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This study presents a numerical investigation of the seasonal performance of an indirect 

solar dryer using computational fluid dynamics (CFD) in COMSOL Multiphysics 5.6. 

The simulated dryer was evaluated for the dry, harmattan and rainy seasons in Kano, 

Northwestern Nigeria using outlet air velocity and temperature distribution as the 

principal performance indicators. At 35 min of simulation time, the predicted maximum 

outlet velocities were 27.9 m/s, 23.5 m/s and 22.8 m/s for the dry, harmattan and rainy 

seasons respectively. The corresponding seasonal ambient temperatures used as 

simulation inputs were 36.0 °C, 31.75 °C and 32.0 °C. The simulations produced 

maximum temperature values of 416.71 K, 399.19 K and 388.15 K for the dry, harmattan 

and rainy seasons respectively. These peak values are the maximum velocity outlet and 

temperature distribution predicted by the CFD model and the results indicate that 

seasonal environmental conditions substantially influence the predicted airflow and 

thermal fields of the dryer with the dry season producing the highest outlet velocity and 

temperature values. The study demonstrates the usefulness of CFD for assessing 

seasonal airflow and thermal behaviour of an indirect solar dryer before physical 

construction. 
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INTRODUCTION 

Drying is one of the oldest and most widely used methods for 

food preservation of agricultural products and during this old 

method people were using direct open sun drying with its  

numerous implications such as contamination by dust, 

pollution and damage by birds, animal, insects and some other 

bacteria (Patterson, 2018). Conventional drying techniques 

are mainly relying on fossil fuels or electricity leading to high 

operational costs and environmental concerns. An indirect 

solar dryer conventionally works by heating air in a separate 

solar collector then passing the warm air through a drying 

chamber containing the product so that the material is not 

exposed to direct sunlight. The system is considered as an 

alternative way for drying agricultural products due to its low 

cost, environmental friendliness and suitability for rural and 

agricultural applications (Demissie et al., 2019). This type of 

solar drier has a better performance in terms of good dried 

product quality and reduced drying time. 

Although CFD has been widely applied to the design and 

optimization of solar dryers, the studies cited in this work 

mainly focus on airflow and temperature distribution for 

particular dryer operating conditions only. The present study 

addresses the need for a seasonal numerical assessment of an 

indirect solar dryer by evaluating outlet airflow velocity and 

temperature distribution under dry, harmattan and rainy 

season conditions in Kano, Northwestern Nigeria. This 

seasonal comparison provides a basis for identifying how 

changes in environmental operating conditions affect the 

predicted airflow and thermal behaviour of the dryer before 

physical construction. Therefore, computational fluid 

dynamics (CFD) provides a useful numerical approach for 

investigating the airflow and heat transfer behaviour of solar 

dryers and for evaluating dryer performance before physical 

construction (Demissie et al., 2019; Beyene, 2017). 

However, the studies cited above mainly address particular 

dryer operating conditions rather than explicitly comparing 

the predicted outlet airflow velocity and temperature 

distribution under different seasonal conditions. This study 

therefore investigates the seasonal performance of an indirect 

solar dryer in Kano, Northwestern Nigeria by developing a 

three dimensional CFD model and evaluating outlet airflow 

velocity and temperature distribution for the dry, harmattan 

and rainy seasons. The specific objectives are to: (i) design an 

indirect solar dryer, (ii) develop and simulate a 3D CFD 

model, (iii) predict the outlet airflow velocity within the 

drying chamber and (iv) predict and validate the temperature 

distribution inside the solar dryer. 

 

MATERIALS AND METHODS 

In this work, the materials and method adopted are designed 

to numerically investigate the seasonal performance of an 

indirect solar dryer under different environmental conditions 

in Kano, Northwestern Nigeria. 

 

Materials 

The materials used for this study are software materials as the 

work is fully simulation. These materials are: geometry (three 

dimensional computer model of the solar dryer), a structured 

computational mesh, air as the working fluid, porous media 

as drying chamber area, boundary condition inputs, heat flux 

source terms applied on domain walls and turbulence model 

settings. All designed in the computational fluid dynamics 

(CFD) solver using COMSOL Multiphysics 5.6. 

