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Hybrid solar drying chamber is an application that is widely used today for agriculture 
products because it can promise the hygiene of the product. However, drying 
chambers nowadays still lack uniformity in drying products within a drying chamber, 
leading to food wastage and compromised product quality. This study aims to design 
an innovative hybrid solar drying chamber system and investigate the uniformity of 
temperature and velocity within the chamber using Computational Fluid Dynamics 
(CFD). The methodology involves validating the simulation results by comparing them 
with existing journal data, with a validation error of less than 5%. A new design is 
proposed after the validation process, considering factors such as tray arrangement 
and air inlet size. The results show that a tray arrangement with 0.20 m spacing 
between each tray provides better uniformity in temperature and air velocity 
distribution compared to other arrangements. Additionally, an inlet size of 0.05 m2 
demonstrates the most suitable temperature distribution for drying purposes, falling 
within the ideal range of 318 K to 343 K. The study showed that the performance of 
the drying chamber under different operating conditions has consistent temperature 
distribution and is suitable for uniform drying. Overall, the proposed hybrid solar 
drying chamber system offers improved temperature control and uniformity for 
effective drying process. 
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1. Introduction 
 

Drying is a commonly used process to remove water content from agricultural products. In certain 
places, solar energy has emerged as a popular choice for drying due to its renewable and abundant 
nature [1, 2]. Traditional methods like open sun drying have limitations in terms of hygiene and 
product quality. It is sometimes also limited to weather conditions [3]. Solar drying systems, equipped 
with solar collectors and drying chambers, provide a cleaner and more hygienic environment for 
improved dried product quality [4]. Besides, solar energy is clean and safe, it can be captured 
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anywhere and provide energy where other sources cannot. It makes the environment greener and 
cleaner [5]. 

The concept of solar dryers started in the 1980s, and they have been involved in the agriculture 
industry. However, there remains a growing demand for their widespread adoption, especially in 
developing countries, to be widely used in agricultural production [6]. Currently, people have started 
investigating the use of secondary heating sources in solar dryers as they can enable the control of 
drying parameters, extend the drying time, and help overcome the intermittent nature of solar 
energy. As a result, various hybrid solar dryers using electrical heaters, biomass, and gas burners have 
been designed and developed to dry different agricultural products [7]. 

Computational Fluid Dynamics (CFD) is a numerical analysis method used to simulate fluid flows 
and solve problems related to drying chambers [8]. CFD is particularly useful in predicting air velocity 
and temperature distributions within the drying chamber [9, 10]. It helps optimize drying 
performance by comparing simulation results with actual drying experiments [11, 12]. It saves costs 
and brings convenience to the user. 

Several parameters significantly affect the drying rate: temperature, air velocity, airflow, and 
relative humidity/moisture content. Temperature influences evaporation rate and water vapour 
capacity, while air velocity and flow impact drying efficiency [13]. Uniformity of airflow and 
temperature distribution is crucial for homogeneous drying [14, 15]. Relative humidity and moisture 
content determine drying effectiveness, with lower humidity and higher temperatures promoting 
faster drying [16, 17]. Managing these parameters is essential for optimizing the drying process. In 
this paper, the focus is the temperature distribution in the drying chamber. In addition, validation is 
done with the results from Petros et al., [18] and thus proposes a new design.  

The objective of this study is to design an innovative hybrid solar drying chamber system and to 
investigate the uniformity of temperature and air velocity of the drying chamber using the 
Computational Fluid Dynamics software ANSYS Fluent. 
 
2. Methodology  
2.1 Computational Fluid Dynamic Modelling 
 

The drying chamber was designed to consist of four trays or shelves at different levels as a flow 
domain. The geometry was in symmetrical 3D. Figure 1(a) shows the dimensions of the geometry 
from the previous study [18], while Figure 1(b) shows the geometry modelled in ANSYS Fluent Design 
Modeler. 
 

 

 

 
(a)  (b) 

Fig. 1. Dimension of geometry from (a) reference [18] and (b) Modeled in ANSYS 
Fluent  
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2.2 Mesh Generation 
 

In Figure 2, a symmetric 3D flow domain was created using the meshing capabilities of ANSYS 
Fluent version 2020 R2, resulting in a structured grid representation. To capture details of near-wall 
flow, the grid was refined at the angle of the corner and inflation was added to the absorber plane. 
The curvature and proximity were turned on to obtain a more accurate result. The refined meshing 
of a combination of tetrahedral and multizone was used in the simulation. The meshing method is 
significant and will affect the accuracy, convergence, and speed of simulation [19]. 

