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Abstract 
 
The thermo-physical properties of papaya (Carica papaya L.) were determined experimentally using a licking flow 
drying air stream operating in forced convection. The drying experiments were carried out at 40, 50 and 60°C with a 
constant rate air flow of 0.0848 kg/s and an initial mass of 800±0.01g. Seven semi-empirical models were used to 
approximate the experimental drying kinetics. The diffusion coefficient was estimated from simplified solutions of Fick's 
second law. The Arrhenius model was used to estimate the activation energy. The analysis of the curves shows the 
influence of the temperature on the drying curves. Two term is the model that can best describe the drying kinetics of 
papaya in a licking flow dryer with R2, RMSE, and SSE varying respectively from 0.9722 to 0.9999; 4.187 x 10-3 - 5.039 
x 10-2 and 1.448 x 10-4 - 2.694 x 10-2 for a temperature ranging from 40 to 60°C. The values of the mass diffusivity 
coefficient vary between 1.5645 x 10-10 and 2.2729 x 10-10 m2/s. The activation energy Ea is equal to 16.262 kJ/mol for 
an Arrhenius factor D0 equal to 8.171 m2/s. 
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1. Introduction 
 
Many agricultural products such as fruits and 
vegetables, consumed in large quantities, are not always 
available during the seasons. These fruits and 
vegetables are very rich in various vitamins and 
minerals and are an important source of nutrients for 
the human diet [1]. Most of these products are 
harvested with a very high water content and especially 
during seasons of high rainfall with a high thermal 
amplitude. Under these conditions, these products do 
not last long after harvesting, which leads to post-
harvest losses that can reach 40% in sub-Saharan 
regions. Among the solutions proposed to alleviate this 
problem, the drying of agri-food products occupies a 
place of choice to reduce these post-harvest losses. 
Drying is an operation that aims to partially or totally 
remove water from a wet body by evaporation to a 
water content that ensures its preservation [2]. An 
analysis of previous works shows that convective 
drying is the most widespread drying method and 
applied regardless of the scale of production. During 
this physical phenomenon, heat and material transfer 
phenomena occur simultaneously within the product to 
be dried, and between this product and the drying 
medium [3].  
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For a good understanding of the behavior of this 
complex process, drying modeling is a very important 
step. The principle of modeling is to replace a complex 
system with a simple system that reproduces the main 
behavior of the original phenomenon . Modeling in 
mathematics is the representation of a physical reality 
by a set of physical or mathematical laws. Very often, the 
complexity of the systems to be studied means that we 
limit ourselves to a few aspects of the system by making 
simplifying assumptions. The cancellation of heat 
transfer before material transfer or vice versa [5]–[7]. 
The reduction of drying equations to be studied to 1D by 
Takamte et al. [8] and Tzempelikos et al. [9]; to 2D by 
Kaya et al. [10], Da-silva et al. [11] and Esfahani et al. 
[12]. These approaches, although robust, do not always 
lead to an exact approximation of the phenomenon 
studied. 
      Another approach is to use a series of experiments to 
analyse the parameters and graders of the system: 
experimental drying characterization. Lozano et al. [13]; 
Laohasongkram et al. [14]; Telis-Romero et al. [15]; 
Lisowa et al. [16]; Phomkong et al. [17]  and Bon et al. 
[18] adopt this approach to determine the thermo-
physical properties of some food products. Similarly, the 
work of Ratti and Crapiste [19]; Villa-Corrales et al. [20] 
and Chandramohan [21] believe that the knowledge of 
thermo-physical properties allows a better 
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approximation of reality when modeling fruit and 
vegetable drying. These authors showed that there is a 
good agreement between experimental drying data and 
simulated data (average relative error ranging from 4 to 
11%). However, considering that this error should be 
less than or equal to 3%, it is clear that there is still a 
need to improve the heat and mass transfer prediction 
models during convective drying. 
 A deep analysis of previous works shows that in 
many cases, the boundary layer (the air-product 
interface) is always neglected to simplify the drying 
equations. However, this boundary layer is the seat of 
heat and material exchanges, and contributes effectively 
to the conduct of a drying operation. The works of Amir 
et al. [22], Helel et al. [23] Kahlerras and Belhamri [24] 
and Tcheukam-Toko et al. [25] have shown that the 
velocity, temperature and moisture profiles vary in the 
boundary layer thus constituting a resistance to 
transfers. To the limit of our knowledge, there is no 
relationship between the boundary layer and the 
thermo-physical properties of food products.  
 This is why the present work focuses on the 
experimental characterization of the drying of papaya 
(Carica papaya L.) in a drying air stream with licking 
flow. The objective is to highlight the thermo-physical 
properties that will be used later in the modeling of heat 
and material transfers during the convective drying of 
papaya taking into account the parietal boundary layer. 
 
