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Abstract 

The objective of this work is to analyse the extent to which a change in the 
drying air velocity may affect the drying kinetics of tomato in a 
forced-convective solar tunnel dryer. 2 m∙s−1 (V1) and 3 m∙s−1 (V2) air speeds 
were applied in similar drying air temperature and humidity conditions. 
Main drying constants calculated included the drying rate, the drying time 
and the effective water diffusivity based on the derivative form of the Fick’s 
second law of diffusion. Henderson and Pabis Model and Page Model were 
used to describe the drying kinetics of tomato. We found that solar drying of 
tomato occurred in both constant and falling-rate phases. The Page Model 
appeared to give a better description of tomato drying in a forced-convective 
solar tunnel dryer. At t = 800 min, the drying rate was approximately 0.0023 
kg of water/kg dry matter when drying air velocity was at 2 m/s. At the same 
moment, the drying rate was higher than 0.0032 kg of water/kg dry matter 
when the drying air velocity was 3 m/s. As per the effective water diffusivity, 
its values changed from 2.918E−09 m2∙s−1 to 3.921E−09 m2∙s−1 when drying air 
velocity was at 2 and 3 m∙s−1 respectively, which is equivalent to a 25% in-
crease. The experimentations were conducted in Niamey, on the 1st and 5th of 
January 2019 for V2 and V1 respectively. For both two experiments, the start-
ing time was 9:30 local time. 
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1. Introduction 

Drying is the most common preservation technique used to extend the shelf life 
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of fresh vegetables and fruits as well as to facilitate their transportation and sto-
rage [1]. In Niger, tomato (Solanum lycopersicum L.) is one of the most promi-
nent fruits massively produced particularly during the dry and cold season. The 
FAO [2] has estimated the gross production of tomatoes in 2012 in Niger at 
188,767 tons. This production is far beyond the ones in neighboring countries 
like Mali (42,000 tons) or Burkina Faso (15,000 tons). The FAO Save Food Initi-
ative [3] evaluated over 45% of post harvest losses of fruits and vegetables in de-
veloping countries. In Niger, 15% of dried tomatoes and onions are discarded 
while 65% sold with high levels of quality losses [4]. In order to avoid post harv-
est losses of tomato production, improve quality of dried tomatoes and respond 
to the significant demand of dried tomatoes in Niger, solar drying appears to be 
an effective method. Solar tunnel dryer reduces crop losses, improves the quality 
of dried product significantly and is economically beneficial compared to tradi-
tional drying methods. Solar dryers must be properly designed in order to meet 
particular drying requirements of agricultural products and give satisfactory 
performance concerning energy requirements. In solar drying, operating condi-
tions significantly affect the quality of the end product. Our work consisted in 
assessing the extent to which the velocity of the drying air can affect the drying 
kinetics. In other terms, we will look at the influence of changing the drying air 
velocity on the drying rate, the drying time and the effective diffusivity of water 
in tomato slices during drying. Drying curves of tomato were devised based on 
the indirect method consisting in monitoring of the drying air humidity [5] in-
stead of the humidity of the tomato slices themselves. Simulation models are 
valuable tools for prediction of performance of solar drying systems [6]. We 
used Henderson and Pabis Model and Page Model to describe drying kinetics of 
tomato slices. Few authors concluded that drying of tomatoes is occurring only 
in the falling rate phase. At the same time, other authors have rather established 
that drying of tomatoes is occurring in both a constant rate and a falling rate 
phases. From our experiments, we found that tomato slices drying was occurring 
in both constant rate and falling rate phases. Experimental conditions emerged 
as key factors making a difference in whether both a constant rate and a falling 
rate phases could be observed or not. This paper describes the materials and 
methods we used and compares the results with those obtained by other authors. 
All experiments were conducted under climatic conditions of Niamey (Niger) 
during the first week of January 2019. 

2. Theoretical Background 

2.1. Drying Kinetics 

The drying kinetics of tomato was established by plotting ΔX against time. ΔX 
represents the difference between absolute humidity of the drying at the exit and 
the entrance of the tunnel dryer. The absolute humidity X of the inlet and outlet 
drying air was calculated based on Formula (1): 

0.622 vsat

vsat

P
X

P P
ϕ
ϕ
∗

= ∗
− ∗

                       (1) 
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ϕ  represents the relative humidity (%). 

vsatP  the saturation vapour pressure of water at the operating temperature 
(Ta). 