 

 

 

 
(a)  (b) 

Fig. 2. Meshing (a) Side view of meshed geometry and (b) Inflation at absorber 
plane 

 
2.3 Basic Governing Equations 
 

The simulation involving airflow and temperature distribution within the domain is modelled with 
mass, momentum, and energy conservation equations [18, 20, 21]. Turbulent flow is modelled in this 
study. The following equations are solved in CFD: 
 
Continuity equation: 
 
𝜕𝜌

𝜕𝑡
+ ∇. (𝜌�⃑�) = 0                                                                                                                                                (1)            

 
Momentum conservation equation: 
 
𝜕

𝜕𝑡
(𝜌�⃗�) + ∇. (𝜌�⃗��⃗�) = −∇𝑝 + ∇. (𝜏) + 𝜌�⃗� + �⃗�                                                                                            (2)           

 
Energy conservation equation: 
 
𝜕

𝜕𝑡
(𝜌𝐸) + ∇. (�⃗�(𝜌𝐸 + 𝑝)) = ∇. (𝑘𝑒𝑓𝑓∇𝑇) + 𝑆ℎ                                                                                           (3)               

 
2.4 Domain Properties and Boundary Conditions 
 

The domain properties and boundary conditions were important in the simulation process to 
ensure that the result was accurate. The boundary conditions including inlet, outlet, wall, absorber 
plane and detail in the domain are given in Table 1. 
 

Refined corner 

Inflation 

Absorber plane 
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Table 1 
The parameters of domain properties and boundary conditions 
Domain properties and boundary conditions Remarks 

Inlet 3 m/s velocity 301 K temperature 

Outlet 0 gauge pressure - 

Absorber plane 800 W/m2 heat flux Default copper properties 

Wall No slip condition 
Default aluminum 
properties 

Air domain - Default air properties 

Air for tray domain - Default air properties 

 
2.5 Porous Media Formulation 
 

The food that was to be dried and the trays were approximated to be porous media in the drying 
chamber. The flow passing through this area is considered a porous zone [22]. The porosity for the 
tray is assumed to be 0.4 and a relative viscosity of 0.8. 
 
2.6 Simulation 

 
In this study, the ANSYS Fluent 2020 R2 was used to run the numerical simulation. The simulation 

was performed by solving the conservation Eq. (1), Eq. (2) and Eq. (3) onto the structured grid. The 
realizable K-epsilon turbulence model, semi-empirical based on transport equation was applied with 
the scalable wall functions. The simulation was in a transient state with the constant heat flux within 
the time range of 2 hours of 10 max iterations per time step using the SIMPLE method and hybrid 
initialization. 
 
2.7 Grid Independence Test 

 
The grid independence test study is performed using six different mesh element sizes coming 

with six element numbers with acceptable orthogonal quality (see Figure 3). From the table, after 
366495 numbers of elements, the velocity output is found to be stable and less than 5%. In the graph, 
the stable line had been observed when 366495 number of elements. Thus, the dotted line of the 
element number had been chosen. 

 

 
Fig. 3. The graph of velocity output versus element number (element size) for grid independence test 
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2.8 Proposed New Design 
 

After completing validation, a new design drying chamber will be proposed to promote a better 
temperature and velocity distribution. The idea came from where heated moist air goes up and leaves 
the drying chamber through the air outlet at the high end of the dryer [23], so the inlet is designed 
directly from the bottom in Figure 4. Two parameters were studied. The first parameter is the tray 
arrangement shown in Figure 5 with three options. The tray arrangement that provided the best 
result will proceed to the second parameter, air inlet size with three options to investigate their 
uniformity (see Figure 6). Lastly, the best design from parameter 2 will be continued in the testing in 
different operating conditions as shown in Table 2.  

 

 

 

 
(a)  (b) 

Fig. 4. Proposed design (a) Dimensions side view and (b) Isometric view 
 

   
(a) (b) (c) 

Fig. 5. Tray gap: (a) 0.28 m, (b) 0.20 m and (c) 0.20 m with the middle big gap of 0.4 m 

 

   
(a) (b) (c) 

Fig. 6. Air inlet size: (a) 0.05 m2, (b) 0.07 m2 and (c) 0.09 m2 

 
 
 

 

0.28 m 0.20 m 0.20 m 

0.40 m 

0.05 m2 
0.07 m2 

0.09 m2 

1.45m 

4 m 

1.2 m 

0.576 m 

0.5 m 

0.3 m 

Width: 1 m Width: 1 m Width: 1 m 

4 m 
4 m 4 m 
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Table 2 
Operating conditions 
Heat flux (W/m2) Air inlet velocity (m/s) 

400 
1 
2 
3 

600 
1 
2 
3 

800 
1 
2 
3 

 
3. Results  
3.1 Validation 
 

To validate the simulation result, a comparison between results from the previous paper [18] and 
this work CFD simulation was performed. The purpose of this validation is to ensure that the steps 
and the boundary conditions used for drying simulations are correct. Figure 7 and Figure 8 clearly 
show that the contour plot of air velocity on the symmetry plane and the four trays of the drying 
chamber have the same pattern. This can prove that the parameter setting for the simulation is 
correct. Thus, more accuracy compared to the data such as percentage error had been done in next 
part. 