2. Materials and methods 

2.1. Plant material 
 
The samples used in this work are the 'Solo 8' papayas 
of the Caricaceae family, a local variety from the Littoral 
Region of Cameroon (Latitude: 4.16821 and Longitude: 
10.08073). These papayas were washed, peeled and cut 
along the longitudinal and perpendicular fibers. The 
product was sliced to a length (L) of 9 cm and thickness 
(2e) = 5 mm using the vernier caliper. The initial weight 
of the samples was measured with the electronic 
balance, with an uncertainty of ±0.01 g. 
 

2.2. Experimental device 
 
The experiments were carried out in an electric drying 
air stream (fig. 1) with a dimension of 1.2 x 0.2 x 0.2 
(m3). It is equipped with 3 identical racks, each of which 
has a dimension of 0.3 x 0.19 (m2). Inside this 
equipment, the racks are arranged horizontally and 
exposed to a flow of licking air. This experimental device 
is an equipment designed and realized within the 
Laboratory of Energetics and Applied Thermal (LETA) 
of the Department of Electrical, Energetic and 
Automatic Engineering (GEEA) of the National School of 
Agro-Industrial Sciences (ENSAI) of the University of 
Ngaoundere. The energization of the electric drying air 
stream absorbs an electric current through the heating 
resistors which dissipates heat by Joule effect. This 
device is regulated in temperature by means of an 
electric controller XSTC-200t equipped with a Pt100 

probe. The drying air stream is also regulated in air flow 
by a rheostat connected in series with the fan. During 
the tests, the weight of the product was measured with 
an Adam Nimbus NBL 2602 digital scale (reading 
accuracy ±0.01 g), the temperature of the ambient air, 
drying air and product were measured with type K 
thermocouples (reading accuracy ±0, 5 °C), the relative 
humidity by means of a hygrometer of mark 'Almemo 
FHAD 46-Cx' (accuracy of reading of ±0,2%) and the 
speed of the drying air by means of an anemometer with 
propellers of mark 'Almemo FVAD15S120R1E4' 
(accuracy of reading of ±0,01 m/s). 
 

 
 

Figure 1: Experimental device of the licking airflow 
vein 

 
1- Ambient air; 2-Heating resistance; 3-Air diffuser; 4-

Shelf support; 5-Plywood box; 6-Moist air outlet 
Product to be dried; 7-Product to be dried; 8-Hot air 

drying; 9-Fan 

    Anemometer;     * Thermocouple;           Hygrometer 

 
2-3. Methods 

The drying experiments took place in an electric air 
stream during the months of January and March 2021, 
the papaya harvest period, under the following 
atmospheric conditions (Atmosphere of the room 
housing the test device installed in Ngaoundéré): 
average temperature of 26.8±1.25°C, average relative 
humidity of 35±1.85%. Twenty-one tests were carried 
out, seven for each air temperature. Thus, three 
temperature values were used: 40°C, 50°C and 60°C, for 
a constant rate air flow. The initial weight of the slices 
spread on each rack was on average 800±0.01g. For each 
test, the weight loss of the products is recorded. 

2-3-1. Experimental protocol 

The papayas are washed and rinsed with drinking water 
to remove any impurities on their surface. They are 
peeled, cleaned and cut lengthwise into slices of 5 mm 
thickness and 9 cm length with a small knife and 
measured with a caliper. We will weigh them with a 
digital scale. The racks are weighed every 30 minutes 
outside the drying chamber. The duration of each 
weighing varies from 70 to 75 seconds and is deduced 
from the total drying time of the product. The 
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measurements of temperature, relative air humidity 
and flow velocity were taken automatically by a data 
acquisition system 'Almemo 2590'. 