 

Method 

The indirect solar dryer considered in this study consists of 

three main components: a solar collector, a drying chamber 

(trays) and an air flow system (inlet and outlet). The solar 

collector absorbs solar radiation and heats the air which then 
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flows through the drying chamber where agricultural products 

will be placed. Flow air taking the moisture out through an 

outlet vent (chimney) to make the moisture removal 

continuous. The trays arrangement to allow uniform air flow 

was made in the drying cabinet having three trays as drying 

chambers. Dryer overall length: 2.00m, overall height: 1.30m, 

collector and absorber plate dimension: 0.8 × 0.5m, glass 

cover thickness: 0.005m, insulation total thickness: 0.05m, 

gap between absorber plate and glass cover: 0.5m, Gap 

between absorber plate and insulation: 0.05m, Number of 

trays: 3, Tray dimension: 0.7× 1.2 m, Distance between trays: 

0.15m, tilt angle of the collector: 15° due south and chimney 

0.15× 0.05m respectively. The designed indirect solar dryer 

in COMSOL environment was exposed to dry season 

parameters in first stage. The parameters were wind velocity 

outlet and temperature distribution of the dryer. The 

performance of the dryer during this season was evaluated 

using temperature distribution of the dryer enclosure and the 

outlet wind velocity as the performance metrics 1. The 

simulation was repeated in stages for three different seasons, 

dry season, harmattan season and rainy season. The 

performances of the dryer at these seasons were also 

determined. 

 

 
Figure 1: Detailed Designed and Dimensions of the Indirect Solar Dryer 

 

 
Figure 2: Designed of the Indirect Solar Dryer in the Simulation Model 

 

Boundary Conditions and Seasonal Input Parameters 

The CFD model used a velocity inlet boundary with seasonal 

air velocities of 7.86 m/s, 6.56 m/s, and 6.40 m/s and inlet 

temperatures of 36.0 °C (309.15 K), 31.75 °C (304.90 K) and 

32.0 °C (305.15 K) for the dry, harmattan, and rainy seasons, 

respectively, while an outlet/open boundary was applied at the 

chimney. Seasonal absorber heat fluxes were 226.8 W/m², 

205.0 W/m² and 185.7 W/m² corresponding to approximately 

19.60 and 16.05 MJ/m²/day for the dry and rainy seasons 

respectively with heat flux directed normal to the absorber 

surface. External walls were insulated where heat losses were 

negligible, while fluid solid interfaces were coupled for 

conductive and convective heat transfer. Air properties in 

COMSOL Multiphysics 5.6 were temperature dependent with 

1 atm (101,325 Pa) reference pressure and at approximately 

300 K, density 1.18 kg/m³ dynamic viscosity 1.85 × 10⁻⁵ Pa·s, 

thermal conductivity 0.026 W/(m·K) and specific heat 

capacity 1005 J/(kg·K). 

 

Solver Settings, Time Stepping and Convergence 

The CFD model was solved as a transient time dependent 

problem in COMSOL Multiphysics 5.6 for 35 min (2100 s) 

using adaptive BDF time stepping a maximum time step of 10 

s, output interval of 60 s and final extraction at 2100 s. A 

relative tolerance of 1 × 10⁻³ and absolute tolerance of 1 × 

10⁻⁶ were used with a fully coupled approach automatic 
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damped Newton method, automatic Jacobian updates and 

PARDISO direct linear solver. Convergence was checked at 

every time step with the 10 s maximum allowing smaller 

adaptive steps when necessary and the 2100 s results accepted 

only after satisfying the prescribed convergence and error 

criteria. 

 

CFD, Turbulence Model and Numerical Formulation 

The airflow and heat transfer processes were simulated in 

COMSOL Multiphysics 5.6 using the CFD Module coupled 

with the Heat Transfer Module with the conservation of mass, 

momentum and energy solved simultaneously using the 

RANS k–ε turbulence model. Seasonal inlet velocities were 

7.86 m/s, 6.56 m/s and 6.40 m/s with 5% turbulence intensity, 

a hydraulic diameter of 0.075 m and turbulence length scale 

of 0.0053 m based on inlet dimensions of 0.15 m × 0.05 m 

and 0.07L. The resulting turbulent kinetic energy values were 

0.232, 0.161 and 0.154 m²/s² while dissipation rates were 

1.82, 1.05 and 0.99 m²/s³ for the dry, harmattan and rainy 

seasons respectively using Cμ = 0.09. The simulations were 

transient time dependent with air as the working fluid and 

coupled conductive convective heat transfer between fluid 

and solid domains while the three trays were treated as flow 

obstruction surfaces with no porous medium resistance, 

permeability or porosity parameters. The same CFD physics, 

turbulence model, material properties and numerical 

formulation were used for all three seasons so that differences 

were primarily due to seasonal boundary conditions. 

