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Abstract— In this paper, we present a study of convective drying for wet agricultural product by hot air. The system used is a tunnel 

dryer, it works with different sources of energy (solar, gas, electric), and has been conceived to dry several agricultural products. This 

system operates in open loop for adjustable air in temperature and velocity. The objective of this work is to establish a mathematical model 

describing the phenomena of heat and mass transfer at the product layer and in the air. The drying process is simulated under real 

operating conditions based on a thin layer model and experimental drying kinetics.  

Index Terms— Tunnel dryer, Mathematical model, Heat and mass transfer, Simulation. 

——————————      —————————— 

1   INTRODUCTION                                                                     

He drying of a thin layer of granular products with low 
temperature is very important in the field of food 

industries. Some products with low humidity (wheat, corn ...) 
only need a drying with an ambient air. Other products with 
quite humidity, but less sensitive to degradation (hazelnuts, 
wood booklet ...) can be dried for long periods with little air 
ventilation. These processes are very energy efficient. Other 
food products with high humidity (grapes, dates, apples ...) 
occur in dryers increasingly sophisticated allowing a rational 
conduct of the operation.  

The drying air is constantly monitored by velocity, 
temperature and humidity to ensure quick and effective 
drying that does not alter the aesthetic and nutritious qualities 
of the product. They may be refined if one knows better the 
evolution of simultaneous heat and mass transfers in the 
product and at the air product interface.  

Properly, designed solar drying systems must take into 
account drying requirements of specific crops, energy 
efficiency requirements, and cost-effectiveness. Simulation 
methods are needed in the designs and operations of solar 
dryers. Several researchers have developed simulation models  

 

for natural and forced convection solar drying systems [1-3]. 
This study was mainly concerned with the description of 
drying mechanisms using an indirect convection solar dryer 
under ecological conditions typical of north eastern region of 
Tunisia [4]. Thus, the study of the tunnel dryer is to establish 
on the one hand, a relationship between the characteristics of 
the air entering and exiting the tunnel, on the other hand, an 
equation between the drying time and layer characteristics of 
the product.  

Our study was based more on the knowledge the dryer 
than that of the dried product that’s why in this study we 
present a mathematical model that simulates the dynamic 
operation of the dryer and to extrapolate results under specific 
conditions.  

 

2   MATERIALS  AND METHODS 

An indirect forced convection solar dryer consisting of a 
tunnel dryer and four solar air heaters was used in all drying 
experiments. The tunnel dryer is a compartment of 4 m x 2 m x 
1.8 m, oriented to the South, and constituted by the drying 
cabinet and the auxiliary heating system. The width of the 
cabinet passageway is 0.9 m. On the roof of the drying cabinet, 
a solar chimney has been predicted and has the role of 
pumping down the humid air. The tunnel dryer was 
constructed with galvanized iron sheet wall insulated with 
polyurethane injection of 0.15 m thickness (Fig. 1). The drying 
trays were made of an iron frame on all four sides with wire 
mesh on the bottom to hold the sample. 

Fours solar collectors are placed next to the drying cabinet 

and an angle of inclination varying between 36.7° and 45°, in 

order to collect the maximum solar radiation according to the 

drying time. Ambient air was drawn in by a fan and heated up 

in the solar air heaters. The heated air was allowed to enter in 

the drying cabinet from the eastern side and flow upward 

through the sample and finally though the trays (Fig. 1).  
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Fig.  1. Overall view of the solar-gas tunnel dryer pilot. 

 
We opted for natural gas as a fuel to be used on auxiliary 

heating system. This extra provider fitting is placed in the 
north of the drying cabinet. The separation between the two 
passageways has a good thermal conductivity, whereas the 
north side is perfectly insulated. An exchanger permits to 
transfer heat produced by the burner to the incoming air. The 
western side of the tunnel dryer carries in its centre two fans 
that blow the hot air in the drying cabinet.  