2- 3-2. Determination of drying parameters 

Samples taken and placed in an oven at 105°C for 24 
hours were used to determine the initial moisture 
content in wet basis of the papaya using the following 
expression [26]: 

.𝑥0 =
𝑚𝑒

𝑚
                                                                                                (1) 

Knowing the dry mass (ms ) of the samples, and using 
the masses obtained by weighing, the water content in 
dry basis(𝑋𝑠) can be obtained from the following 
expression [27]: 

𝑋 =
𝑚(𝑡)−𝑚𝑠

𝑚𝑠
                                                                                         (2) 

The dimensionless form or moisture ratio is obtained 
from the following expression [28]: 

 𝑀𝑅 =
𝑚(𝑡)

𝑚0
                                                                                        (3) 

The drying rate can be determined by the following 
expression [29]: 

𝑉𝑠 =
𝑑𝑋

𝑑𝑡
=

𝑋𝑡−𝑋𝑡+𝑑𝑡

𝑑𝑡
                                                                                                            (4) 

2-3-3. Modeling of drying kinetics 

In the literature, the curves of drying kinetics are 
described by many mathematical models in the form of 
empirical or semi-empirical relations.  These relations, 
which express the evolution of the moisture ratio of the 
product over time, contain constants that are adjusted 
so that this evolution corresponds to the experimental 
curve [30]. We have selected seven semi-empirical 
(Table 1) of thin film drying commonly used to describe 
the kinetics of thin film drying of a food product. 

Table 1: Semi-empirical thin layer drying models 
 

Models Equations References 

Newton 𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡) [31] 

Page 𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡𝑛) [32] 

Henderson and 
Pabis 

𝑀𝑅 = 𝑎 ∙ 𝑒𝑥𝑝(−𝑘𝑡) [33] 

Logarithmic 𝑀𝑅 = 𝑎 ∙ 𝑒𝑥𝑝(−𝑘𝑡) + 𝑐 [34] 

Two term 
𝑀𝑅
= 𝑎 ∙ 𝑒𝑥𝑝(−𝑘0𝑡) + 𝑏
∙ 𝑒𝑥𝑝(−𝑘1𝑡) 

[35] 

Diffusion 
approximative 

𝑀𝑅
= 𝑎 ⋅ 𝑒𝑥𝑝(−𝑘𝑡) +(1 − 𝑎)
⋅ 𝑒𝑥𝑝(−𝑘𝑏𝑡) 

[36] 

Midilli et al. 𝑀𝑅 = 𝑎 ∙ 𝑒𝑥𝑝(−𝑘𝑡𝑛) + 𝑏 ∙ 𝑡 [37] 

The analysis of the accuracy of the equation that 
describes the drying curves is generally based on the 

correlation coefficient (R2), the root mean square error 
(RMSE) and the sum of the squared errors (SSE) [30], 
[36], [38]. The best model describing the drying 
characteristics of the product was chosen as the one 
with the highest value of R2, and the lowest values of 
RMSE and SSE. 

𝑅2 =
∑ (𝑀𝑅𝑒𝑥𝑝,𝑖−𝑀𝑅𝑝𝑟𝑒,𝑖)

2𝑁
𝑖=1

∑ (𝑀𝑅𝑒𝑥𝑝,𝑖̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅−𝑀𝑅𝑒𝑥𝑝,𝑖)
2𝑁

𝑖=1

                                                             (5) 

 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑀𝑅𝑒𝑥𝑝,𝑖 −𝑀𝑅𝑝𝑟𝑒,𝑖)

2𝑁
𝑖=1                                  (6) 

 

𝑆𝑆𝐸 = ∑ (𝑀𝑅𝑒𝑥𝑝,𝑖 −𝑀𝑅𝑝𝑟𝑒,𝑖)
2𝑁

𝑖=1                                               (7) 

2-3-4. Mass diffusivity coefficient 

The experimental data for the determination of the 
effective diffusivity are calculated using the second Fick 
diffusive model, which is widely used to describe the 
drying process of most biological products [39]. 