 

Mesh Generation and Mesh Independence Study 

A free tetrahedral mesh was generated in COMSOL 

Multiphysics 5.6 with local and boundary layer refinement, 

producing 486,000 elements and 108,000 degrees of freedom 

with element qualities of 0.18, 0.68 and 1.00 (minimum, 

average and maximum). Mesh independence for the dry, 

harmattan and rainy seasons used coarse (198,000), 

intermediate (486,000) and fine (812,000 elements) meshes 

over 35 min (2100 s). For the dry season, maximum outlet 

velocities were 27.1, 27.7, and 27.9 m/s and maximum 

temperatures were 412.9, 415.8 and 416.7 K, with 

intermediate to fine changes of 0.72% and 0.22%, calculated 

using Relative change (%) = |(X_fine − X_coarse)/X_fine| × 

100. Since both changes were below the 1% criterion, the 

486,000-element mesh was selected for the final dry, 

harmattan and rainy season simulations in Kano, 

Northwestern Nigeria. 

 

Table 2: Mesh Independence Study for the Representative Dry Season Simulation 

Mesh level 
Number of 

elements 

Minimum 

mesh quality 

Average 

mesh quality 

Maximum Outlet 

Velocity (m/s) 

Maximum 

Temperature (K) 
Relative Change 

Coarse 198,000 0.15 0.64 27.1 412.9 — 

Intermediate 486,000 0.18 0.68 27.7 415.8 2.17% velocity; 

0.69% temperature 

Fine 812,000 0.20 0.71 27.9 416.7 0.72% velocity; 

0.22% temperature 

Based on the mesh-independence analysis, the intermediate 

mesh was adopted for all subsequent dry, harmattan, and 

rainy-season simulations. Using the same mesh ensured 

consistency in the numerical comparison of the seasonal 

airflow and temperature distributions. 

 

Theoretical Framework 

The theoretical framework of this analysis is based on Navier 

Stokes equations which govern the conservation of 

momentum in fluid motion. The airflow behavior and the time 

dependent temperature distribution within the flow domain 

were modeled and simulated using the fundamental equations 

of conservatives, momentum and energy (Patterson, 2018; 

Adair & Jaeger, 2019). For the symmetric three dimensional 

flow domain, the resulting transient equations governing fluid 

flow and heat transfer were formulated in an inertial frame of 

reference (Patterson, 2018; Adair & Jaeger, 2019; Agyeman 

et al., 2023; Rahmat et al., 2025; Kidane et al., 2025). These 

equations are: 

 

Heat Transfer in Solid 

This equation represents heat conduction in a solid material. 

It states that the rate of change of thermal energy stored in the 

solid with time plus the divergence of the heat conducted 

through the solid is equal to the internal heat generation within 

the solid plus any external heat source applied (Patterson, 

2018; Adair & Jaeger, 2019; Agyeman et al., 2023; Rahmat 

et al., 2025; Kidane et al., 2025). 

𝑑𝑧ρCp
∂T

∂t
 +  ∇ ⋅ (−k∇T)  =  𝑑𝑧Q + 𝑞0           (1) 

 

Heat Transfer in Fluid 

It accounts for the time rate of change of thermal energy in 

the fluid, the convective transport of heat due to fluid motion 

and heat conduction within the fluid. These effects are 

balanced by internal heat generation, external heat sources 

and additional heat produced due to viscous dissipation 

(Patterson, 2018; Adair & Jaeger, 2019; Agyeman et al., 

2023; Rahmat et al., 2025; Kidane et al., 2025). 

𝑑𝑧 ρCp
∂T

∂t
 +  ρCp ∪⋅ ∇T + ∇ ⋅ (−k∇T)  =  Q + 𝑞0  +

 𝑑𝑧Qvd                                                   (2) 

 

Heat Flux (Inward) 

The inward heat flux is represented by a general heat source 

term which accounts for heat supplied to the domain from an 

external source such as solar radiation (Patterson, 2018; Adair 

& Jaeger, 2019; Agyeman et al., 2023; Rahmat et al., 2025; 

Kidane et al., 2025).  

