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Abstract 

This article presents an optimization and numerical simulation (CFD) study of an indirect solar dryer designed for pineapple 

drying, aiming to reduce critical post-harvest losses in West Africa, particularly in Benin. Unlike many previous studies that are 

often limited to modeling an empty drying chamber, this work evaluates the system under real operational conditions by 

integrating an active load of 25 kg of pineapple. To achieve this, the authors utilize the ANSYS Fluent solver and develop three 

specific user-defined functions (UDF) to dynamically simulate coupled heat and mass transfers, thereby accurately representing 

the airflow resistance and active water evaporation within the product's porous matrix. Structurally, the system underwent several 

major geometric improvements, including resizing the solar collector to 5.54 m2 to provide the 46.53 × 106 J required to extract 

20.59 kg of water, and optimizing the spacing between trays to 250 mm. The results demonstrate that this new configuration 

effectively eliminates dead recirculation zones and ensures a homogeneous distribution of hot air. Quantitatively, the system 

maintains a highly uniform drying atmosphere, with temperature variations between the five trays limited to a narrow range of 

only 0.4°C (52.9°C to 53.3°C) and an inter-tray hygrometric gradient of less than 0.04%. While the model demonstrates high 

numerical robustness with a minimum orthogonal quality exceeding 0.1, the current lack of specific experimental validation for 

this resized configuration is acknowledged as a limitation, providing a foundation for future in situ correlation studies. 
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1. Introduction 

In West Africa, and more particularly in Benin, the agrifood 

sector suffers critical post-harvest losses ranging between 30% 

and 40% for perishable commodities [1]. These losses repre-

sent not only a major hindrance to the regional economy but 

also a direct threat to food security. In this context, pineapple 

is identified as a strategic new target product for industrial 

processing to reduce this waste [1]. Drying pineapple involves 

extracting a significant amount of water to reduce moisture 
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content from 85% to 15%. This process requires precise ther-

mal control to ensure product preservation and nutritional 

quality. This transition toward high-performance drying tech-

nologies is a necessity to ensure the nutritional quality of prod-

ucts and meet international food safety standards. 

This study builds upon our previous work dedicated to the 

geometric optimization of an indirect solar dryer via numeri-

cal simulation (CFD) using fluid dynamics [2, 3]. While pre-

vious works focused on stabilizing thermal fluxes and elimi-

nating dead zones within the empty drying chamber, the pre-

sent work proposes to evaluate the system under real opera-

tional conditions by integrating an active load of 25 kg of pine-

apple. In the remainder of this article, first, a literature review 

examines critical performance factors and the limitations of 

current numerical simulations in the field of solar drying. The 

section dedicated to materials and methods then describes the 

geometric evolutions implemented for scaling up, as well as 

the multi-physics modeling strategy using user-defined func-

tions (UDF) developed to simulate the interaction between air 

and pineapple. A specific chapter presents the optimized siz-

ing of the solar collector required to satisfy the energy needs 

of a 25 kg load. Finally, the results and discussion section pro-

vides an in-depth analysis of the system's thermal, hydrody-

namic, and kinetic performances, while validating the numer-

ical robustness of the simulation before concluding on the pro-

spects of this study. 

2. State of the Art on Performance 

Factors and Numerical Modeling of 

Solar Dryers 

2.1. Performance Factors of Solar Dryers 

The overall performance of an indirect solar drying system 

is the result of a complex interaction between geometric, aer-

odynamic, and biological parameters. The scientific literature 

identifies several driving factors governing the efficiency of 

this process: 

1) Areal loading density 

2) Uniformity of air distribution 

3) Management of solar intermittency 

4) Air mass flow rate 

5) Thermal potential of the flat-plate solar air collector 

2.1.1. Areal Loading Density 

Areal loading density constitutes a critical parameter gov-

erning airflow resistance and thermal efficiency within the 

drying chamber. According to the literature, density values for 

fresh products generally oscillate between 5 and 20 kg·m⁻2 of 

tray area [4], depending on product geometry and slice thick-

ness (16 to 48 kg·m⁻2 for sliced and laminated products [5]). 

Singh et al. highlight the importance of load adequacy: an un-

derloaded system can display a drying efficiency limited to 

only 4.1%, whereas an optimized load allows reaching an ef-

ficiency of 22.8% [6]. However, excessive density leads to 

compaction of the biological material, significantly increasing 

pressure drop and drastically reducing airflow [7]. This phe-

nomenon can induce stagnation zones, local overheating, or 

incomplete drying of internal layers, thereby promoting mi-

crobial proliferation. To mitigate these risks, a physical com-

promise is often sought with fruit slice thicknesses between 4 

and 8 mm [8], maximizing the exchange area while minimiz-

ing internal mass transfer resistance. 