 

(a) 

 

  
 (b) 

Fig. 7. Validated results of contour profile of airflow velocity distribution on the symmetry plane 
from (a) reference [18] and (b) this works CFD simulation 

 

  
                        (a) 

 

  
                                           (b) 

Fig. 8. Validated results of contour profile of airflow velocity distribution on 
the four trays from (a) reference [18] and (b) this work CFD simulation 
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Figure 9 shows the contour plot of temperature distribution within the drying chamber between 
the CFD simulation from the previous paper [18] and this work CFD simulation. Four points were 
tabulated on each tray to get the temperature data. All the temperature data were measured in 
Kelvin. CFD simulation of this work validation was done by comparing our data with the data obtained 
from the previous paper [18]. In the validation step, a percentage error within 5% is necessary to 
convince that the result obtained from the CFD simulation is correct. As shown in Table 3, the range 
between the difference between the experiment and the CFD simulation on each tray is 0.3 to 2.8, 
which indicates a 0.1% to 0.9% deviation, and it is within 5% errors. 
 

 
 (a) 

 

 
(b) 

Fig. 9. Validated results of contour profile of temperature distribution on the four trays from (a) 
reference [18] and (b) this work CFD simulation 

 
Table 3  
Temperature data for different points on the different tray 
Tray 1 2 

Location 1A 1B 1C 1D 2A 2B 2C 2D 

Experiment [18] 315.5 314.7 314.1 314.9 317 313.2 312.6 314.4 

This work CFD simulation 315.2 315.8 312.3 312.1 314.5 315.6 312.2 312.1 

Difference 0.3 1.1 1.8 2.8 2.5 2.4 0.4 2.3 

Deviation 0.1 0.3 0.6 0.9 0.8 0.8 0.1 0.7 

         

Tray 3 4 

Location 3A 3B 3C 3D 4A 4B 4C 4D 

Experiment [18] 314.7 314.2 313.2 313.1 316.3 317 313.3 313.4 

This work CFD simulation 314.4 315.5 312.3 312.1 314.3 315.4 312.4 312.1 

Difference 0.3 1.3 0.9 1.0 2.0 1.6 0.9 1.3 

Deviation 0.1 0.4 0.3 0.3 0.6 0.5 0.3 0.4 
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1B 

1A 

2C 

2D 
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Figure 10 shows the comparison of the contour profile of temperature distribution in the 
symmetry plane between the simulation from the previous paper [18] and this work CFD simulation. 
It shows that the temperature distribution is slightly different. Hence, a more details comparison via 
data collected has been done in Table 4. Next, as shown in Table 4, the smaller and largest difference 
between the experiment and CFD simulation in the symmetry plane is 0.4 and 1.8 respectively which 
is 0.1% and 0.6%. It means that the accuracy of the simulation has been ensured because they are 
within 5% errors. Since there are within 5% errors in each tray and symmetry plane, it proves that 
the steps of the simulation are correct. The difference between the contour from the journal and this 
work CFD simulation contour is due to the simulation result from the journal has deviation from the 
experiment. 
 

 

 

 
(a)  (b) 

Fig. 10. Validated results of contour profile of temperature distribution on the symmetry plane from (a) 
reference [18] and (b) this work CFD simulation 

 
Table 4 
Temperature data for different points on the symmetry plane 

Side Location S1R S1D S2R S2D S3R S3D S4R S4D 

Experiment [18] 314.2 314.4 313.9 313.6 312.9 313.9 313.4 313.7 

This work simulation 314.7 312.6 314.5 312.5 314.6 312.5 314.7 312.5 

Difference 0.4 1.8 0.6 1.1 1.7 1.4 1.3 1.2 

Deviation 0.1 0.6 0.2 0.3 0.6 0.4 0.4 0.4 

 
3.2 Parameter 1: Tray Arrangement 
 

For parameter 1, three different tray arrangements were used to study the temperature and 
velocity distribution. Figure 11 shows the contour profile of temperature distribution for different 
tray arrangements. As shown in Figure 11, It showed that (b) 0.20 m between each tray provides a 
better uniform temperature distribution. The data were analysed and show that (b) has a 
temperature of around 313K on each tray. However, (a) has a temperature range from 312.3 K to 
314 K while (c) has a temperature range from 312.8 K to 313.8 K. This shows that the tray 
arrangement of (b) is much better than the others. There is less fluctuation in (b). Figure 12 shows 
the details data on each point on each tray. 

