


The Effect of Geometric Adjustments in an Indirect Forced Convection Solar Tunnel Dryer: A Study Based on CFD Simulations and Experimental Investigations


Abstract
The quality of dried agri-food products depends on the uniformity of their moisture content at the end of the drying process. Controlling parameters such as temperature, air velocity, and relative humidity within the dryer is essential to ensure optimal drying. This study presents the design of a tunnel-type indirect solar dryer intended for drying agri-food products. The main scientific challenge lies in the numerical evaluation and proposal of solutions to improve the dryer's performance. With this in mind, a numerical simulation was carried out using computational fluid dynamics (CFD) to analyse the distribution of air flow and temperatures inside the dryer. Three simulation models were developed, with variable input values: air speed (1 m/s, 2 m/s and 3 m/s) and the temperature of the wall exposed to solar radiation (40°C, 50°C and 60°C). To validate the numerical results, an experimental study was conducted. Comparisons revealed high coefficients of determination between the simulated and experimental data: R² = 0.9951 for temperature and R² = 0.9217 for air velocity. Geometric adjustments were then made to the CFD model. The right angles (90°) at the upper ends of the drying chamber were changed to flat angles (0°), while those at the lower ends were replaced by 45° angles. These modifications led to an optimisation of the dryer's thermal performance, as well as a significant improvement in the efficiency of the drying process.
Keywords: Indirect solar tunnel dryer, airflow, air temperature, numerical simulation, CFD, Geometric adjustment effect.
1. Introduction
	Since the oil crisis of the 1980s, solar drying technology has attracted considerable interest among researchers, mainly as a response to the energy demands associated with the preservation of fruits and vegetables [1]. This method, the subject of numerous scientific studies, remains one of the most actively researched fields today—particularly in developing countries where simple and low-cost technologies are still widely used [2]. Solar dryers, commonly employed in the agri-food industry, are valued for their simple design, low installation costs, and ease of use in various environments [3]. Several types of dryers have been studied in the scientific literature, each evaluated based on its physical characteristics, thermal performance, and the quality of the dried products [4]. Within the drying chamber, hot air flows from the inlet to the outlet, resulting in faster drying of products located near the inlet compared to those further away. The dehydration rate is directly influenced by the temperature and velocity of the drying air [5][6]. Therefore, achieving a uniform airflow distribution inside the dryer is crucial for ensuring optimal efficiency and homogeneous drying of the products [7]. To better understand the airflow and temperature distribution, Computational Fluid Dynamics (CFD) was employed to analyze a tunnel-type solar dryer. Geometric modifications were then applied to the CFD model in order to optimize the thermal performance of the drying process.
2. Materials and Methods
2.1 Dryer Description
	The dryer studied is an indirect solar dryer with forced convection of the tunnel type (see Figure 1). It consists of a parallelepiped frame made of 1 mm thick steel sheet, painted black to optimise solar radiation absorption. The dryer measures 210 cm long and 45 cm wide. On one of the side faces, on the width side, a fan is installed to force air circulation inside the dryer. Opposite this face is the air exhaust vent. One of the side panels, on the long side, is equipped with three doors providing access to the various compartments of the dryer. Inside, each compartment is equipped with racks with a surface area of 490 cm², and each compartment can hold up to six racks spaced 10 cm apart.
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Figure 1: Schematic representation of the dryer
2.3 CFD Numerical Model
	Computational Fluid Dynamics (CFD) is widely used to predict air velocity and temperature within drying chambers [8]. It significantly reduces the time required for experimental work, which can often be tedious and challenging. Solving a problem using the CFD method can be structured into the following three main steps [9]:

· Problem setup: This involves defining the geometry, generating a mesh to discretize the computational domain, and selecting appropriate physical models and numerical methods;
· Numerical resolution: The problem is solved through the execution of a computational program;
· Post-processing of results: First, the consistency of the results is verified, then they are analyzed in order to provide answers to the initial research questions.
2.3.1 Model Geometry
	Figure 2 shows the geometric configuration of the model built using the FEATool Multiphysics environment. The geometric parameters are presented in Table 1.
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Figure 2: Geometric configuration of the model
Table 1: Geometric parameters of the model
	Air inlet size (m)
	0.25