P total pressure equals to the atmospheric pressure (Pa). Nadeau J. P. et al. [7] 
proposed Formulas (2) and (3) for the calculation of vsatP . 

2
3802.7 472.68exp 23.3265 for 0 45 C

273.18 273.18vsat a
a a

P T
T T

   = − − < <  + +  


  (2) 

3816.4423.1964 for 45 C
273.18vsat a

a

P T
T

= − >
+

              (3) 

2.2. Drying Curves 

The general form of a curve characterizing the drying kinetics of solids is ob-
tained by plotting the product moisture content dry basis (Mp) against time (t). 
The most completed form of a drying curve consists of a transition phase where 
the product is eventually being heated, a constant-rate drying phase corres-
ponding to the evaporation of free water on the surface of the product [8] and a 
Falling-rate drying phase characterized by a decrease in the migration of hu-
midity from inside the product when this humidity is no longer sufficient to sa-
turate the surface of the product. For fruits, most vegetables and most tropical 
tuber crops, the initial moisture content is above the critical moisture content 
usually, thus the drying of these products would take place within both the con-
stant and falling-rate drying periods [9]. 

2.3. Determination of Drying Constants 

Drying constants are determined from graphical representation of moisture 
content Mp ((kg water)/(kg dry matter)) of tomato slices, the drying rate DR = 
((kg water)/(kg dry matter))/min and the moisture ratio MR (Equation (4)) over 
time. 

0

t e

e

M M
MR

M M
−

=
−

                        (4) 

tM  is the moisture content of the product at any time (kg water/kg dry mat-
ter), eM  the moisture content at equilibrium (kg water/kg dry matter) and 

0M  the initial moisture content (kg water/kg dry matter). Variation of moisture 
ratio over time is governed by Luikov equations derived from the second law of 
Fick on diffusion. Water diffusivity in tomato slices can be calculated from Lui-
kov Equations (5) and (6) used to predict the gradient of temperature (T) and 
moisture (M) inside tomato slices. 

2
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Parameter a1 = 0 for planar geometries, a1 = 1 for cylindrical shapes and a1 = 2 
for spherical shapes [10]. Analytical solutions of Equation (5) leads to Equation 
(7) valid over the falling-rate phase [11]: 

( )
( )2 2

1 21
2

2 1 π1 exp
2 1

efft e
i

cr e

i D tM M
MR A

M M Ai
∞

=

 −−  = = −
 − −  

∑        (7) 

crM  is the moisture content of the tomato slices at critical point. 1A  and 

2A  are constants (Table 1) depending on the geometry of the product being 
dried.  

Henderson and Pabis [12] proposed a model for describing drying process by 
using Fick’s second law of diffusion. For sufficiently long drying times, only the 
first term (i = 1) of the general series solution of Equation (7) can be used with 
small error. Equation (7) can therefore be written as: 

2

1
2

π
exp efft e

cr e

DM M
MR A t

M M A
 −

= = −  −  
               (8) 

Assuming effD  is constant during the drying process, Equation (8) can be 
written as: 

( )expt e

cr e

M M
MR a k t

M M
−

= = ⋅ − ⋅
−

                 (9) 

where a and k are drying constants in the Henderson and Pabis Model. 
The Page Model was developed by Page, C. [13]. This model was widely used 

to describe drying kinetics of food materials. The Page Model is a simple  

exponential model, which approximated the 2

8
π

 ratio as being equal to unity 

but introduced new constants as follows: 

( )exp yMR kt= −                      (10) 

where k and y are drying constants associated with this model. 

2.4. Effective Water Diffusivity 

Calculation of effective water diffusivity was based on Equation (7). Assuming 
slab geometry for tomato slices, Equation (7) can further be simplified in a linear 
form as follows: 

( )
2

2 2

π8ln ln
π 4

effD
MR t

H

  = −        
               (11) 

 
Table 1. Values of geometric constants according to the product geometry. 

Product geometry 1A  2A  

Infinite slab with H as half thickness 2

8
π

 24H  

Sphere with r as radius 
2

6
π

 24r  
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where, effD  is given by the slope 
2

2

π
4

effD
H

. 