The product slices are placed, in an adjacent way, on trays 
located on moving farm tracks or carriages. The height 
between every two trays is 10 cm. The thickness of the thin 
layer is that of one layer of slices. To measure material 
temperatures, thermocouples K and T were either introduced 
inside the product slices or put at their surface. The whole 
dryer is designed in order to assure the installation security 
(flame control, electric protection) and to manage drying 
parameters regulation.  
 

3  THEORETICAL  APPROACH 

The system studied is a tunnel dryer with partially solar 
heating (Fig 1). The first feature of this dryer is its use of the 
solar energy.  Indeed, it was realized over the years, the sun 
offers exciting potential that would be a loss not to exploit 
them. It is a renewable energy represents an available market, 
in addition to be practically free.  

The work presented focuses on the analyzing and 
modeling of the phenomena of heat and mass transfer in the 
dryer during the drying operation of the moist agricultural 
product. 

The figure 3 describes the process of drying a layer of 
product placed in a flow of hot air. 

 
Several assumptions are made in order to obtain the 

macroscopic scale governing equations as:  
 

 Air density is constant. 

 Air velocity distribution in the dryer is uniform.  

 Air and water vapour are considered as perfect 
gases. 

 The shrinkage of the product during the drying is 
neglected and the product can be estimated to a thin 
layer of water.  

   The phenomenon of water condensation on the inner 
metal walls of the drying chamber is neglected and 
so is the radiative transfer phenomenon inside and 
outside the drying chamber. 

       Hot air is provided by two sources, the solar module 
and the auxiliary heating unit for a combined 
operation or by the module solar for only solar 
drying (Fig. 2). 

 The room is supposed waterproof and soil losses are 
neglected. 

 The exchange surfaces air-product remain constant 
during drying. 

 All the products are considered a homogeneous, 
which are characterized by it’s superficial 
temperature. 

 The studied system is considered with lumped 
parameters, that has an evenly distributed 
temperature.  
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Fig.  2.  Flow diagram of drying process in a tunnel dryer. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig.  3. Schematic description of drying process in a tray. 

 
 
The various transfers retained are:   

- Between the air and the product: convection and 

vaporization of water. 

- Between the air and walls: heat exchange by convection. 

- Between internal air and outside air through the walls 

(thermal loose): heat exchange by conduction. 

 
3.1.  Mathematical model 

 

3.1.1 Mass balances 

The mathematical model was developed based on the 

energy balance equation on the various components of the 

tunnel solar gas dryer.  

  

i) Product 

The mass conservation of water in the agricultural product 

is written as: 

[Change in the amount of water in the product] = - [Water 

evaporated from the product] 

pr v

dX
m m

dt
                                     (1) 

Or ( )i
v m pr vs vm h A P P                                   (2) 

mh (ms-1) is the mass transfer coefficient determined by 

Colburn–Chilton analogy [5], and is expressed by: 

2/3( )m
a pa

hc
h Le

C

                                                                       (3) 

Output moist air 

Ambiant air 

 
Solar module 

 

 
Auxiliary module 

Trays 

Drying chamber 

 Drying air 



International Journal of Scientific & Engineering Research Volume 3, Issue 5, May-2012                                                                                  4 
ISSN 2229-5518 

 

IJSER © 2012 

http://www.ijser.org  

With hc (Wm-2C-1) the convective heat transfer coefficient, 

( 1)Le  the Lewis number of the air, a (kg/m3) the density and 

paC the specific heat of the air. 

Pvs (Pa) is the saturated water vapour pressure at the surface 

of the product and is given by the Bertrand relation: 

 

2795
log ( ) 17.443 3.868log ( )

10 10
P Tvs pr

Tpr
        (4) 

Where, the temperature is in Kelvin. 
i

vP  (Pa) the partial vapour pressure of the moist air in the 

chamber, it’s often given by this relation [6]: 

( ) ( )i
v vs a ai aP P T T T                                                                 (5) 

Where 166 .Pa K  is the psychometric constant.  

prA  (m2) is the area of product. 