	Air outlet size (m)
	0.25

	Drying chamber length (m)
	2.1

	Drying chamber width (m)
	0.45

	Distance between the air inlet and the top of the drying chamber (m)
	0.1

	Distance between the air inlet and the bottom of the drying chamber (m)
	0.1



2.3.2 Mesh Used
	Figure 3 shows the mesh topology and node distribution. The mesh parameters for the generated model are presented in the following Table 2.
Table 2: Mesh parameters of the generated model
	Number of grid points
	2940

	Number of grid cells
	5593

	Minimum cell area
	1.1011x10-04

	Average cell area
	1.7075 x10-04

	Maximum cell area
	2.4540 x10-04

	Minimum cell quality
	0.8175

	Average cell quality
	0.9970




2.3.3 Governing Equations of the Numerical Model
	The equations governing the numerical model for the distribution of airflow and temperature are inspired by existing models in the scientific literature. These equations are derived from the fundamental laws of mass and energy conservation. They are based on the Navier–Stokes equation and heat transfer equations [10] [11].
Navier–Stokes Equation Used in the Model.

With the following parameters:
 : air density
 : air velocity
 : rate of change of velocity with respect to time
 : air pressure
 : kinematic viscosity of air
: external forces
Heat Transfer Equation Used in the Model

With the following parameters:
 : density of the dryer wall 
 : specific heat capacity of the sheet metal
 : temperature
 : rate of change of temperature with respect to time
 : thermal conductivity
 : heat quantity
Boundary Conditions
	For the airflow distribution within the system, the velocity coefficient of the incoming airflow is conditioned by the following relationship [12].


With:
: velocity coefficient of the incoming airflow into the system
: maximum air velocity at the inlet of the drying chamber
 : height of the air inlet opening into the drying chamber
The pressure of the airflow from the outlet to the interior of the system is assumed to be zero. The other sides of the system are considered as slip-free walls.
The temperature values at the inlet of the dryer walls were set to define the temperature diffusion within the system
2.4 Experimental Approach
To validate the model simulated using Computational Fluid Dynamics (CFD), experimental tests were conducted using temperature and wind speed sensors, as shown in Figure 3a and 3b.[image: ]    
Figure 3(a): Schematic representation of the setup
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Fig 3(b): Photo of the setup
2.4.1 Equipment Used
The main equipment used for our experimental tests includes:
· Temperature probes of the thermocouple type, coupled with a data acquisition system (JINKO-JK804), to monitor the temperature changes of the product, the walls, and the ambient air in the dryer. The technical specifications are in the table 3.

Table 3: Specifications of Multichannel portable temperature meter (JINKO-JK804) with thermocouples.
	B Display:
	5 digits

	Min and Max Reading:
	-200.0°C to 1800.0°C

	Interface:
	USB, MICRO SD, PC

	Thermocouple Type:
	T, K, J, N, E, S, R

	Thermocouple Accuracy used
	±0.5°C



· A thermo-anemometer of the UNI-T UT363 BT type, used to monitor the airflow velocity at various locations within the dryer. The technical specifications are in the table 4.

Table 4: Specifications of the UNI-T UT363 BT anemometer
	Function
	Measurement Range
	Resolution
	Accuracy

	Wind speed measurement
	0 to 30 m/s (standard)
	0.1
	±(5%rdg + 0.5)

	
	1.4 to 108 km/h (reference)
	
	±(5%rdg + 15 digits)

	
	0.7 to 58 knots (reference)
	
	±(5%rdg + 10 digits)

	
	0.8 to 67 mph (reference)
	
	±(5%rdg + 10 digits)

	
	78 to 5905 ft/min (reference)
	1
	±(5%rdg + 180 digits)