H is the half thickness of the slices. In our experiments, drying was taking 
place through both sides of the slices. Plotting ( ) ( )ln MR f t=  allow the deter-
mination of the slope of Equation (11) and subsequently the determination of 

effD . Application of Fick’s second law of diffusion in the calculation of water 
diffusivity required assumptions of moisture migration being governed by diffu-
sion, negligible or constant shrinkage of slices, constant diffusion coefficients 
and temperature [14]. 

3. Materials and Methods 

3.1. Materials  

Thermo hygrometers 
The thermo hygrometers served to measure relative humidity and tempera-

ture of the inlet and outlet drying air. The specifications of these thermo hygro-
meters are summarized in Table 2.  

The thermo hygrometers act as data loggers with automatic and manual log-
ging modes. In the automatic logging mode, the thermo hygrometers’ memory 
can store up to 8124 records at time intervals of 10 s to 24 h. 

Thermo anemometer 
A Kestrel type thermo anemometer (0.3 to 40 m/s sensibility) served to meas-

ure the speed of the drying air. Air temperature and relative humidity ranges are 
−29˚C to 70˚C ± 1˚C and 5 to 95% ± 3% respectively. 

The precision balance  
A SCALIX CB-310 model balance was used to weight the tomato slices before 

and after the drying process. The capacity and the precision of the balance are 
300 g and 0.01 g respectively. 

The cutting tools  
Cutting tools were used to for peeling and trenching the tomatoes into regular 

slices in preparations for drying. These cutting tools include a kitchen slicer and 
few knives. 

Moisture analyser  
A PCE-MA Series moisture analyser was used to determine the initial ( 0M ) 

and final moisture contents ( fM ) of tomato samples. Three heat-up modes are  
 
Table 2. Values of geometric constants according to the product geometry. 

Relative Humidity range 0% to 100% ± 2.5% with a resolution of 0.1% 

Temperature −30˚C to 105˚C ± 0.4˚C with a resolution of 0.1˚C 

Dew point −60˚C to 80˚C ± 1.5˚C with a resolution of 0.1˚C 

Data storage capacity (auto mode) Up to 8124 records 

Software Compatible with Windows 

Data format .txt and .db 
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available. The Standard heat-up mode is the default mode which is suitable for 
most sample types. In this heat-up mode, 120˚C are reached after approximately 
4 minutes. The Quick heat-up mode is suitable for samples with a high moisture 
content. In this heat-up mode, 120˚C are reached after approximately 1 minute. 
The Slow heat-up mode is suitable for samples with low moisture content. In 
this heat-up mode, 120˚C are reached after approximately 8 minutes. Dry mat-
ter, initial and final moisture content of tomato samples were determined by us-
ing the Standard heat-up mode. The measurement is stopped automatically 
when the measured value is constant over a certain period of time. 

Experimental dryer  
Our locally manufactured experimental dryer is a forced-convective tunnel 

dryer made up of a one-millimetre thick metallic sheet. The experimental ap-
pliance in Figure 1 gives the form and the size of the dryer.  

3.2. Method 

3.2.1. Preparation of the Products to Be Dried 
Around twelve kilograms of ripen tomatoes were selected bearing in mind to 
avoid fruits that are either too ripe (broken) or hard (not ripe enough). The 
product is then weighted, washed, wiped and cut into regular circular slices. 
Since the drying rate reduces—by 4.5% as a result of a 1 mm thickness increase 
[15]—the tomatoes were cut into slices of approximately 3 mm thick. The toma-
toes are then placed on shelves in the drying chambers. The variety of tomato we 
used is called “Roma”. It is locally produced, primarily during cold season [16]. 

3.2.2. Experimental Procedure 
The drying experiments were launched at 09:30 am. The dryer was placed under 
sun heat. The entire drying energy is therefore coming from the sun. In order to 
capture a maximum solar heat, the tunnel dryer was placed in a West-East direc-
tion. The tomatoes to be dried were evenly placed on shelves in the drying 
chambers. A fan powered by a solar panel was used for air convection throughout  
 

 
Figure 1. Diagram of the experimental appliance. 
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the tunnel dryer. After every minute, the two thermo hygrometers automatically 
record the values of the drying air relative humidity, temperature and dew point 
at the entry and exit of the experimental dryer. In order to eliminate the maxi-
mum of water content from the product and predict its storage conditions, the 
drying process was conducted continuously and over two consecutive days 
without interruption. 