𝜕𝑋

𝜕𝑡
= 𝐷𝑒𝑓𝑓𝛻

2𝑋                                                                                      (8) 

For an effective diffusion coefficient assumed constant 
and a negligible shrinkage of the product during drying 
whose duration is assumed to be very long, this 
equation admits the following expression for solution in 
the case of samples of products in a thin layer of 
parallelepiped shape [30]  : 

𝑀𝑅 =
𝑋−𝑋𝑒𝑞

𝑋0−𝑋𝑒𝑞
=

8

𝜋2
∑

1

(2𝑛−1)2
𝑒𝑥𝑝 (−

(2𝑛−1)2𝜋2𝐷𝑒𝑓𝑓𝑡

4𝑙2
)∞

𝑛=1  (9)   

In general, only the first term of the expression is 
retained to evaluate the effective diffusion coefficient of 
a product . 

𝑀𝑅 =
8

𝜋2
𝑒𝑥𝑝 (−

𝜋2𝐷𝑒𝑓𝑓𝑡

4𝑙2
)                                                          (10) 

Thus plotting it using the experimental data of the 
equation curve leads to a straight line whose slope ko is 
the effective diffusivity [37]: 

𝑙𝑛(𝑀𝑅) = 𝑙𝑛 (
8

𝜋2
) − 𝜋2

𝐷𝑒𝑓𝑓𝑡

4𝑙2
                                                   (11) 

 
With 𝑘0 = 𝜋2

𝐷𝑒𝑓𝑓

4𝑙2
                                                                          (12)                                    

 
2-3-5. Calculation of activation energy 

 
The effective diffusion coefficient ( 𝐷𝑒𝑓𝑓 ) can be related 
to the temperature of the drying air by the Arrhenius 
expression [38]: 
 

𝐷𝑒𝑓𝑓 = 𝐷0𝑒𝑥𝑝 (−
𝐸𝑎

𝑅(𝑇+273,15)
)                                                    (13) 
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This expression (13) can be written in the following 
form: 

𝐿𝑛(𝐷𝑒𝑓𝑓) = 𝐿𝑛(𝐷0) −
𝐸𝑎

𝑅(𝑇+273,15)
                                    (14) 

The activation energy (Ea) is deduced from the Ln(Deff) 
curve as a function of 1/ T (K). 

3. Results and discussion 
 

3-1. Kinetics of drying 

Figure 2 shows the evolution of the moisture ratio as a 
function of time for a drying rate air flow equal to 0.0848 
kg/s. 

 
 

Figure 2: Evolution over time of the moisture ratio of 
papaya. Drying rate air flow equal to 0.0848 kg/s, 

average relative humidity equal to 35±1.85%. 
 

It is observed that the moisture ratio is inversely 
proportional to the drying time whatever the 
temperature. During the first two hours of drying, we 
note a linear decrease of the curves with a slope of -0.35; 
-0.225; -0.14 respectively for 60; 50 and 40°C. For the 
kinetics at 60°C, we observe a change of concavity after 
2h of drying which is manifested by the reduction of the 
quantity of water to be removed per unit of time: drying 
phase decrease. Indeed, the departure of water leads to 
the collapse of the cell structure and causes the 
shrinkage that opposes the departure of water from the 
product. The variation of the moisture ratio at the end 
of drying is almost zero for temperatures of 60 and 50 
°C. Two phenomena can explain this reduction: the 
unavailability of water and the phenomenon of crusting 
on the surface of the product. Similar paces have been 
observed in the drying of food products by Dissa et al. 
[42] in licking air flow, by Edoun et al. [37] in through 
air flow and by Ekani et al. [27] in counter-current 
licking air flow. 

Figure 3 shows the evolution of the drying rate as a 
function of time for drying air temperatures equal to 
40°C, 50°C and 60°C, for a drying rate air flow equal to 
0.0848 kg/s and an average relative humidity of the 
drying air equal to 35±1.85%. 

