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Abstract  The present work is part of the optimization of indirect solar dryers. The main objective is to highlight 
the influence of topological forms of dryers on air settings. For this, we have studied the behavior of air in the 
collector for four inclinations angles (0°, 30°, 40° and 60°), three values of the height of the drying chamber (1, 1.20 
and 1.40 m) and three values of the height of the chimney (0.3, 0.8, and 1.5 m). The Navier-Stokes equations were 
numerically solved using the finite volume method through the Easy CFD_G package code in its V.4.1.0 version. 
The numerical simulation was used to define for each load configuration studied, the temperature profile, velocity 
and pressure. The results show that for the solar collector, 30° is the optimum angle of inclination. This angle 
provides a better distribution of the velocity vector field. For this angle, the height of the drying chamber allowing a 
better distribution of velocity and temperature gradient is 1.40 m. The maximum chimney height is 1.5 m. These 
parameters are used to define an optimal configuration of the indirect solar dryer in which the air temperature varies 
between 56 and 64°C and drying air velocity between 0.5 and 0.9 m/s. 
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1. Introduction 

In an effort to significantly reduce post-harvest losses 
estimated today at more than 40%, particularly in sub-
Saharan Africa [1], several solutions have been proposed 
including drying. Drying is defined as a method of 
decreasing the water content of a product by evaporation 
[2,3]. Among the different types of existing drying, solar 
drying occupies a special place. This is carried out in 
dryers called solar dryers. Solar dryers are generally 
classified according to the heating or the mode of 
operation into several categories including two main 
principles: Direct solar dryers and indirect solar dryers 
[4,5].  

The main objective of a drying operation is to produce a 
dry product of desired quality (taste, color, texture, 
nutritional value, etc ....) And at minimum cost [6], he is 
therefore necessary to optimize its efficiency and 
performance. The effectiveness of a dryer depends on the 
characteristics of the product (size, shape, moisture 
content), the characteristic of the drying air (temperature, 
relative humidity, velocity) and also topological 
characteristics of the dryer (size, shape) [7]. 

Studies have been conducted both on modeling profiles 
and drying kinetics [8,9,10,11,12] on improving the 
efficiency of the dryer [8,13,14] and to optimize the 
drying process. These studies showed that increasing the 

velocity of the air improves the drying time. Also the 
influence of temperature on the mass ratio of water 
evaporated from the product; the higher the temperature, 
the shorter the drying time. Despite advanced in the 
literature on drying, challenges in the optimization of its 
yield still remains to rise.  

Several studies have been conducted to optimize the 
performance of indirect solar dryers on the velocity as 
well as on the drying time of agro-food products 
[13,15,16,17,18,19]. Some stand out as the geometrical 
characteristics (shape, size) have an influence on the 
performances of the dryer [7,20]. However, no study put 
in evidence the influence of the topology (shape) of the 
dryer on its output or its energetically effectiveness. 

The present work enters in the frame work of the 
optimization of indirect solar dryers with the main 
objective, highlighting the influence of the shapes of 
dryers on velocity and drying time of food products, in 
order to propose the shapes of suitable dryers. 

2. Material and Methods 

Figure 1 presents the basic topological configuration of 
dryer used in this work. 

While leaving therefore this configuration, we 
proceeded successively by optimization of the various 
parts of the dryer (the solar collector, the drying chamber 
and the chimney). 
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Figure 1. A basic configuration 

• Boundary conditions: 
Heat flow left again as it follows: 
On the solar collector 1000 W/m2; 
On the front face of the drying chamber 300W/m2 
Structured grid  
Temperature of the ambient air: Ta = 27°C; 
Turbulent flow: SST  
Stationary regime. 
Inlet air velocity: Ve = 0.05m/s 

2.1. Methodology  

• Optimization of the angle of the solar collector 
We started first by modifying the angle of the collector 

for four values of α (0°; 30°; 40°; 60°). 
• Optimization height of the drying chamber 
We modified the height of the drying chamber and we 

used 1 m; 1.2 m and 1.4 m.  
• Optimization of the chimney 
To optimize the chimney the dimensions value 

according the geometric configuration of figure 2 used are:  
H = 0.3; 0.8; 1.5 
B= 0.1; 0.4 
b= 0.1; 0.3 

 