 

ii) Moisture in the air 

The balance of water masses in the air exchanged during 

the drying is written as: 

[Change in the amount of water in the air] = [water outside air 

entering] + [water evaporated from the product] - [water of the 

exhaust air] 

 a ai in v ao

dY
m m Y m m Y

dt
                                                           (6) 

Where aom is the exiting air mass flow and is given by [7]: 

 
2 ( )

1 /

a o a am
ao d

amo i

A gl T T
m C

TA A

 



                   (7) 

iA  and oA  are inlet and outlet area (m2) of the chimney 

openings which has a cylindrical form.  

,dC g and l are coefficient of discharge of air channel, the 

gravitational acceleration, (m.s -2) and the height (m) of solar 

chimney respectively. 

 
3.1.2. Heat balances 

 

i)  Product 
The equation for the energy balance in the product is 

written as: 

[Change in internal energy of the product] = [energy of 

evaporation of water from the product] + [heat exchanges by 

convection between the air and the product] 

, 1( )
pr

pr p pr v v pr c a pr

dT
m C m L A h T T

dt
                                  (8) 

Where vL  is the latent heat of vaporization: 

0 ( )v v pv pl prL L C C T                                                               (9) 

0vL is the latent heat of vaporization at 0°C. 

1ch is the convective heat transfer coefficient between the hot 

air and the agricultural product. 

Where   1
a

ch Nu
D


                                                                   (10)                                                                                    

In which Nu is the Nusselt number established on the basis 

of Reynolds number (Re), that gives an idea about the flow 

regime, a is the thermal conductivity of air and D is the 

characteristic diameter of the layer of the product. 

The Reynolds number is expressed as:   

 
Re a

u L


                                                                                       (11) 

Where: 

L : Characteristic length (m) 

a

u : Air velocity (m.s-1) 

  : Kinematic viscosity of air (m2.s-1) 

The airflow will certainly be turbulent in the dryer, to calculate 

the number of Nusselt we use the following correlation [8]:   
0.8 0.40.023.Re .PrNu                                  (12)                                                                                    

 Pr = 0.7 (air Prandtl number).  

    

ii)  Air 
The equation for the energy balance in the air is written as:  

[Change in internal energy of the air inside the dryer] =  

[Enthalpy flow of the air entering into the dryer] - [Enthalpy 

flow of the air leaving the dryer] + [Enthalpy flow of the water 

evaporated from the product] - [heat exchanges by convection 

between the air and the product] - [convective heat flow 

between the air and the inner wall] 

 
,

1 2      ( ) ( )

a
a a p a ai pa ai ao pa a

v pv a c a pr pr c a wa wa

dT
V C m C T m C T

dt

m C T h T T A h T T A

  

    

             (13) 

 

Where waA  is the area of the wall and  2ch  is the convective 

heat transfer coefficient between the moist air and the inner 

wall, taking as Nusselt number [8]:  
4/ 5 1/ 30.036.Re .PrNu                                                                (14) 

 
3.1.3. Thermal looses 

 

The energy balance equation of the wall of the drying 

chamber is written as: 

[Change in internal energy of the inner wall] = [convective 

heat flow between the air and the inner wall]-[conduction heat 

flow between internal air and outside air through the walls] 

 

, 3( )

                                 ( )

wa
wa wa p wa c a wa wa

d wa am wa

dT
V C h T T A

dt

h T T A

  

 

                                  (15) 

 

Where dh (W/m2°C) is the conductive heat-transfer coefficient 

across the insulation and estimated by:   

   

i
d

i

h
d


                                                                                       (16) 
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i (W/m°C) is the thermal conductivity of the insulation wall 

and id (m) is the average mean thickness of the insulation. 

 
3.2. Drying rate equation 

 

The theory of drying is described by Lewis theory [9] based 

on the analogous of Newton’s law of cooling in heat transfer 

and is often used to mass transfer in a thin layer drying and is 

as follows: 

( )
dX

dt
 is one of the most important parameters used in 

process drying. 