 
 

Figure 3: Evolution of the drying rate as a function of 
time. Drying rate air flow equal to 0.0848 kg/s, average 

relative humidity equal to 35±1.85%. 
 
The curves in Figure 4 show two phases: an increasing 
phase and a decreasing phase. The increasing phase is a 
period of heating of the product. It is characterized by 
the departure of the liquid water available on the 
surface of the product.  For temperatures of 60°C and 
50°C, the drying rate reaches its maximum of 0.48±0.012 

kg/kg db.h and 0.33±0.006 kg/kg db.h respectively after 
30 minutes of drying. On the other hand, at 40°C, it takes 
1 hour of drying to reach the maximum at 0.24±0.01 kg/kg 
db.h. Also we note a phase of drying where the speed of 
drying is almost observed (between 30 min and 1h). 
After 2 h15 min of drying, we observe that the drying 
speed at 40°C is higher than at 50 and 60°C. Indeed, the 
evaporative power of the air being proportional to the 
temperature, the departure of water is more important 
at high temperature at the beginning of drying and 
almost null at the end of drying. 

Figure 4 shows the evolution of the surface 
temperature of papaya slices as a function of time for 
drying air temperatures equal to 40°C, 50°C and 60°C, 
for an equal drying rate air flow at 0.0848 kg/s and an 
average relative humidity of the drying air equal to 
35±1.85%. 

 
 

Figure 4: Evolution of product temperature as a 
function of time. Drying rate air flow equal to 0.0848 
kg/s, average relative humidity equal to 35±1.85%. 
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The results show that the temperature of the product 
grows from its initial value of 25±0.3°C and tends towards 
an asymptotic limit, which is the temperature of the 
drying air. It is also observed during the first two hours 
and thirty minutes of drying a linear growth of the 
curves with a slope of 3.324; 5.648; and 9.436 for 40; 50 
and 60°C, respectively. This behavior is due solely to the 
strong dependence of the thickness and thermal 
conductivity of the product on temperature. Sabarez 
[43] presents similar evolutions of product temperature 
on food products at different conditions. 

3-2. Modeling of drying kinetics 

In this work, we used 7 mathematical models to model 
the drying kinetics of papaya slices. To determine the 
best model, we calculated and compared the statistical 
parameters for each model. The principle of the least 
squares method is applied to each model with respect to 
the parameters to be identified. We considered the 
correlation coefficient as the first adjustment 
parameter. Table 2 presents the static parameters of the 
fit of the models selected in this work. 

Table 2: Statistical parameters of the models 

 
 
Temperature
s 

Models 
Statistical parameters 
R 2 RMSE      

( 10-3) 
SSE       
(10-4) 

 
 
 
 
40°C 

Newton 0.9967 17.17 32.41 
Page 0.9972 16.52 27.28 
Henderson and 
Pabis 

0.9967 13.70 32.38 

Logarithmic 0.999 10.37 9.672 
Two term 0.9997 5.85 2.742 
Diffusion 
approximative 

0.9991 10.07 9.128 

Midilli et al, 0.9993 9.021 6.510 
 
 
 
 
50°C 

Newton 0.9953 20.97 48.37 
Page 0.9988 10.92 11.93 
Henderson and 
Pabis 

0.996 20.11 40.46 

Logarithmic 0.9998 4.999 2.249 
Two term 0.9999 4.187 1.448 
Diffusion 
approximative 

0.9998 4.271 1.578 

Midilli et al. 0.9998 5.578 2.489 
 
 
 
 
60°C 

Newton 0.9722 49.49 269.4 
Page 0.9877 34.55 119.4 
Henderson and 
Pabis 

0.9738 50.39 253.9 

Logarithmic 0.9985 12.52 14.10 
Two term 0.9986 12.98 13.49 
Diffusion 
approximative 

0.9985 12.80 14.74 

Midilli et al. 0.9976 16.96 23.02 

Comparing the average values of the above criteria, it is 
evident from Table 3 that the Two term model has the 
highest value of (R2) and the lowest values of RMSE and 
SSE to describe the drying behavior of papaya slices, 
regardless of the drying air temperature used in this 
study. The Two term model best optimizes the 
smoothing of the experimental points (Fig. 5). The 
values obtained from the model are marked in yellow in 

the table with R2 = 0.9994, RMSE = 0.007674 and SSE= 
0.000589.  