	Temperature measurement
	-10 to 60°C
	0.1°C
	±2°C

	
	14 to 122°F
	0.2°C
	±4°C

	Wind force level
	Level 0 to 12
	1
	—




[bookmark: _GoBack]Result And Discussion
3.1 Airflow Distribution
Figures 4 (a), (b), and (c) present the airflow velocity distribution profile inside the drying chamber. In (a), (b), and (c), we have the inlet velocities of 1 m/s, 2 m/s, and 3 m/s, respectively.
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(a)
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(b)
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   (c)
Figure 4: Air velocity distribution profile inside the drying chamber (in (a), (b), and (c) the inlet velocities are 1 m/s, 2 m/s, and 3 m/s, respectively).
	The results reveal a concentration of airflow in the middle of the drying chamber. As the inlet velocity increases, the airflow distribution becomes more uniform. However, insufficient airflow is observed at both the upper and lower ends of the chamber. This limitation is attributed to the geometric configuration of the dryer, particularly the right-angled junction between the fan housing section and the drying chamber. Modifying the chamber’s geometry could help address this issue.
3.2 Temperature Diffusion
	Figures 5 (a), (b), and (c) present the heat transfer profile in the drying chamber. In (a), (b), and (c), we have the wall temperature receiving solar radiation set at 40°C, 50°C, and 60°C, respectively.
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(c)
Figure 5: Temperature distribution profile inside the drying chamber (in (a), (b), and (c), the wall temperature is set at 40°C, 50°C, and 60°C, respectively).
	The results indicate a heat distribution pattern originating from the upper wall of the dryer and extending into the interior of the drying chamber, highlighting a temperature difference between the upper and lower sections. This temperature gradient becomes more pronounced as the upper wall temperature increases. The phenomenon is primarily attributed to the geometric design of the dryer. In addition to the right-angled side corners, the dryer rests directly on the ground, limiting heat transfer in the lower part of the chamber unless it is exposed to a high-temperature environment.
3.3 Comparison between Experimental Measurements and CFD Models
The air temperature and velocity measured experimentally within the drying chamber are compared with the data obtained from the CFD models. Figures 6 (a) and (b) present the comparison of the temperature and air velocity profiles, respectively.
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Figure 6 (a) : Comparaison between expérimental température mesurément and model CFD
	
Figure 6 (b): Comparison between experimental air velocity measurements and CFD model predictions


By analyzing these figures, a good agreement can be observed between the CFD model predictions and a number of experimental data points. The table 5 below presents the statistical parameters of the relative errors between the experimental and simulated results, calculated using the following formulas [11]:
R-Square

Table 5: Statistical Parameters
	Statistical Parameters
	R2

	Relative errors between the two sets of temperature results
	0.9951

	Relative errors between the two sets of temperature results
	0.9217


The examination of these values shows an R2 close to one. We can conclude that the model is satisfactory.
3.4 Optimizing the Dryer Performance through the CFD Model
Although this type of dryer has yielded good results for drying certain agri-food products, modifications to its geometry are necessary to achieve better distribution of air and temperature flows. Figures 7 and 8 present, respectively, the air velocity and temperature distribution profiles inside the drying chamber of the modified dryer.
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Figure 7 : Air velocity distribution profile inside the drying chamber of the modified dryer
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Figure 8: Temperature distribution profile inside the drying chamber of the modified dryer.
As shown in Figure 7, removing the upper corner angles at both ends and modifying those at the bottom of the drying chamber results in a more uniform airflow distribution. Figure 8 further demonstrates an improvement in temperature distribution within the chamber, despite the original configuration—where the dryer rests directly on the ground—being maintained.
IV. Conclusion
This study enhanced the understanding of airflow and temperature distribution within the investigated dryer. The predicted values from the CFD model were compared with experimental measurements, showing strong agreement, with a correlation coefficient (R) close to 1. A geometric modification of the dryer was performed using the CFD numerical model, while preserving its original dimensions and overall architecture. The simulation results for the modified configuration indicate improved performance.
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