The following drying rate equation was obtained by Lopez 

et al [10]: 

( ) ( )
dX

k X Xe
dt

  

   
                                                              (17) 

Where k is the drying constant and it is related to the 

temperature of the moist air by: 

130.64
0.00719exp( )

a

k
T

                                               (18) 

X is the instantaneous moisture content and Xe is the 

equilibrium moisture content of the vegetable or the wet 

agricultural product, it was calculated by determining 

experimentally the equilibrium moisture isotherms at 25(°C), 

40(°C), 60(°C) and 90(°C). GAB model [11] was selected to 

predict Xe because it was the model that better fit to 

experimental data. The following expression was obtained 

[12]: 

(1 ) 1 ( 1)

m w

w w

W CKa
Xe

Ka C Ka


    
                                                  (19) 

Where Wm, C and K are parameters related with air 

temperature by the following expressions: 

1193.2
0.0014254exp( )m

k

W
T

                                              (20) 

1072.5
0.5923841exp( )

k

C
T

                                (21) 

43.146
1.00779919exp( )

k

K
T

                                               (22) 

Where Tk is air absolute temperature (K) and aw is the water 

activity. The moisture ratio (reduced moisture) of the wet 

agricultural product is given by: 

in

X Xe
Xr

X Xe




     
                                                                        (23) 

inX is the initial moisture content of the product.  

Despite the diversity of drying curves, which are obtained 

for a same product according to its form, its initial state and 

external conditions, we find a standard procedure for 

translating the drying of a product in the form of unique 

characteristic curve called the Characteristic-drying curves of 

the product. 

The drying rate equation used in this study is deduced 

from an experimental study on a thin product layer [13]: 

( ) ( ) ( )in r

dX dX
F X

dt dt
                                                               (24) 

Where the functional dependence ( )rF X used in this study, 

has been deduced from an experimental analysis in a thin 

product layer. This experimental study allowed determining 

the kinetic function of drying and the characteristic 

parameters that represent the initial velocity ( )in

dX

dt
  when 

the first phase of drying is non-existent. 

For grapes, the functional dependence is given by the 

following expression: 

 

 ( ) (1 ) 1.1697 0.8415r r r r rF X X X X X                            (25) 

 
 
4.  RESULTS AND DISCUSSION 
 

For the numerical appreciation of the developed model for 
the solar gas tunnel dryer the calculations have been made by 
using the system parameters (Table 1). The Matlab software 
has been used to solve the mathematical model. 

The numerical resolution allowed us to appreciate the 

influence of transfer parameters and to follow the 

displacement of the drying front for several aerodynamic 

conditions [13-14]. 
 

Table 1. Values of parameters used in numerical 

 

Parameters                                                Values 

Apr                                                            0.5 (m2) 

Awa                                                              3 (m2) 

A0 /Ai                                                0.00785 (m2) 

aw                                                                     0.4 

Cp,pr                                                                             4180 (J/kg°C) 

Cp,a                                                  1006 (J/kg°C) 

Cp,wa                                                  860 (J/kg°C) 

cd                                                                     0.6 

D                                                             0.66 (m) 

g                                                            9.8 (ms-2) 

di                                                             0.15 (m) 

l                                                                    1 (m) 

L                                                                   1 (m) 

mpr                                                             10 (kg) 

Va                                                                3 (m3) 

Vwa                                                        0.003 (m3) 

Xin                                                                 4 kg kg-1 (dry basis) 

ρch                                                                                         1.16(kg/m3) 

ρwa                                                     2700 (kg/m3) 

λa                                                 0.0262 (W/m°C) 

λi                                                   0.022 (W/m°C) 

υ                                                         2.10-5 (m2/s) 
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Fig. 4. Experimental characteristic-drying curves of grapes. 
 

 

Fig. 5. Simulated characteristic-drying curves of grapes. 

 

 

Fig.  6. Variation of air temperature, product temperature and inner wall 

temperature for Tai=60°C and V=3m/s. 

 

      Fig. 7. Influence of the drying air velocity on the variation  of air  

      temperature during drying. 

 

        Fig. 8. Influence of the drying air temperature on the variation of air  

      temperature during drying.  

 

     Fig. 9. Influence of the drying air velocity on the variation of product  

     temperature during drying.  
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Fig. 10. Influence of drying air temperature on the variation of product 

temperature during drying. 
 