𝑄0 = 𝑄                                                     (3) 

 

Heat Transfer in Porous Media 

It states that the sum of internal heat generation, external heat 

sources, and viscous dissipation is equal to the rate of change 

of effective thermal energy stored in the porous medium plus 

the divergence of heat conducted through the porous structure 

using an effective thermal conductivity (Patterson, 2018; 

Adair & Jaeger, 2019; Agyeman et al., 2023; Rahmat et al., 

2025; Kidane et al., 2025). 

𝑑𝑧(𝜌𝐶𝑃)𝑒𝑓𝑓
∂T2

∂t
 +  ∇ ⋅ (−𝑑𝑧𝐾𝑒𝑓𝑓∇T2)  = 𝑑𝑧  Q +  𝑞0 +

𝑑𝑧 Qvd                                                (4) 

 

Velocity Boundary Condition 

The velocity vector is prescribed as a uniform inlet velocity 

acting normal to the boundary surface with magnitude equal 

to the specified inlet velocity (Patterson, 2018; Adair & 

Jaeger, 2019; Agyeman et al., 2023; Rahmat et al., 2025; 

Kidane et al., 2025). 



Numerical Investigation of Seasonal Performance… Anas et al.,     FJS 

FUDMA Journal of Sciences (FJS) Vol. 10 No. 15, August, 2026, pp 45 – 50 48 

∪= − ∪0∩                                                (5) 

 

RESULTS AND DISCUSSION 

This section analyzes how seasonal variations affects wind 

velocity outlet and temperature distribution and what those 

changes means for performance of the solar dryer. 

 

Results 

The wind velocity outlet and temperature distribution 

seasonal performance of the system was evaluated during the 

dry season, harmattan season and rainy season to assess the 

dryer efficiency under different environmental conditions. 

These seasons present good weather patterns ranging from 

high solar intensity and lower humidity in the dry season to 

dust, higher humidity with reduced solar radiation in the rainy 

season and cooler condition during harmattan season. These 

results presented provide a comparative analysis of dryer’s 

behavior across all the three seasons highlighting the impact 

of seasonal changes on drying efficiency and overall system 

performance. 

 

Dry Season 

In figures (1a) at 35 minutes, with the average wind speed of 

7.86 m/s of the season used to predict the airflow velocity, it 

is noticed that the air flow in the dryer has become completely 

developed. The velocity profile matches perfectly with the 

profile at that time showing uniform flow from the inlet vain 

into the drying chamber. Even then, the highest speed (yellow 

red region, 27.9 m/s) still lies in the upper part of the outlets 

along with lower speeds in other portions because of 

resistance. However, the mean target of air flow manifests the 

steady state process achieved in the system which offers 

constant convective air flow appropriate for drying. At 35 

minutes (2100 s) as shown in figure (1b), the average 

temperature of 36 oC of the season was used which shows that 

the temperature contours remain very high with peak 

temperatures of 416.71 K showing a strong changes in 

contour shape and high temperature distribution. This 

indicates that the system has reached a uniform steady thermal 

state where heat transfer patterns are established and further 

time has little effect on the overall temperature field.

 

 
Figure (1a):  Velocity Magnitude                         Figure (1b): Contour Temperature 

 

Harmattan Season 

At time 35 minutes as shown in (figure 2a), with the average 

wind speed of 6.56 m/s of the season used to predict the 

airflow velocity, the results show that the velocity distribution 

is uniformed showing peak velocities of around 23.5 m/s near 

the outlet and lower velocities throughout the rest of the 

channel. By 35 minutes as shown in figure (2b), the average 

temperature of 31.75 oC of the season was used to predict the 

temperature distribution. The results show that the contour 

pattern have slightly changed indicating that the thermal field 

has reached a steady state distribution of heat. The 

temperature distribution of 399.19 K was found reflecting 

stabilized heat transfer and sustained thermal equilibrium 

within the system.

 

 
Figure (2a):  Velocity Magnitude                             Figure (2b):  Contour Temperature 

 

Rainy Season 

The velocity magnitude at 35 minutes as shown in figure (3a), 

with the average wind speed of 6.4 m/s of the season used to 

predict the airflow velocity, the results show its velocity 

distribution and velocities range from near 0 m/s in stagnant 

zones up to 22.8 m/s at the outlet along the duct showing that 

the flow has developed and spread through the system. In 

figure (3b) 35 minutes, the average temperature of 32 oC of 
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the season was used to predict the temperature distribution. 