Uniformity of temperature and velocity distribution can be ensured by keeping away the tray 
from the inlet because the air velocity is too high at the inlet and poor air flow distribution can cause 
uneven drying [24]. When trays are placed away from the inlet, it can improve the airflow behaviour 
inside the chamber [19]. As shown in Figure 13, the velocity distribution is more even at the bottom 

S1D 

S2D 

S3D 

S4D S4R 

S3R 

S2R 
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of the drying chamber when the inlet is located far away from the tray. Hence, the tray arrangement 
of (b) is selected in parameter 1 and proceeded to parameter 2. 
 

 

   
 (a) (b) (c) 

Fig. 11. Contour profile of temperature distribution in tray gap (a) 0.28 m (b) 0.20 m and (c) 0.20 m with 
the middle big gap of 0.4 m 

 

 
Fig. 12. XY plots of predicted temperature by CFD simulation at points on each tray 

 

 

   

 (a) (b) (c) 

Fig. 13. Contour profile of velocity distribution in tray gap (a) 0.28 m (b) 0.20 m and (c) 0.20 m with the 
middle big gap of 0.4 m 
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3.3 Parameter 2: Inlet Size 
 

For parameter 2, (b) from parameter 1 had been taken to proceed with the simulation. An 
observation from Figure 14, (a) and (c) shows the good temperature distribution at the symmetry 
plane but (a) has the higher temperature. It shows that 0.05 m2 has an average temperature of 318 
K while 0.07 m2 has an average temperature of 313 K and 0.09 m2 has an average temperature of 310 
K in the drying chamber. The results show that the distribution of temperature is consistent in each 
tray. As shown in Figure 15, less fluctuation or more consistency of temperature can be reached when 
using 0.05 m2. The temperature becomes lower when the inlet size increases because the mass flow 
rate increases. When the heat flux is fixed, the increase in mass flow rate can cause a drop in 
temperature [25]. 

For drying purposes, the ideal temperature range for drying purposes is between 318 K to 343 K 
[26]. Hence, parameter 2 of 0.05 m2 is selected for further study as it meets the minimum 
temperature. 
 

 
   

 (a) (b) (c) 

Fig. 14. Contour profile of temperature distribution in air inlet size (a) 0.05 m2 (b) 0.07 m2 and (c) 
0.09 m2 

 

 
Fig. 15. XY plots of predicted temperature by CFD simulation at points on each tray 
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3.3 Operating Conditions 
 

In this section, different operating conditions for the design from parameter 2 (a) were simulated 
to study the temperature and velocity distribution of the drying chamber under various conditions. 
800 W/m2, 600 W/m2, and 400 W/m2 of irradiance had been simulated for the design in different 
inlet velocities which are 3 m/s, 2 m/s, and 1 m/s. As shown in Table 5, the contour profile shows a 
good temperature distribution as there is not much colour difference in the drying chamber. It also 
shows that the greater the inlet velocity, the lower the temperature in the drying chamber. Besides, 
there is less fluctuation and consistency with the temperature in each condition which means the 
drying chamber performs well in different conditions. It can provide uniform dried products under 
any conditions.  

Since the ideal temperature for drying is within the temperature range of 318 K to 343 K which is 
claimed by paper [26], it is advised to refer the Table 5 to get the desired temperature for the drying 
process. Besides, (c), (d), (g), and (h) have an average temperature that is not within the range. Hence, 
the user can lower or higher the inlet velocity to get a suitable temperature that can be used for 
drying purposes.  
 

Table 5 
Contour profile of temperature distribution in operating conditions 

Inlet air  
velocity 
 
Irradiance 

3 m/s 2 m/s 1 m/s 

800 W/m2 

   

 (a) (b) (c) 

600 W/m2 

   

 (d) (e) (f) 

400 W/m2 

   

 (g) (h) (i) 
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4. Conclusions 
 

In summary, From the simulation result, 0.2 m between trays and 0.05 m2 inlet size shows the 
best distribution of temperature and air velocity in the new proposed design. It had achieved the 
objective of designing an innovative hybrid solar drying chamber system. Different operating 
conditions also give a clear view and understanding of how well the drying chamber can produce 
uniformity of the product. The results show that consistency or uniform temperature and velocity 
distribution can be reached by adjusting the tray arrangement and the inlet size. In the end, the 
temperature and velocity distribution of a drying chamber were investigated. CFD is a good software 
for predicting temperature distribution and velocity distribution since it saves a lot of time and cost. 
The result is also convincing because within 5% of the percentage error had been obtained from the 
validation of the journal. 
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