted by the linear 
model. The shrinkage coefficient deduced 
from this model is 1.468. This study 
contributed to the establishment of drying 
rates curves of mango fruit and to the 
setting of mango dryer. 
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