The contours show that the temperature distribution of 

388.15 K was recorded showing the heat spreading in the 

system.

 

 
Figure (3a):  Velocity Magnitude                         Figure (3b):  Contour Temperature 

 

Discussion 

The numerical results show a clear seasonal pattern in the 

predicted airflow and thermal fields. At 35 min, the maximum 

outlet velocity was highest during the dry season (27.9 m/s) 

followed by the harmattan season (23.5 m/s) and the rainy 

season (22.8 m/s). Relative to the dry season, the predicted 

maximum outlet velocity decreased by 15.8% during 

harmattan and by 18.3% during the rainy season. The 

corresponding maximum predicted temperatures were 416.71 

K (143.56 °C), 399.19 K (126.04 °C) and 388.15 K (115.00 

°C) respectively. Thus, the dry season peak temperature was 

17.52 K higher than the harmattan value and 28.56 K higher 

than the rainy season value. This consistent reduction 

indicates that the seasonal boundary conditions imposed in 

the model substantially affected both airflow intensity and the 

predicted thermal field. 

The observed airflow and temperature patterns are 

qualitatively consistent with previous CFD studies of solar 

dryers which similarly reported that airflow distribution and 

thermal conditions within the drying chamber are strongly 

dependent on the dryer configuration and operating 

conditions. Demissie et al. (2019) reported mean airflow 

velocities of approximately 0.14 m/s on the lowest rack shelf 

and 0.12 m/s on the other shelves together with a steady 

chamber temperature of about 315 K after approximately 35 

min. In the this study, the peak dry season temperature of 

416.71 K was 101.71 K higher than the 315 K chamber 

operating temperature reported by Demissie et al. (2019). 

However, this difference should not be interpreted as a direct 

performance advantage because the two studies used different 

dryer geometries, boundary conditions, airflow definitions 

and temperature metrics. The comparison nevertheless 

provides a direct numerical benchmark showing that this CFD 

model predicts the same general transient evolution toward an 

established thermal field while operating at a substantially 

different temperature level. 

Similarly, Aukah et al. (2020) reported spatially 

homogeneous airflow and temperature distributions in a CFD 

analysis of a hybrid solar-biomass dryer and experimental 

validation showed a small temperature variation of about 0.7 

°C between simulated and measured results. Beyene (2017) 

also demonstrated using CFD that dryer performance is 

governed by the interaction between airflow and thermal 

conditions and reported average thermal efficiencies of 50.6% 

under clear sky conditions and 36.8% under partially overcast 

conditions. These findings support the comparative pattern 

observed in this research more favorable thermal and airflow 

conditions produced higher predicted performance indicators 

whereas less favourable seasonal conditions produced lower 

values. Nevertheless, because this study did not calculate 

thermal efficiency and did not include experimental 

measurements, its results should be compared primarily in 

terms of airflow and temperature distributions rather than 

efficiency or validation accuracy. 

Generally, the dry season produced the highest predicted 

outlet velocity and peak temperature distribution followed by 

the harmattan and rainy seasons. Despite seasonal variations, 

the indirect solar dryer demonstrated acceptable performance 

throughout the year confirming its potential for continuous 

agricultural drying. 

 

CONCLUSION 

In this study, the seasonal performance of an indirect solar 

dryer was numerically investigated using CFD. At 35 min, the 

predicted maximum outlet velocities were 27.9 m/s, 23.5 m/s 

and 22.8 m/s for the dry, harmattan and rainy seasons 

respectively while the corresponding maximum predicted 

temperatures were 416.71 K, 399.19 K and 388.15 K. The dry 

season therefore produced the highest predicted airflow 

velocity and temperature distribution followed by the 

harmattan and rainy seasons. These findings indicate that 

seasonal environmental conditions influence the airflow and 

thermal behaviour of the dryer. Further work should include 

experimental validation and investigation of design 

modifications that can improve dryer performance during 

periods of reduced solar availability. 

 

CONTRIBUTION TO KNOWLEDGE 

i. The study provides seasonal performance data for indirect 

solar dryers improving efficiency of agricultural drying 

throughout the year. 

ii. It shows the relationship between airflow, temperature 

and drying efficiency supporting better dryer design and 

performance. 

iii. It validates CFD based simulation as an economical 

solution for predicting and enhancing solar dryer 

performance before construction. 
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