2.1.2. Uniformity of Air Distribution 

Uniformity of air distribution is a determining parameter for 

ensuring homogeneous drying kinetics and guaranteeing the 

sanitary quality of the finished product. The scientific litera-

ture identifies inter-tray heterogeneity as one of the major ob-

stacles to the industrialization of solar dryers [9]. This phe-

nomenon is rigorously quantified by the uniformity index (Ui), 

which evaluates local velocity deviation from the mean, and 

the coefficient of variation (Cv), a critical indicator of mold 

risk on the slowest trays [9]. Computational fluid dynamics 

(CFD) simulation has demonstrated that stagnation zones of-

ten result from preferential fluid pathways bypassing the load 

("bypass") or from flow blockage by the first trays. Several 

strategies can address these issues through geometric optimi-

zation. These include integrating distribution baffles [10], ar-

ranging trays in a zigzag pattern to enhance turbulent mixing 

[11], or using truncated pyramid outlets to improve moisture 

evacuation and air heating [12]. 

2.1.3. Management of Solar Intermittency 

Managing solar intermittency poses a major challenge for 

the thermal stability of the process, as the common use of av-

erage daily irradiance values in analytical models masks criti-

cal temporal fluctuations [13]. Under real conditions, drying 

is an eminently unstable phenomenon where cloud passage, 

wind speed variations, and the evolution of the solar angle cre-

ate transient boundary conditions. 

To alleviate these instabilities, research is directed toward 

integrating thermal storage systems, whether sensible heat via 

pebble beds or latent heat using phase change materials (PCM) 

such as paraffin [14, 15]. These devices act as a thermal buffer 

capable of smoothing temperature gradients and extending the 

drying process for 3 to 4 hours after sunset [16]. Integrating 

these storage solutions not only stabilizes drying kinetics dur-

ing cloudy periods but can also increase the overall system 

efficiency by more than 10% [14, 17] by ensuring the temper-

ature is maintained between 1 and 8°C above ambient during 

the night [18]. 

2.1.4. Air Mass Flow Rate 

The air mass flow rate constitutes the fundamental coupling 

parameter between thermal energy collection in the collector 
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and moisture extraction within the chamber. It acts as the pri-

mary operational lever to balance the temperature rise of the 

heat-transfer air and the overall thermal efficiency of the sys-

tem. 

The scientific literature highlights a critical thermodynamic 

trade-off: at low mass flow rates, air resides longer in the col-

lector and reaches higher temperatures, but the device's effi-

ciency drops because thermal losses to the outside increase 

with plate temperature. Conversely, higher flow rates improve 

collector efficiency through better cooling of the absorber, but 

the thermal elevation becomes insufficient to lower the rela-

tive humidity of the air, thereby restricting its water vapor 

transport capacity. 

Reference works, notably those by Karim and Hawlader, 

suggest that a value of 0.035 kg·s⁻1 is optimal for drying most 

agricultural products [19, 20]. Maintaining the flow rate 

within a range of 0.01 to 0.05 kg/s is thus identified as the 

preferred strategy to maximize thermo-hydraulic efficiency 

while ensuring a constant drying potential [21]. 

2.1.5. Thermal Potential of the Solar Collector 

The thermal potential of the flat-plate solar air collector acts 

as the thermodynamic engine of the system, dictating the air's 

ability to reach the optimal temperature range of 50 to 60°C 

necessary for efficient and qualitative drying [22-24]. The sci-

entific literature agrees that this potential is governed by a 

combination of optical properties and geometric configura-

tions. Glass selection is crucial: a 4 mm thick glass is often 

identified as the ideal compromise, offering higher transmis-

sivity than greater thicknesses while limiting convective 

losses [25]. 

Concerning the absorber, while copper performs best, alu-

minum constitutes the industrial standard for its conductivity-

to-cost ratio [26], particularly when adopting a corrugated or 

V-corrugated geometry [27]. This shape increases thermal ef-

ficiency by 7 to 12% compared to flat plates by disrupting the 

laminar boundary layer and multiplying internal radiation re-

flections [27]. Finally, the thickness of the air gap is a major 

performance lever; studies demonstrate that a spacing of 50 to 

55 mm allows collecting significantly more energy than a nar-

row or excessively wide channel, by balancing convective 

gains and thermal losses through the glazing [28]. Integrating 

these parameters into analytical models such as the Hottel-

Whillier-Bliss model allows sizing the collection area to re-

spond precisely to the energy demand linked to the product's 

latent heat of vaporization [29]. 

2.2. Sizing of the Solar Collector 

The sizing of a flat-plate solar collector classically relies on 

a global energy balance relating the mass of water to be evap-

orated, the available solar irradiance, and the collector's effi-

ciency. The fundamental equation for sizing the collection 

area Ac is written as [16, 30]: 

𝐴𝑐 =  
𝑀𝑤 · 𝐿𝑣

(𝜂𝑐 · 𝐼 · 𝑡𝑠)
                    (1) 

where Mw is the mass of water to be evaporated (kg), Lv is 

the latent heat of vaporization (J·kg⁻1), ηc is the collector effi-

ciency, I is the average solar irradiance (W·m⁻2), and ts is the 

drying duration (s). This semi-empirical approach is used in 

nearly all published designs [16, 30, 31]. 