After the two days of experimentation, the recorded data (temperature, rela-
tive humidity and dew point of the drying air) was transferred from the data 
loggers to a computer in the form of tables. 

The values of relative humidity were converted into absolute humidity. The 
difference ΔX between absolute humidity of the drying air at the exit and the 
entrance of the dryer was therefore calculated. We assumed that ΔX represents 
the actual moisture content being removed from the product every minute. 

This experimental procedure was repeated in one hand with a drying air ve-
locity of V1 = 2 m/s and in another a drying air velocity of V2 = 3 m/s. 

3.2.3. Characterization of Drying Kinetics 
In our work, the method we used for characterizing drying kinetics for tomato 
was based upon the “indirect” method, which consisted in recording over time, 
the inlet and outlet variation of the humidity of the drying air instead of the hu-
midity of the product itself.  

From a mass balance, the amount of water transported by the inlet and outlet 
drying air was calculated. Assuming that, the moisture gains (ΔX) of the drying 
air was taken from the tomato slices, dry basis moisture content and drying rate 
were calculated. Moisture ratio at any time was therefore calculated based on 
Formula (4). 

Moisture ratio versus moisture content dry basis curves were adjusted in one 
hand with the Henderson & Pabis Model, given by Equation (9) and in another 
with the Page Model given by Equation (10) to determine the values of drying 
constants k, a and y. The adjustment was performed by the use of Solver Tool 
from Microsoft Excel 2011 software, minimizing the root mean square error 
between the experimental values and those calculated based on the models. 

4. Results and Discussion 

4.1. Experimental Conditions 

All drying experiments were conducted under uncontrolled temperature and air 
humidity conditions. The drying air velocity was however maintained at a con-
stant value of V1 = 2 m/s and V2 = 3 m/s over two sets of experiments. The inlet 
section of the experimental drier was 24 × 24 cm2, which gives an applied airflow 
of 6.912 m3/min and 7.488 m3/min when the drying air velocity was 2 m/s and 3 
m/s respectively. Figure 2 and Figure 3 give the evolution of drying air temper-
ature and relative humidity over a one-day drying process.  

It appears that despite experiments under V1 and V2 were conducted over dif-
ferent days, ambient air temperature and humidity governing the experimental  
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Figure 2. Similarity of drying air temperatures under V1 and V2 drying air velocities. 
 

 
Figure 3. Similarity of drying air relative humidity under V1 and V2 drying air velocities. 
 
conditions, remained relatively constant. Maximum difference of drying air 
temperatures was less than one degree Celsius (Figure 2).  

The relative humidity of the drying air also remained basically constant 
(Figure 3) during the two experiments when drying air velocity was at 2 and 3 
m/s respectively. Maximum difference in relative air humidity was less than 1% 
over the two experiments. Ahouannou C. et al. [17] satisfactory worked at am-
bient air humidity since the observed slight fluctuations did not significantly af-
fect the results. 

4.2. Drying Curves 

Show in Figures 4-9. 

4.3. Drying Phases 

Figures 4-7 show that drying of tomato takes place over two drying phases 
namely the constant-rate (BC) and the falling-rate (CD) phases. Figure 5 and 
Figure 8 are Krischer form of representing drying curves [18]. Figure 5 and 
Figure 8 confirmed the existence of both constant and falling-rate phases from  
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Figure 4. Time variation of tomato slices’ drying rate under V1 drying air velocity. 
 

 
Figure 5. Krischer form of drying curve for tomato slices under V1 drying air velocity. 
 

 
Figure 6. Time variation of normal logarithm of moisture ratio under V1 drying air ve-
locity. 
 

 
Figure 7. Time variation of drying rate of tomato slices under V2 drying air velocity. 
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Figure 8. Krischer form of drying curve for tomato slices under V2 drying air velocity. 
 