 
 

Figure 5: Variation of the experimental and predicted 
water content at the temperature 40°C, 50°C, 60°C and 

at a rate air flow of 0.0848 kg/s. 
 
As observed in this figure, a good fit between numerical 
and experimental variables is appreciated. The Two 
term model has been demonstrated by Yaldiz et al. [44] 
for grape drying placed perpendicular to a drying air 
flow, by Midilli and Kucuk [45] for pistachio drying in 
licking air flow, by Dissa et al. [42] for mango drying in 
single licking air flow, and by Edoun et al. [37] for mango 
drying in through air flow. 
3-3. Calculation of effective diffusivity 

The effective diffusivity coefficients of the papaya 
slices of the three different temperatures were 
evaluated by plotting the graph ln(MR)=f(t) of the slope 
K. The effective diffusivities of the papaya slices are: 
1.5645x10-10; 2.0031x10-10 and 2.2729x10-10 m2/s at 
40°C, 50°C and 60°C, respectively. 

 
 

Figure 6: Effect of drying air temperature on effective 
diffusivity. 
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This result shows that the effective diffusivity 
coefficients increases with the drying temperature. The 
diffusion coefficients obtained in the literature during 
the drying of food products with temperature ranges 
from 40 to 70°C vary between (2.941 - 4.462)10-9 m2/s 
[36] in flux crossing, between (5.018 – 7.395)10-10 m²/s 
[37] in crossing airflow, between (1.2501 - 11.857)10-8 

m 2/s [30] in cross-flow air and between (1.83 - 2.25) 
10-7 m²/s [39] in counter-current air flow. 

3-4. Calculation of activation energy 

The activation energy (Ea) is calculated from the curve 
Ln(Deff) as a function of 1/T (K), as shown in the 
preceding paragraphs. Thus we obtain an activation 
energy Ea equal to 16.2622 kJ/mol for an Arrhenius 
factor D0 equal to 8.1717x10-8 m2/s. This value is in the 
range of 12 to 110 kJ/mol [46]. The activation energies 
obtained in the literature during the drying of food 
products, with temperature ranges between 40 and 
60°C are grouped in Table 3. We note that the value of 
activation energy obtained for papaya slices placed 
perpendicularly to drying air is very close to that 
obtained from drying by a drying air flow parallel to 
mango slices. 
 
Table 3: Activation energy for drying various products 

 

Authors 
Activation 
energy Ea 
(kJ/mol) 

Products Air flow 

[37] 16.86 and 31.51 Mango 
 

Crossing [30] 
32.466; 44.288 

and 42.027 
Okra 

[39] 30.58 Mango 
Licking 

CC 
present 

work 
16.2622 Papaya Licking 

 
Conclusion 

This work aimed to study the drying kinetics behavior 
of papaya (Carica papaya L.) using a licking flow drying 
air stream operating in forced convection. The drying 
experiments were performed in the laboratory under 
different drying air temperature conditions (40, 50 and 
60°C) and for a constant rate air flow of 0.0848 kg/s. The 
obtained drying kinetics were modeled using seven 
semi-empirical models, by the non-linear regression 
method with as validation criteria, the coefficient of 
determination (R2), the mean of squared errors (RMSE) 
and the sum of squared errors (SSE). The diffusion 
coefficient was estimated from simplified solutions of 
Fick's second law. The activation energy was 
determined from the diffusion coefficient versus 
temperature equation using the Arrhenius model. The 
results showed that the Two term model is the semi-
empirical model that can best predict the drying kinetics 
of papaya with licking air flow. The values of mass 
diffusivity coefficient varied between 1.5645x10-10 and 
2.2729x10-10 m2/s, activation energy Ea =16.262 kJ/mol 

and the Arrhenius factor D0 = 8.171 m2/s. These results 
will be useful later in the modeling of heat and matter 
transfers during the convective drying of papaya by 
considering the parietal boundary layer. 
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