Figure 2. Chimney configuration 

2.2. Mathematical Model 
The numerical simulations are performed using the 

Reynolds-Averaged Navier-Stokes (RANS) equations. 
The Boussinesq approximation was used for thermal 
buoyancy. The Easy CFD_G software package code in its 
V.4.1.0 version based on the finite volume method for 
structured and unstructured grids were used to perform the 
numerical simulations. The discretization scheme used is 
hybrid for the convective terms in the momentum and 
energy equations, and the SIMPLEC algorithm for 
pressure–velocity coupling. For a two dimensional 

problem, the continuity, momentum and energy equations 
in the stationary regime are given in a general form by: 
• Continuity equation: 
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In the previous equations, P (N/m2) represents pressure, 
k is the turbulence kinetic energy (m2/s2) and I represent 
the buoyancy forces. The diffusion coefficient is, in this 
case, given by: 

 tµ µΓ = +  (4) 

where μ (N s/m2) is the dynamic viscosity and μt is the 
turbulent viscosity. 
• Energy conservation equation 
In this case, the dependent variable is the enthalpy Ø = 

Cp.T 
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Term ST, in the previous equation, represents the heat 
generation rate per unit volume (W/m3). The diffusion 
coefficient is, for the case of a fluid domain: 
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• Turbulence modeling 
The properties of a turbulent flow (velocity, pressure, 

etc.) are not constant in time; instead, they present 
oscillations about an average value. The numerical 
calculation of the instantaneous value is not amenable 
with present day techniques and resources, due to the high 
temporal and spatial frequencies that characterize these 
flows. We are, thus, left with the calculation of the 
average values, only. These can be described through the 
Reynolds decomposition: 

  'φ φ φ= +  (7) 
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where φ  is the instantaneous value, φ  is the average 
value and 'φ  is the difference between the two 
(fluctuation). When the Reynolds decomposition is 
applied to the transport equations and the equations are the 
averages, some extra terms appear, due to the following 
property (illustrated for the third term of equation 2): 

 ' 'uv uv u vρ ρ ρ= +  (8) 

The last term in the previous equation has the 
dimensions of a stress and thus, can be expressed as the 
product of a viscosity (turbulent viscosity) by an average 
velocity gradient, as in the case of the laminar stresses 
(this hypothesis was proposed by Boussinesq). The 
computation of the turbulent viscosity is made recurring to 
a turbulence model. Easy CFD_G implements the k-ε and 
the STT (Shear Stress Transport) models. For this study, 
we used the SST model. 

The standard formulation of this turbulence model is 
described by [21,22,23,24]. The turbulent viscosity is 
given by: 
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The turbulence kinetic energy, k, as well as its 
dissipation rate, ε (m2/s3) are computed with the following 
transport equations: 
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The term P1 represents the production rate of k as the 
results of the velocity gradients: 
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while the term GT accounts for the production or 
destruction of k and ε due to the thermal gradients: 
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The remaining model constants are: 

 k

1 2 3

C 0.09; 1.0;  1.3;

C 1.44; C 1.92; C 1.44.
µ σ σε= = =

= = =
 

3. Results and Discussion 

Figure 3 shows the meshes of successive configurations 
studied in order to find the configuration that optimizes 
the drying parameters of food-products. Our mesh is 
structured and uniform because we were interested in the 
behavior of the air throughout the computational domain. 
Figure 3a shows our starting configuration. Figures 3b and 
Figures 3c show the first modification of our starting 
configuration, carried out to obtain the angle of inclination 
of the collector and the shape of the chimney of the dryer 
for a better distribution of the velocity and the temperature 
in the dryer. The figures 3d and 3e show the optimal 
configurations retained after several changes of the angle 
of inclination of the collector and the shape of the 
chimney. They allow us to obtain the best thermal 
performance by a uniform distribution of temperature and 
velocity in the dryer. 

 

Figure 3. Meshes of the studied configurations:α =30°; (b) α = 0°; (c), (d) 
and (e) α =30° 

• Basic configuration 
The temperature and velocity fields for the configuration 

(a) according the Figure 3 are presented by Figure 4. 
Indeed, in Figure 4a, it is found that the temperature gradually 
increases as the air passes through the solar collector, the 
drying chamber and the chimney. The simulation was 
performed here for an empty dryer (without products), 
which justifies the high value of the temperature in the 
chimney. In Figure 4b, the velocity distribution shown 
that the inside the dryer, the velocity is reaches values of 
0.1 m/s and 0.24 m/s. This velocity distribution in the 
dryer does not guarantee a homogeneous drying and high 
quality at the end of the operation. 

 

Figure 4. Temperature field (a) and velocity (b) for the starting 
configuration 

 



4 American Journal of Energy Research  

3.1. Optimization of the Angle of the Solar 
Collector  

Figure 5 shows the temperature fields of the first 
modification of the starting configuration for the four 
angles of inclination of the solar collector. 5a and 5d show 
an almost homogeneous distribution of the temperature  
in the dryer. It is observed in Figure 5a, the high 
temperatures at the inlet of the collector but which drops 
considerably at the drying chamber, this is due to the 
angle of inclination of the collector. For against, these 
temperatures are relatively low at the input of the collector 
and increase gradually as the air passes through the dryer 
for all other configurations. Thus we have temperatures 
ranging from 36 to 127 °C, 20 to 35 °C and from 33 to 
110 °C between the inlet of the collector and the outlet of 
the dryer respectively for figures 5b, 5c and 5d. 