Several studies show that these global methods, although 

providing consistent sizing, exhibit major limitations. First, 

they assume a constant collector efficiency (typically 30-50% 

for an unglazed flat-plate collector, and 50-70% for a glazed 

collector) [17], whereas efficiency varies depending on air-

flow rate, inlet temperature, and instantaneous irradiance. 

Second, irradiance I is generally taken as a daily average 

value, masking temporal variability that can lead to midday 

temperatures detrimental to product quality [32]. Thermal 

storage solutions using phase change materials (PCM) are pro-

posed to mitigate these peaks and extend drying outside sun-

light hours [32, 33]. 

Third, analytical sizing methods are not coupled to CFD 

simulations of the chamber. Collector design and internal flow 

simulation remain two sequential and decoupled stages in 

most studies: the flow rate and inlet temperature derived from 

the collector model are imposed as boundary conditions for 

the CFD simulation without iteration between the two models 

[12, 34]. Only a few recent works, such as that of Rani et al. 

[35] on a coupled mixed-mode dryer, attempt integrated col-

lector-chamber-product modeling, but these approaches re-

main numerically expensive and difficult to transpose to real 

multi-tray configurations. 

2.3. CFD Simulation 

Computational fluid dynamics (CFD) simulation is currently 

an essential tool for analyzing the internal processes of solar 

dryers [36]. The drying chamber constitutes the main fluid do-

main of these simulations, but its geometric and physical repre-

sentation varies considerably from one study to another [36]. 

In the vast majority of published works, the drying chamber 

is modeled as an empty enclosure, without explicit represen-

tation of the food product. The objective is then limited to pre-

dicting air velocity and temperature fields. Getahun et al. [37] 

report that most CFD studies on indirect solar dryers do not 

integrate product quality modeling. A recent review of CFD 

studies from 1984 to 2025 categorized dryers into cabinet, 

greenhouse, and tent types. It noted that simulations often 

model the chamber as a simple fluid domain, neglecting the 

water resistance of the product [36, 38]. 

When a product is present, it is usually represented by a pas-

sive thermal boundary condition, meaning a wall absorbing heat 

without returning water vapor to the fluid domain [37]. De-

missie et al. [12] simulated a multi-tray indirect dryer in Ethio-

pia using ANSYS Fluent and predicted the velocity and temper-

ature distribution on each tray, obtaining a maximum mean de-

viation of 4.3°C between simulation and measurement. The 
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trays are represented as porous surfaces permeable to the flow 

but without active evaporation. Amouiri et al. [39] simulated 

heat and mass transfers in an indirect dryer dedicated to medic-

inal plants, but the resolution of moisture diffusion within the 

product remains external to the CFD simulation. 

The recent trend is to enrich the CFD domain with an equiv-

alent hydraulic resistance representing the product bed (po-

rous medium model) or by partial coupling with a distributed 

vaporization enthalpy balance [39]. These approaches im-

prove the prediction of relative humidity at the chamber outlet 

but require knowledge of convective surface transfer coeffi-

cients, which are often derived from empirical correlations ra-

ther than calculated locally [35, 36]. 

The necessity of this active modeling approach is further sup-

ported by recent experimental investigations on similar high-

moisture tropical fruit slices [40, 41]. Studies conducted at com-

parable air velocities (0.5-1.5 m/s) and temperatures (50-80°C) 

confirm that moisture removal occurs exclusively during the 

falling rate period, where internal diffusion is the governing 

mechanism [40, 42]. Quantitative analysis of these biological 

matrices reveals significant internal mass transfer resistance, 

providing a strong experimental basis for the use of User-De-

fined Functions to accurately capture the coupled heat and mass 

transfer dynamics within the product's porous matrix [41]. 

In conclusion of this literature review, recent research high-

lights the crucial importance of geometric optimization to en-

sure the aerodynamic and thermal efficiency of indirect solar 

dryers. It emerges that specific structural modifications, such as 

proper collector sizing, the adoption of a truncated pyramid top, 

or the precise adjustment of tray spacing, play a decisive role in 

reducing dead zones and homogenizing airflow. These design 

parameters now constitute a foundation of knowledge to max-

imize energy distribution within the drying chamber, thereby 

conditioning the overall performance of the installation. 

Regarding numerical modeling, the state of the art also re-

veals inherent limitations in traditional computational fluid 

dynamics (CFD) approaches, which are mostly restricted to 

empty enclosures or representing food via simple passive ther-

mal conditions. To capture the complexity of real drying dy-

namics, the literature converges on the need to integrate the 

physical behavior of products, notably through the porous me-

dia approach to accurately represent airflow resistance. Thus, 

modeling coupled heat and mass transfers, which accounts for 

the active evaporation of water contained in the product, has 

become a required methodological standard to evaluate a sys-

tem under authentic operating conditions. 