 
Figure 9. Time variation of normal logarithm of moisture ratio under V2 drying air ve-
locity. 
 
our experiments. Under both V1 and V2 drying air velocities, the constant-rate 
phase occurred at a drying rate of around 0.03 kg water/kg dry matter/min. Sev-
eral authors reported the non-existence of the constant-rate drying phase in dif-
ferent experimental conditions. Hadi Samimi-Akhijahani et al. [19] used a 
lab-scale photovoltaic-ventilated solar dryer equipped with a collector in drying 
experiments of tomato. Drying air velocities applied were 0.5, 1, and 2 m/s. The 
tomato samples were weighed at 30 min intervals using an electronic digital 
weighing balance. Kamil Sacilik et al. [20] established mathematical modelling of 
thin layer drying of organic tomato in a solar tunnel dryer with ambient temper-
ature and relative humidity ranging from 22.4˚C to 35.6˚C and 14.5% to 50.9% 
respectively. The tomato samples were weighed at various time intervals ranging 
from 30 min at the beginning of the drying to 120 min during the last stage of 
the process. They’ve established that no constant rate phase was observed. Ibra-
him Doymaz et al. [21] analysed Air-drying characteristics of tomatoes under 
four temperatures (55˚C, 60˚C, 65˚C, and 70˚C) with fixed airflow (1.5 m/s) and 
tomato slices dropped in alkaline solutions prior to drying. They concluded 
there is no constant rate-drying period in these curves, all drying processes oc-
curred in falling rate-drying period. The above-mentioned authors concluded 
that drying of tomato was taking place only in a falling-rate phase. Different op-
erating conditions may explain our different results. The experiments cited were 
conducted at a laboratory scale with controlled experimental conditions while 
our experiments were conducted under uncontrolled temperature and air hu-
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midity.  
On the other hand, few authors reported the existence of both a constant-rate 

and a falling-rate drying phases. Reyes A. et al. [22] investigated on tomato de-
hydration in a hybrid-solar dryer at temperatures ranging from 50˚C to 60˚C 
with drying curves obtained from samples of the solids removed from sectors of 
the dryer, weighed on a digital balance and then put back in the dryer every 30 
minutes. They observed a constant rate and falling rate phases even if the transi-
tion between the two phases was hard to establish. T. J. Gaware et al. [23] stu-
died and compared different methods of drying of tomato. They observed that 
microwave vacuum and freeze-drying processes showed both a constant and 
falling rate periods. André Charreau et al. [24] remarked that a constant rate 
phase and subsequently a critical point, are not always observable and in case 
they are observed, this is highly dependent on the experimental conditions. In 
fact, the constant rate phase is often short. Intermittent disruption of experi-
ments in order to measure the weight loss of the tomato slices, is likely to disturb 
the steady state of the system and prevent from observation of a constant rate 
phase. Conversely, our experiments were rather based on the analysis of the 
drying air properties—instead of the status of the tomato slices themselves—so 
that measurements take place in a continuous way with automatic records of 
drying air properties every minute and over several days. In other terms, a con-
stant rate phase alongside with a falling rate phase would be easily observed 
when weight losses are monitored on the product with no need for stopping the 
entire experiment periodically. 

In our experiments under V1 and V2 air velocity, the critical points occurred 
after 200 and 175 minutes respectively (Figure 4 and Figure 7). This means 
greater drying air velocity leads to earlier critical point during the drying process 
because of stronger convection and subsequently shorter drying time. As per the 
critical moisture content, its values were at 9 and 8 kg water/kg dry matter when 
drying air velocity was at 2 and 3 m/s respectively (Figure 5 and Figure 8). 

4.4. Drying Models 

We used two drying models to describe drying kinetics of tomato slices. These 
models are the Henderson & Pabis Model and the Page Model. Both models 
were derived from Fick second law of diffusion. Drying constants associated 
with the Henderson & Pabis Model are summarized in Table 3.  

In the Henderson and Pabis Model, k is an empirical drying constant (s−1) and 
a, a constant dependent on the geometric shape of the material [25]. The drying 
constant k can be a combination of transport properties encountered during 
drying, like moisture diffusivity, thermal conductivity, mass and heat transfer 
coefficients [26]. When drying air velocity varied from 2 to 3 m/s, constant a did 
not change significantly (Table 3). This may be explained by the relatively con-
stant geometry and thickness of the tomato slices under experiments with V1 
and with V2. Drying constants associated with the Page Model are summarized 
in Table 4. 

https://doi.org/10.4236/jsbs.2019.92005


M. Moussa Na Abou et al. 
 

 

DOI: 10.4236/jsbs.2019.92005 75 Journal of Sustainable Bioenergy Systems 

 

Table 3. Drying constants and χ2 from Henderson & Pabis model under V1 and V2 drying 
air velocities. 