 

Figure 5. Temperature distributions of the first modification of the 
starting configuration 

These configurations have shortcomings because, 
during the simulation we found that the outlet temperature 
of the dryer decreases over time. This is due to the fact 
that in addition to natural convection that is to say that 
operates at low velocity, the height of the chimney does 
not allow a better bleed air, because it is very close to the 
drying chamber which is faced to the atmospheric pressure. 
Over time therefore, the temperature have tendency to be 
lowered and become uniform throughout the dryer. 

 

Figure 6. Velocity Field of the first modification of the starting 
configuration 

Figure 6 shows the velocity fields for four angles of 
inclination of the solar collector. On the Figure 8a, there is 
a relatively low speed at the inlet of the collector and in 
the drying chamber, as a result of the angle of inclination 
of the collector rather the velocity of take-off occurs at the 
walls of the chamber, is what justifies these high velocities 
at the walls. By against, for the Figure 8b and 8c, we have 
very high velocity in the drying chamber because the 
angle of inclination of the collector ensures a good 
distribution of the air in the drying chamber. In Figure 6d 
we have an almost uniform distribution of velocity in the 
drying chamber, but it is very low because the inclination 
of the collector is very large. Thus we have velocity that 
vary from 0.004 to 0.3 m/s; 0.1 to 1.7 m/s; from 0.5 to 1.4 
m/s and from 0.001 to 1 m/s to the input of the collector at 
the outlet of the dryer, respectively to figures 6a, 6b, 6c 
and 6d. We note at the end of this analysis that, the figure 
6b allows us to obtain a homogeneous distribution of 
velocity and high velocity in the dryer. 

Since the optimum angles of inclination of the solar 
collector is α = 30 °, we optimize the height of the drying 
chamber to determine if it is possible to obtain better 
distribution of temperature and velocity in the dryer. 

3.2. Optimization of the Drying Chamber 
Figure 7 shows the temperature fields for the second 

modification of the starting configuration. On the Figure 
7a, we observe a clear increase in the temperature. At the 
outlet of the collector we reach a value of 60 °C. In the 
drying chamber it varies between 61 and 65 °C and 
reaches 66°C at the level of the chimney. This progressive 
phenomenon of evolution of the temperature of the solar 
collector to the chimney is completely normal, more 
especially as our numerical simulations are done without 
the products. On the Figure 7b, at the exit of the collector 
we reach a temperature of 80 °C while in the drying 
chamber we reach a temperature of 90 °C in the center and 
100 °C on the left wall. Moreover we noticed during 
numerical calculations that after a certain time t, the 
temperature tends to drop. This phenomenon can be 
justified by the bad extraction of air which makes the 
chimney and because of air velocity in natural convection. 
The height of the chimney being insufficient, this quickly 
finds itself at the atmospheric pressure. 

 

Figure 7. Temperature fields relative to height of the drying chamber: a) 
h = 1.20m, b) h = 1.40m 

Figure 8 presents the velocity fields in the 
configurations relating to the different values of the height 
of the drying chamber h. On the Figure 8a, at the level of 
the collector, the velocity of the drying air varies between 
0.05 and 0.3 m/s and in the drying chamber is between 0.1 
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and 0.9 m/s with several dead zones as the figure shows it. 
While on the Figure 8b, we observe not only an increase 
but also a good distribution of velocity. In the drying 
chamber and at the level of the chimney it varies between 
0.5 and 3 m/s at the level of the higher left wall it reaches 
5.6 m/s. 

 

Figure 8. Velocity fields: a) h = 1.20 m, b) h = 1.40 m 

We see from these results that the increase height of the 
drying chamber makes it possible to optimize the 
temperature of the air like its velocity. However it remains 
a problem, the bleed air into the chamber because it is not 
rapidly discharged outwardly. We could retain as height of 
the drying chamber h = 1.40 m. This height provides 
better results. Thus, we proceed to the optimization of the 
extraction effect through the chimney. 

3.3. Optimization of the Chimney 
Considering the optimum angle of the solar collector α 

= 30° and the height of the drying chamber h = 1.40 m, 
We increase the height of the chimney for two values of H 
(0.8 m and 1.5 m) for a fixed base B = 0.40 m in order to 
find one that will best optimize the performance of the 
dryer. As shown in Figure 9a, at the collector, the 
temperature evolves gradually and reaches at exit a value 
of 140 °C. In the drying chamber, the temperature is 
between 80 °C and 117 °C. This temperature is very high 
for the drying of food products. At such temperatures, the 
products to dry will risk to burning. At the chimney, it 
varies between 80 °C to 140 °C. These values can be 
justified that the height of the chimney is not sufficient 
enough to allow for better extraction. While in Figure 9b, 
in the collector, there is a gradual evolution of the 
temperature reaching at its output a value of 100 °C. In the 
drying chamber, the temperature distribution is quite as 
satisfactory and is between 56 °C and 64 °C. This 
temperature range is recommended for drying of various 
agricultural products. At the chimney, it varies gradually 
from 82 °C to 124 °C. 