3. Materials and Methods 

3.1. Reference Geometry and Implemented 

Modifications 

The present work builds upon a baseline geometric config-

uration from our previous work (Figure 1), characterized by a 

55 mm air gap, a 15° inclination, and a corrugated absorber. 

 
Figure 1. Reference Geometry of the empty dryer. 

The transition from this empty optimized prototype to the 

resized configuration for an active load of 25 kg relies on a 

series of structural improvements dictated by recent research 

recommendations in solar drying. 

1) Scaling up of the solar collector: Resizing the solar col-

lector is a thermodynamic necessity to cover the energy 

requirement of 46.53 × 106 J required for the evapora-

tion of 20.59 kg of water. 

2) Funnel removal and direct axial flow: The removal of the 

lower funnel (present in the reference geometry) elimi-

nates obstacles generating vortexes and dead zones. By 

making the flow purely axial toward the trays, the sys-

tem minimizes local velocity gradients and ensures a 

more stable and direct flow toward the trays. 

3) Truncated pyramid outlet: The upper part of the chamber 

now adopts a truncated pyramid geometry. This strategic 

design improves moisture evacuation while allowing ad-

ditional heating of the air by diffuse radiation before its 

expulsion. 

4) Chimney widening: The outlet duct has been increased 

to 100 mm in diameter, an optimal setting to balance the 

internal pressure required for air residence time and the 

efficient evacuation of saturating vapor. 

5) Internal configuration (density < 5 kg/m2 and 250 mm 

spacing): An optimized loading density (generally be-

tween 5 and 20 kg/m2) is crucial to avoid excessive hy-

draulic resistance that would restrict the flow rate. The 

250 mm spacing between the five trays exceeds the min-

imum recommendations (150-200 mm) to further reduce 

aerodynamic shading effects and guarantee inter-tray 

drying uniformity, a parameter often neglected but criti-

cal for industrial quality. 

The biological load is modeled by pineapple slices with 
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characteristic dimensions of 8.4 cm by 5.6 cm and a thickness 

of 1 cm, uniformly distributed across the different tray levels. 

3.2. Meshing Strategy 

Discretization of the numerical domain for the loaded sys-

tem was achieved through a mixed meshing strategy using the 

ANSYS Meshing tool, balancing the geometric complexity of 

the resized chamber with the precision required at transfer in-

terfaces. This high-resolution model includes a total of 

2,788,034 cells and 557,122 nodes, a density selected to rig-

orously capture recirculation phenomena and thermo-hygro-

metric gradients. To model the aerodynamic interaction with 

the product without excessively complicating the topology, 

the five trays (named ananas_claie1 to ananas_claie5) were 

defined as porous zones. The porous media were initialized 

with a porosity of 0.7. Viscous and inertial resistance coeffi-

cients were set to 2.111e+08 m⁻2 and 500 m⁻1, respectively, to 

accurately simulate the pressure drop caused by the pineapple 

slices. The validity of this discretization is attested by a mini-

mum orthogonal quality of 0.105 (exceeding 0.30 for most 

tray areas), which remains well above the stability threshold 

of 0.01 recommended by numerical standards. 

3.3. Physical Models and Boundary Conditions 

The numerical simulation of this system is based on an in-

tegrated multi-physics approach under ANSYS Fluent, cou-

pling fluid dynamics with heat and mass transfers. The turbu-

lent flow regime is resolved via the SST k−ω model, selected 

for its accuracy in capturing gradients near walls and products, 

while radiative exchanges are treated by the Discrete Ordinate 

Model (DOM). Moisture transfer is modeled by the species 

transport model, treating water vapor as an active mass frac-

tion within the fluid mixture. The originality of the modeling 

lies in the use of three user-defined functions (UDF): pineap-

ple_vapor_source, pineapple_energy_latent, and pineap-

ple_M_source, which respectively drive the source terms of 

mass, latent energy, and the evolution of the product's mois-

ture content via a user-defined scalar (UDS-0). 

The three user-defined functions (UDF) are defined as fol-

lows: 

1) pineapple_M_source: This function defines the evolu-

tion of the local product moisture content, modeled as a 

user-defined scalar (UDS-0). It tracks the migration of 

internal moisture within the solid matrix over time. 

2) pineapple_vapor_source: It calculates and injects the 

water vapor mass source term (Sw) into the fluid domain. 

This flux is proportional to the concentration gradient 

between the product surface and the ambient air, accord-

ing to the formulation. 