 
V1 = 2 m/s V2 = 3 m/s 

a 1.082 1.104 

k 0.0032 0.0036 

χ2 0.2604 0.6090 

 
Table 4. Drying constants and χ2 from Page Model under V1 and V2 drying air velocities. 

 
V1 = 2 m/s V2 = 3 m/s 

y 1.176 1.158 

k 0.00103 0.00071 

χ2 0.1584 0.0205 

 
As per constant k, it is sensitive to experimental conditions so the variation in 

its values when drying air velocity varied from 2 to 3 m/s. The values of con-
stants a and k we obtained are summarized in Table 3. Application of higher air 
velocities (2 and 3 m/s) may explain slightly higher values of constant k in our 
experiments. 

In the Page Model, constants y and k (Table 4) were introduced to get a 
greater accuracy of the Lewis [27] Model. Sana Ben Mariem [28] applied the 
Page Model in modeling the drying kinetics of tomatoes. They found drying 
constants k = 0.00118 and y = 1.05835 at 38˚C and air velocity of 1 m/s. These 
values are close to values we found with application of Page Model in similar 
temperature conditions but at air velocity of 2 m/s (Table 4). 

4.5. Water Diffusivity 

Diffusivity is a key parameter for designing and calculating of industrial dryers. 
It is a function of the product to be dried but it is mainly a function of operating 
conditions. The effective moisture diffusivity ( effD ) increases with increasing air 
velocity and temperature. From our experiments, we found values of effD  in 
tomato slices equal to 2.918E−09 m2/s and 3.921E−09 m2/s when the drying air 
velocity was 2 m/s and 3 m/s respectively. These values were calculated from 
Equation (11) and slopes of ( ) ( )ln MR f t=  (Figure 6 and Figure 9). Madam-
ba et al. [29] found that for food materials, effD  values are in the range of 10−11 
to 10−9 m2/s. Moreover, Zafer Erbay et al. [30] found statistical accumulation 
(86.2%) of effD  values of foods that were dried in a convective type batch dryer, 
in the region of 10−10 to 10−8 m2/s. These values are both in line with those we 
found for tomato drying.  

An increase in air velocity corresponds to a decrease in external resistances to 
heat and mass transfer. This has resulted in faster drying [31]. Our results show 
that increasing the drying air velocity from 2 m/s to 3 m/s leads to a 25% in-
crease of water effective diffusivity during tomato drying. 
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5. Conclusion 

Our results revealed the existence of both a constant and a falling-rate drying 
phases. The constant-rate phase occurred at a drying rate of around 0.03 kg wa-
ter/kg dry matter/min in both experiments with V1 and V2 drying air velocities. 
It appeared that the existence of a constant and a falling rate phases is strongly 
related to the continuous but indirect measurements of water losses in the 
product being dried during the experiments. This is in contrast with intermittent 
disruption of experiments in order to measure weight loss on the product, which 
is likely to disturb the system and prevent from observing a constant rate phase. 
Conducting our experiments in real-world conditions with uncontrolled tem-
perature and drying air humidity was another significant difference compared 
with drying experiments conducted in laboratories. The drying constants we 
obtained from modelling of drying kinetics for tomatoes are in the range of val-
ues obtained by other authors who worked on forced convective solar drying 
experiments. The values we found for effective diffusivity ( effD ) of water 
(2.918E−09 m2/s under V1 and 3.921E−09 m2/s under V2) are in the range of 
values (1E−10 to 1E−8 m2/s) agreed by majority of authors we reviewed. Our 
study demonstrated that drying air velocity has a significant impact on the dry-
ing kinetics. Increasing the air velocity from 2 to 3 m/s has led to 25% increase in 
effective diffusivity of water in tomato slices during drying. Greater drying air 
velocity leads to earlier critical point and shorter drying time during the drying 
process. 
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