 

Fig. 11. Influence of drying air velocity on the variation of moisture 

content during drying. 

 

Fig. 12. Influence of drying air temperature on the variation of moisture 

content during drying. 

We are interested in the effects of two aero thermal factors, 
velocity and air temperature. These two parameters are varied 
for different tests to see their effects. We simulated using the 
model developed for convective drying process of thin 
product layer with a slab thickness of 0.8 cm. 

This problem was studied previously [13]. Fig. 4 shows the 
characteristic drying curve established from a set of tests and 
experiments conducted in the laboratory. The shape of the Fig 
4 is identical to that of Fig. 5. The methodology adopted in this 
study seems promising to give us more results. 

Fig. 4 and Fig. 5 present the simulation variation of drying 
rate as a function of the reduced moisture content at different 
air velocity and temperature values. It can be seen that the 
drying rate is not constant throughout the drying period. It 
constantly decreases drops until the equivalent moisture 
content of the product is reached. 

Fig. 6 shows the evolution of air, product and inner wall 
temperature inside the dryer for constant velocity and 
temperature of the input hot air. The temperature of the 
product does not reach very quickly the temperature of the 
drying air compared to the air temperature and the inner wall. 
This characterizes the following slow change in the 
temperature of a wet product in the drying process. 

Fig. 7 and Fig. 8 show that the air temperature reaches very 
quickly the temperature of the drying air for different 
variation of temperature and velocity. 

Fig. 9 and Fig. 10 show the influence of both of air and 
temperature of the drying air on the variation of the product 
temperature. Also the drying time is longer at slowly drying 
air velocity (V=1m/s).  

Fig. 11 shows that the air velocity is not an influential 
parameter in the variation of the moisture content, as was the 
case in previous works [15-16]. 

Fig. 12 shows that the air temperature is an influential 
parameter in the variation of the moisture content, it was also 
demonstrated in other research publications [17-18]. 
Increasing the air temperature gives the air more evaporative 
power which is reflected in the drying time by making it 
shorter. We can notice that when the air velocity and the inlet 
temperature increase, the evaporation front moves faster and 
consequently the necessary time for drying decreases. 
 

5. CONCLUSION 
 

In this work, a mathematical model for convective drying 
process is presented which took into account the geometric 
design of the dryer and the thermal-physical properties of air 
and agricultural product. This modeling allowed us to 
describe the heat and mass transfer phenomena involved in 
food drying. The study shows that air temperature is an 
influential external parameter which is not the case of the air 
velocity. This is notable for the evolution of the temperature 
profiles and moisture content, also to appreciate the capacity 
of the developed model to describe the different drying 
periods. 
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NOMENCLATURE  

A        surface area (m2) 
aw       water activity 
Cp       specific heat (J/kg°C) 
Dh

 
     characteristic diameter of the layer of the product (m) 

d        mean thickness of the insulation (m) 
g        gravitational acceleration (m2/s) 
hc       convection heat-transfer coefficient (W/m2 °C) 
hd       conduction heat-transfer coefficient (W/m2 °C) 
hm      mass transfer coefficient(ms-1) 
L        characteristic length (m)  
Lv       latent heat of vaporization (J/kg) 
l         height of solar chimney(m) 
m       mass (kg) 
m

     
 mass flow (kg/s) 

i
vP      partial vapour pressure of the moist air (Pa) 

Pvs     saturated water vapour pressure (Pa) 
T        temperature (°C) 
u        velocity (m/s) 
V        volume (m3)      
X        product moisture content (kg/ kg dry basis) 
Y        air moisture content (kg/ kg dry basis) 
Le       Lewis number 
Nu      Nusselt number 
Pr       Prandtl number 
Re      Reynolds number 
 
Greek letters 

        kinematic viscosity of air (m2/s)    
       density (kg/m3) 


      
thermal conductivity (W/m°C) 

 
Subscripts 

a         air 
am     ambient 
pr       product 
wa     wall 
o        output 
i         input/insulation 
l         liquid 
r         reduced 
v        vapo 
in       initial 
e         equilibrium 
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