𝑚̇𝑒𝑣𝑎𝑝 = ℎ𝑚 . 𝐴(𝐶𝑠𝑢𝑟𝑓 − 𝐶𝑎𝑖𝑟)            (2) 

Where mevap (or Sw): Represents the water vapor mass 

flux, hm standardly designates the convective mass transfer 

coefficient involved in the proportionality of the flux, A rep-

resents the exchange surface area of the product with the air, 

Csurf corresponds to the water vapor concentration at the 

product surface, and Cair corresponds to the water vapor con-

centration in the ambient air. 

3) pineapple_energy_latent: This UDF handles evaporative 

cooling by introducing an energy sink term into the heat 

equation. It accounts for the thermal energy consumed 

by the latent heat of vaporization during the phase tran-

sition of water from liquid to gas. 

Regarding boundary conditions, the domain inlet is defined 

by a velocity of 0.5 m/s at a temperature of 25°C, while the 

outlet is maintained at zero-gauge pressure. The incident radi-

ative flux follows a piecewise-linear irradiance profile varying 

from 340 to 717 W/m2 (Figure 2), reproducing transient solar 

cycles to evaluate the dynamic response of the dryer. 

 
Figure 2. Piecewise-linear Solar Irradiance Profile over Time. 

The biological load, modeled by a solid phase with a den-

sity of 995 kg/m3 and a specific heat of 3,840 J/(kg·K), is ini-

tialized with a dry basis moisture content of 5.67 kg water/kg 

dry_matter, corresponding to the initial 85% moisture content 

of fresh pineapple. These physical and numerical parameters 

ensure an accurate representation of the interaction between 

the heated air and the active porous matrix of the pineapple. 

3.4. Modeling Pineapple Drying via UDF (Core 

Originality) 

The core originality of this study lies in the implementation 

of an "active" multi-physics modeling of the biological prod-

uct, moving beyond classical inert porous media approaches. 

To simulate the dynamic behavior of pineapple during drying, 

three user-defined functions (UDF) written in C language 

were developed and coupled to the ANSYS Fluent solver. 
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This approach relies on the integration of the specific ther-

mophysical properties of pineapple, presented in Table 1: 

Table 1. Thermophysical properties of modeled pineapple. 

Property Value 

Density (ρ) 995 kg/m3 

Specific heat (Cp) 3 840 J/(kg·K) 

Thermal conductivity (λ) 0.51 W/(m·K) 

This strong coupling between species transport and custom 

scalars enables a dynamic feedback loop: the release of vapor 

locally humidifies and cools the air, which in turn modifies the 

drying potential for downstream trays. 

3.5. Theoretical Sizing of the Collector 

The theoretical sizing of the flat-plate solar air collector is 

based on a rigorous mass and energy conservation balance, 

aiming to align the thermal power supplied by solar radiation 

with the energy demand required for product water evapora-

tion. 

For a target load capacity of 25 kg of fresh pineapple (min-

itial) with an initial moisture content (Hinitial) of 85% (wet 

basis), the mass of dry matter (mdry) is first determined by the 

following equation: 

𝑚𝑑𝑟𝑦 = 𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × (1 − 𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙)             (3) 

As the objective is to reach the final moisture content 

(Hfinal), the final mass of the product (mfinale) after pro-

cessing is estimated by: 

𝑚𝑓𝑖𝑛𝑎𝑙 =
𝑚𝑑𝑟𝑦

1−𝐻𝑓𝑖𝑛𝑎𝑙
                      (4) 

Consequently, the total mass of water to be extracted 

(mwater) for this load is: 

𝑚𝑤𝑎𝑡𝑒𝑟 = 𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑚𝑓𝑖𝑛𝑎𝑙              (5) 

The total energy required for drying (Erequired) is obtained 

by multiplying this water mass by the latent heat of vaporiza-

tion of water (Lv ≈ 2.26 × 106 J/kg): 

𝐸𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝑚𝑒𝑎𝑢 × 𝐿𝑣                 (6) 

The required collection area (Acollector) is then sized to 

satisfy this energy need under a design irradiance (I), a drying 

duration (t), and a collector efficiency (η): 

𝐴𝑐𝑎𝑝𝑡𝑒𝑢𝑟 =
𝐸𝑟𝑒𝑞𝑢𝑖𝑠𝑒

𝐼×𝑡×𝜂
                   (7) 

With I = 500 W/m2, t = 6 h, η = 0.5. 