 

Figure 9. Temperature fields relating to the height of the chimney: a) H 
= 0.80 m, b) H = 1.5 m. 

The following Figure 10 highlights the velocity fields in 
both configurations. Bad velocity distribution is observed 
in Figure 10a. Very low velocity is noted throughout the 
dryer, they vary between 0.3 and 0.6 m/s at the walls of 
the drying chamber. While on the Figure 10b we observe a 
good velocity distribution of air drying in the drying 
chamber. For the inlet air velocity equal to 0.05 m/s, we 
obtain an average velocity in the dryer equal to 1.01 m/s. 
So we can keep this last configuration as that allowing 
achieving good efficiency of the dryer. 

Thus, by acting on the three principal parts of the 
starting dryer, we are succeeded in finding the dryer 
topology to achieve best drying performance. In addition, 
while keeping the same simulation conditions, another 
study on this configuration allows us, by acting on the 
input and output of the drying chamber, for a height of the 
drying chamber h = 1.25 m to find a second configuration 
as well to solve drying problems, this time for lower 
temperatures (Figure 11). The drying temperature range of 
food products is generally between 30 °C and 80 °C [16], 
the second configuration that we propose is in this 
temperature range with good drying velocity. 

 

Figure 10. Velocity fields relating to the height of the chimney: a) H = 
0.80 m, b) H = 1.5 m. 

Figure 11 shows the final configuration temperature 
range studied this time with h = 1.25 m. The temperature 
in this dryer is between 53 and 56.7 °C. It evolves 
gradually and becomes almost constant at around 55 °C 
inside the drying chamber. 

 

Figure 11. Temperature fields for h = 1.25m 

Figure 12 shows the velocity field for this last 
configuration. The velocity distribution in this figure is 
quite as satisfactory as the previous one. This varies 
between 0.5 and 0.9 m/s. 
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Figure 12. Velocity fields for h = 1.25 m 

In the end, we get two topological dryer configurations 
which can help to optimize the drying of food products. 
We present as a summary the results of the two selected 
configurations (Figure 13). 

 

Figure 13. Topological configurations retained 

These configurations as shown in these figures, allow 
us to obtain good drying parameters such as air velocity 
and temperature. Thus, we obtain for an air velocity in 
entry of the dryer of 0.05 m/s in natural convection and an 
ambient temperature of 27 °C, the following values: 

For the configuration of Figure 13a, a drying air 
velocity is between 0.3 and 1.3 m/s at the center of the 
dryer, a drying temperature between 56 and 64°C. A 
drying air velocity between 0.5 and 0.9 m/s at the center 
of the dryer and a drying temperature between 53 and 
56.7°C for the configuration of Figure 13b. These 
intervals of temperatures are recommended for the drying 
of several food-products [1]. 

4. Conclusion 

In this work, it was question to highlight the influence 
of the topological configuration of indirect solar dryers  
on the temperatures, velocity and drying times of food 

products. The analyses of the temperature and velocity 
fields for all configurations studied by numerical 
simulation have allowed us to achieve two geometrical 
configurations of indirect solar dryer to optimize the 
efficiency of the dryers. The results show indeed that the 
geometrical shapes of the dryer have a very significant 
influence on the drying parameters. As a perspective, the 
results of this work is purely theoretical, we plan to do a 
practical study through the physical realization of the 
dryer. Moreover simulations having been made without de 
product, we will do another study this time, taking into 
account the mass transfer and material between the 
product and air. In perspective, it would be interesting to 
associate in this study, the transfer of mass and matter 
between the product and air, in order to analyze their 
influence on the various parameters of drying such as 
velocity and temperatures drying. 

Nomenclature 

Cp constant pressure specific heat (J/kg K) 
H height (m) 
H height (m) 
Øconv thermal power exchanged by convection 
P pressure (N/m2) 
T temperature (°C) 
T time (s) 
St heat generation rate per unit volume (W/m3) 
u, v velocities in x and y direction (m/s) 
x, y coordinates (m) 
k turbulence kinetic energy (m2/s2) 
I buoyancy forces 
Pr Prandtl number 
U  (m/s) 

Greek Symbols 

µ dynamic viscosity (N s/m2) 
Γ diffusion coefficient 
ρ density (kg/m3) 
ε dissipation rate (m2/s3) 
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