By integrating a safety margin of 20% to account for poten-

tial solar radiation instabilities and thermal losses modeled by 

the Hottel-Whillier-Bliss equation 

𝑄𝑢 = 𝐴𝑐𝐹𝑅[(𝜏𝛼)𝑒𝐼 − 𝑈𝐿(𝑇𝑖𝑛 − 𝑇𝑎)]           (8) 

𝐴𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟,𝑠𝑒𝑐𝑢𝑟𝑒𝑑 = 𝐴𝑐𝑎𝑝𝑡𝑒𝑢𝑟 × 1.20           (9) 

4. Results and Discussion 

4.1. Results of Sizing, Meshing, and Initial 

Kinetics 

Validation of the sizing and aerodynamic flow highlights 

the relevance of the modifications compared to the baseline 

prototype (which stabilized air temperature at 55.4°C for an 

empty chamber). The transition to the resized configuration to 

support an active load, whose complete evolution of physical 

and structural parameters is recorded in Table 2, confirms the 

suitability of the technological choices. Scaling up the solar 

collector to 5.54 m2 ensures the transfer of the theoretical en-

ergy input of 46.53 × 106 J, sufficient to cover the latent heat 

required for the evaporation of the 20.59 kg of water from the 

load. Aerodynamically, the new structural configuration, il-

lustrated by Figure 3, removes the lower funnel in favor of a 

direct flow and adopts a truncated pyramid top. Combined 

with a chimney widened to 100 mm (optimizing internal pres-

sure) and a 250 mm spacing between trays, this geometry 

eliminates recirculation zones (dead zones) and ensures a 

purely axial and homogeneous distribution of hot air under an 

active load of 25 kg. 

 
Figure 3. 3D View of the Optimized and Scaled-Up Solar Dryer. 
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Table 2. Evolution of geometric parameters between the initial pro-

totype and the resized system. 

Component InitialPrototype Resized System 

Collector area ~1.11 m2 5.54 m2 

Collector dimen-

sions 
1.50 m x 0.74 m 2.52 m x 2.20 m 

Chamber (L x w x 

h) 

0.8 m x 0.8 m x 0.6 

m 

1.4 m x 1.3 m x 1.2 

m 

Tray spacing - 250 mm 

Regarding spatial discretization, independence tests re-

sulted in an optimal configuration offering an excellent trade-

off between computational cost and gradient capture accuracy. 

The topology and density of this discretization are highlighted 

in Figure 4 which shows the organization of meshes around 

the fruit trays. The numerical robustness of this model is di-

rectly validated by the geometric properties of the elements, 

detailed in Figure 5. The grid's minimum orthogonal quality 

exceeds 0.14, preventing numerical divergence. This ensures 

stable and accurate convergence for the transient solvers, es-

pecially at the complex interfaces between the fluid and the 

pineapple matrix. 

 
Figure 4. Computational Mesh View of the Loaded Dryer Chamber. 

 
Figure 5. Histogram of the Orthogonal Quality of Mesh Elements. 

System evaluation under a variable solar irradiance profile 

(oscillating between 340 and 717 W/m2) confirms the proper 

functioning of the user-defined functions (UDF) developed to 

govern local mass transfers. During the first 160 minutes of 

simulation, the dry basis moisture content (M) of the entire 

load evolves steadily, dropping from its initial value of 5.67 

kgwater/kgdry_matter (i.e., 85% wet basis moisture) to ap-

proximately 5.43 kgwater/kgdry_matter. Concurrently, active 

evaporation from the product locally alters the internal envi-

ronment: the air surrounding the trays displays high relative 

humidity, ranging between 88.6% and 89.9%. These prelimi-

nary values validate the numerical coupling's ability to accu-

rately capture the onset of drying and the migration of water 
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vapor toward the evacuation zone. 

4.2. Thermal Performance of the Loaded 

Chamber 

In steady-state conditions (at 160 minutes of simulation), 

the system succeeds in maintaining a homogeneous drying at-

mosphere within the enclosure, with air temperatures across 

the five trays (C1 to C5) adjusting within a narrow range be-

tween 52.9°C and 53.3°C. This performance perfectly aligns 

with literature recommendations prescribing a range of 50 to 

60°C to preserve the nutritional and organoleptic qualities of 

tropical fruits. The temperature of the corrugated absorber 

reaches 60.2°C, while the air at the chamber outlet is evacu-

ated at 54.3°C. 

However, a slight temperature drop is observed compared 

to the 55.4°C obtained in the empty configuration of the initial 

prototype, which is explained by the latent heat consumption 

related to the evaporative cooling process induced by the ac-

tive product. Figure 6 presents the overall thermal distribution 

from the collector to the drying chamber. Figure 7 presents a 

close-up view of the thermal contours on the surfaces of the 

pineapple slices to visualize surface uniformity. 

 
Figure 6. Global Thermal Distribution Profiles from the Collector to 

the Drying Cabinet. 

 
Figure 7. Close-up View of Temperature Contours on Pineapple Slice Surfaces Across Trays C1-C5. 

Table 3 summarizes the temperature levels reached by the critical components of the loaded system: 
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Table 3. Temperatures within the loaded dryer (t = 160 min). 

Component / Level Simulated Temperature (°C) Observation 

Absorber (Aluminum) 60.20 Main heat source 

Glazing (Glass) 34.43 External wall temperature 

Air outlet (solar collector) 54.26  

Tray 1 (Inlet) 53.24 Hottest point in the load zone 

Tray 2 53.05 - 

Tray 3 (Middle) 52.98 - 

Tray 4 52.91 - 

Tray 5 (Outlet) 52.94 Minimum temperature in the load zone 

 

4.3. Velocity Fields and Absence of Dead Zones 

Hydrodynamic analysis of the loaded system reveals a par-

ticularly stable fluid behavior favorable to homogeneous dry-

ing. The simulated velocity profiles highlight a uniform air-

flow within the drying cabinet, marked by a total absence of 

significant dead zones. A notable acceleration phenomenon is 

observed at the connecting duct linking the collector to the 

chamber, where the air velocity undergoes a narrowing of 

streamlines to reach a peak of 11.63 m/s. This hot airflow then 

enters the expanded volume of the cabinet where it undergoes 

progressive deceleration, ensuring a regular distribution of ve-

locity across all five trays. Figure 8 presents the three-dimen-

sional velocity field from the collector outlet to the chimney, 

highlighting the acceleration to 11.63 m/s in the duct. Figure 

9 visualizes the fluid's axial path and confirms the absence of 

turbulence or recirculation behind the trays. 

 
Figure 8. Global Air Velocity Contour Fields. 

 
Figure 9. Airflow Streamline Trajectories Through the Loaded 

Chamber. 

This aerodynamic behavior directly results from strategic 

geometric optimizations, notably the removal of the lower part 

of the cabinet (funnel) which, in the initial prototype, consti-

tuted a major obstacle generating vortexes and pockets of 

stagnant air. By making the flow more axial and stable, these 

modifications minimize local velocity gradients, ensuring that 

each pineapple slice benefits from a constant air renewal es-

sential for water vapor evacuation. In comparison, whereas the 

original prototype suffered from massive stagnation zones 

hindering treatment homogeneity, the current configuration 

validates the robustness of the new design for a 25 kg load. 

4.4. Pineapple Drying Kinetics 

The analysis of pineapple drying kinetics, modeled via the 

multi-physics UDF-CFD coupling, allows tracking moisture 

migration within the 25 kg load in real time. Over the first 160 

minutes of simulation, the dry basis moisture content (M) of 

http://www.sciencepg.com/journal/ajee


American Journal of Energy Engineering http://www.sciencepg.com/journal/ajee 

 

135 

the entire load evolves steadily, dropping from its initial value 

of 5.67 kgwater/kgdry_matter (corresponding to 85% wet ba-

sis moisture) to approximately 5.43 kgwater/kgdry_matter. 

This progressive reduction in moisture content confirms the 

proper functioning of the local mass source terms injected into 

the fluid domain. Concurrently, the atmosphere surrounding 

the trays exhibits high relative humidity, ranging between 88.6% 

and 89.9% at t = 160 min. These values, although higher than 

the drying air humidity in an empty configuration, are ex-

pected during the initial warm-up phase where the product is 

just beginning to release its water vapor. 

An interesting result lies in the drying uniformity among the 

five trays. Final moisture content readings at 160 minutes 

show extremely small variations between tray 1 (inlet) and 

tray 5 (outlet), with values oscillating from 5.4299 for tray 1 

to 5.4319 for tray 5. This absence of inter-tray hygrometric 

gradient (less than 0.04% deviation) validates the chamber 

resizing strategy and the absence of dead zones, ensuring that 

each product tier is processed under identical mass transfer 

conditions. 

This kinetic stability, illustrated by the steady decrease of 

moisture content curves, demonstrates that the dryer resized 

to 5.54 m2 provides sufficient evaporative power to maintain 

a constant drying potential despite progressive air saturation 

along the fluid path. 

4.5. Validation of Collector Sizing 

Simulations demonstrate that the initial collector of 1.11 m2 

(1.5 m x 0.74 m) was largely insufficient to provide the ther-

mal power necessary to extract the 20.59 kg of water con-

tained in the load. 

Resizing to 5.54 m2 (2.52 m x 2.20 m) allows precisely cov-

ering the total estimated energy need of 46.53 × 106 Joules. 

Multi-physics simulation validates this choice by showing that, 

despite the evaporative cooling phenomenon which consumes 

a significant portion of the energy for latent heat, the system 

succeeds in maintaining a stable air temperature between 

52.9°C and 53.3°C on the trays. This capability to stabilize the 

drying atmosphere within the optimal range (50-60°C) under 

a 25 kg load constitutes numerical proof of the sizing's validity. 

4.6. Convergence Status and Numerical 

Validity 

Analyzing the convergence status and numerical validity of 

the model constitutes a crucial step to ensure the reliability of 

multi-physics predictions within the loaded dryer. The in-

creased complexity induced by introducing 25 kg of pineapple 

and active mass transfers required particular vigilance regard-

ing mesh quality and residual behavior. 

4.6.1. Mesh Quality and Discretization 

The numerical domain, comprising 2,788,034 cells, was 

discretized to finely capture interactions at the air-product in-

terface. Geometric validity is confirmed by a minimum or-

thogonal quality of 0.105 for the entire dryer. Although this 

value is lower than that of the empty mesh of the initial proto-

type, it remains well above the stability threshold of 0.01 rec-

ommended by numerical simulation standards. For critical 

tray zones, quality is even higher, oscillating between 0.28 and 

0.42, which ensures accurate resolution of mass transfer gra-

dients. 

4.6.2. Analysis of Residual Convergence 

Monitoring residuals at the end of the simulation (t = 160 

min) reveals a differentiated behavior depending on the equa-

tions solved (Table 4): 

Table 4. Final convergence state of numerical residuals. 

Equation / Scalar Final Residual Convergence Criterion Status 

Continuity (Mass) 0.0832 0.001 Not Converged 

Velocity (x, y, z) ~5e-06 0.001 Converged 

Energy (Temperature) 6.37e-07 1e-06 Converged 

k-omega model (Turbulence) ~2e-04 0.001 Converged 

Species transport (h2o) 5.27e-09 0.001 Converged 

Moisture content (uds-0) 3.93e-05 0.001 Converged 

DO-intensity (Radiation) 5.80e-06 1e-06 Not Converged 

 

Despite the strict non-convergence of continuity and radia- tion (DO-intensity) according to default criteria, model valid-

ity is maintained for the following reasons: 
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1) Residual stabilization: Continuity residuals stabilized at 

a constant level, which is common in complex simula-

tions involving active porous media and UDF-CFD cou-

pling. 

2) Radiation accuracy: The DO-intensity residual (5.8e-06) 

remains slightly above the 1e-06 criterion, a perfor-

mance deemed acceptable given the multiple reflections 

on the corrugated absorber and the semi-transparent na-

ture of the glazing. 

3) Physical consistency: The perfect convergence of en-

ergy, species transport, and user scalar (UDS-0) equa-

tions ensures that the thermal and hygrometric bal-

ances—the cores of the drying process—are resolved 

with high fidelity. 

Overall, the stability of extracted physical parameters (tray 

temperatures, steady evolution of moisture content) confirms 

that the model is numerically robust and capable of predicting 

the system's real performance. 

To provide a concise synthesis of the dryer's physical and 

numerical performance, Table 5 summarizes the key operating 

conditions and output metrics discussed in this study. 

Table 5. Compact summary of key operating conditions and dryer performance metrics. 

Category Parameter / Metric Value 

Operating Conditions 

Inlet Air Velocity 0.5 m/s 

Solar Irradiance Range 340 - 717 W/m2 

Ambient Inlet Temperature 25°C 

Initial Pineapple Load 25 kg 

Initial Moisture Content 85% (wet basis) 

Design Metrics 
Optimized Collector Area 5.54 m2 

Tray Spacing 250 mm 

Performance Metrics 

Total Energy Supplied 46.53 × 106 J 

Total Water Extracted 20.59 kg 

Average Tray Temperature 52.9 - 53.3°C 

Inter-tray Drying Uniformity < 0.04% (hygrometric deviation) 

Mesh Orthogonal Quality > 0.14 (minimum) 

 

5. Conclusion 

This study validated, through an advanced multi-physics 

modeling approach, the resizing and optimization of an indirect 

solar dryer intended for processing a target capacity of 25 kg of 

pineapple. The transition from a thermally insufficient initial 

prototype to a high-performance system relied on a rigorous 

methodology combining theoretical thermodynamic sizing and 

active numerical simulation. The originality of this work lies in 

the implementation of user-defined functions (UDF) enabling 

accurate simulation of the product's biological behavior and the 

evaporative cooling phenomenon, thus surpassing classical in-

ert porous media modeling approaches. The numerical results 

demonstrate good inter-tray uniformity, with a temperature de-

viation of less than 1°C among the five tiers and a total absence 

of dead zones thanks to the cabinet's aerodynamic optimizations. 

Scaling up validation confirms that the collection area must im-

peratively be increased to 5.54 m2 to cover the energy needs of 

46.53 × 106 J required for the extraction of 20.59 kg of water. 

The system thus dimensioned succeeds in stabilizing the drying 

atmosphere within the ideal range of 50 to 60°C, ensuring reg-

ular drying kinetics despite solar radiation variations. Despite 

the model's robustness, the partial convergence of the continuity 

equation and the current lack of specific experimental valida-

tion for this configuration constitute identified limitations. 

Looking forward, this work transforms an empirical design into 

a genuine predictive engineering tool, paving the way for a 

multi-objective optimization essential for sustainably reducing 

food waste in West Africa. 

Abbreviations 

CFD Computational Fluid Dynamics 

Cv Coefficient of Variation 

DO Discrete Ordinates 

DOM Discrete Ordinates Model 

PCM Phase Change Material 
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SST Shear Stress Transport 

UDF User-Defined Function 

UDS User-Defined Scalar 

Ui Uniformity Index 
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