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 An innovative indirect solar dryer, designed for banana dehydration, was developed and 

assessed, utilizing the Ansys software for simulation. The system comprises a vacuum tube 

water heater and a drying chamber, the latter of which incorporates phase-change materials 

(PCMs), thus enhancing the drying performance. A fan positioned within the chamber 

synergizes with the PCMs, effectively abbreviating the drying time. Computational 

simulations were executed to refine the system design and operational parameters. A 

sorption isotherm was constructed to delineate the optimal moisture content and water 

activity, fundamental parameters for efficient drying. The integrated solar collector 

facilitates the transformation of solar energy into heat, while the drying chamber, 

accommodating two baskets of produce, optimizes the heat distribution. Our system 

demonstrated the capacity to generate high drying temperatures, especially efficient for 

items exhibiting lower moisture content than bananas. The system achieved a predicted 

maximum efficiency of 67.40%, operating optimally within a temperature range of 60-

65℃. Experimental results were congruent with computational simulations, reinforcing the 

efficacy of the drying chamber. This study introduces a novel, sustainable method for 

efficient fruit dehydration, spotlighting its potential applicability beyond bananas to other 

produce. 
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1. INTRODUCTION 

 

The physical principles underlying the processes in 

conventional and solar dryers are fundamentally similar, 

employing either high or low temperature techniques. High 

temperature dryers necessitate precise controls to prevent the 

adverse effects of over-drying [1]. An early application of 

elevated temperatures during dehydration can induce surface 

hardening or cooking in certain foods, while the interior 

retains residual moisture. Conversely, low-temperature 

methods find their primary applications in bulk food storage, 

particularly with cereals, and in scenarios where preservation 

of color and specific nutrients is paramount [2]. Both active 

and passive dryers necessitate a multicomponent drying 

structure. Active solar dryers, which employ blowers for 

comprehensive convection, are predominantly found in 

developed regions. Passive dryers, in contrast, leverage wind 

pressure and solar-heated air for natural convection, offering 

cost-effectiveness and durability. Chimneys often augment the 

efficacy of natural convection in these systems [3]. Indirect 

solar dryers employ thermal energy within a solar collector to 

circulate heated air around produce. These systems offer 

various advantages such as increased crop capacity, reduced 

radiation damage, and a range of drying options. However, 

their complex designs may necessitate a higher initial 

investment and skilled labor for loading and product 

movement [4]. Direct solar dryers, such as cabinet and tent 

dryers, utilize natural convection within a combined chamber. 

Constructed from insulated timber boxes, these systems store 

materials within perforated containers. Portable cabinets are 

typically composed of wood or metal, while permanent 

structures may be built using stone, masonry, mud, or concrete 

[5]. Shortwave solar radiation interacts with crop surfaces, 

partially reflecting and absorbing, which elevates the 

temperature, triggers moisture evaporation, and results in 

moisture loss through long-wavelength radiation and 

atmospheric conduction [6]. A study investigating a forced 

convection direct mode solar dryer, equipped with a chimney 

and a 40W photovoltaic module, dried 50 kg of tomatoes with 

90% moisture content in 129 hours, amounting to 55% of the 

time required for natural sun drying. The outcomes included 

superior color and flavor, surpassing other solar dryer designs, 

and extended shelf life [7]. 

Rabha and Muthukumar [8] evaluated active solar dryers 

incorporating a paraffin wax-based shell and tube latent heat 

storage unit. For heating applications, a material was 

preheated, enabling twenty kilograms of red chill to be dried 

between 36 and 60 degrees Celsius. During the experiment, air 

circulated through the tube and shell while the heat storage 

medium was charged. Heat energy was directed through tubes 

using a blower and discharged into the drying box. A review 

by Da Cunha and Eames [9] considered studies examining 

phase change materials for heat energy storage across various 

applications. They reported thermal physical properties 

exceeding 100 degrees Celsius for organic compounds and salt 

hydrate materials. Subsequent investigations of eutectic 

mixtures with urea revealed a temperature around 100 degrees 

Celsius. Eutectic inorganic salt mixtures possessed melting 

points between 130 and 1250 degrees Celsius, but a sodium 

and potassium combination, melting at approximately 170 
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degrees Celsius, exhibited potential for thermal storage 

utilization. 

Jain and Tewari [10] designed a solar dryer exploiting 

natural convection and storing heat energy for phase transition. 

The capability of the heat storage material to store thermal 

energy during the day and release latent heat in the evening 

enabled the solar dryer to operate an additional 5-6 hours post 

sunset. In Jodhpur, India, during the month of June, the drying 

chamber temperature was observed to exceed the ambient air 

temperature by 6 degrees Celsius in the middle of the night. 

The economic performance of the dryer, calculated using ideal 

raw material cost and product sale price, yielded a return on 

capital of 0.65% and a simple payback period of 1.57 years. 

Kant et al.'s [11] overview of thermal storage materials, based 

on the type of heat storage medium, intrigued numerous 

researchers. The study aimed to develop advanced phase 

change materials (PCMs) by optimizing thermophysical 

parameters like thermal conductivity, latent heat of fusion, and 

sensible heat capacity. The review determined that the phase 

transition properties of heat storage materials directly 

influenced the performance of thermal energy storage systems. 

Mawire et al. [12] employed sunflower oil as a heat transfer 

medium and a sensible heat storage substance, capitalizing on 

its widespread availability. The boiling and flash points of 

sunflower oil were identified as 230 degrees Celsius. The 

sunflower oil container demonstrated superior storage 

efficiency (3.0-7.1%) compared to the PCM container (2.5-

3.7%). An erythritol-based phase change material cooking pot 

surpassed the sunflower oil pot due to smaller temperature 

drops (0.1-9.7℃) from the maximum cooking temperatures 

over storage cooking times. Furthermore, the erythritol 

cooker's heat usage efficiency was higher in both cases (4.8-

14.3% versus 3.7%-6%). 

Bhardwaj et al. [13] conducted an examination of indirect 

forced convection solar dryers comprising sensible heat 

storage materials (SHSM) and phase change materials (PCM). 

In the solar air collector, iron refuse was amalgamated with 

gravel and motor oil to serve as the SHSM, with RT-42 

paraffin functioning as the PCM. According to the results, the 

original moisture content of 89 percent was reduced to 9 

percent. The drying rates for SHSM and PCM were observed 

to be 0.051 kg/h and 26.1 and 0.81 percent, respectively. In a 

study by Poblete and Painemal [14], the drying process was 

scrutinized, employing a gravel bed and air heated by a solar 

air heater, both with and without sludge derived from the 

coagulation or flocculation of landfill leachate. The solar 

energy input per kilogram of sludge was found to be 107.5 

kilojoules/kilogram with thermal storage, compared to 240-

kilowatt W hours/kilograms without thermal storage and 

580.5-kilowatt W hours/kilograms outside the dryer. The 

energetic efficacy of the drying process was calculated to be 

38.13 percent for processes utilizing thermal energy, and 

without thermal storage respectively, with an overall 

efficiency of 16.45 percent. Thermal efficiency was 

determined to be 37.8 percent and 22.2 percent, respectively. 

Ismaeel and Yumrutaş [15] analyzed a drying system featuring 

a solar-assisted heat pump linked to an underground thermal 

energy reservoir and a heat recovery unit. The sun-drying heat 

pump system consisted of a heat pump, heat recovery unit, flat 

plate solar collector, drying area, and subsurface thermal 

energy storage reservoir. A performance analysis model was 

applied, utilizing heat transfer from a thermal energy storage 

reservoir to supply heat for the various components of the 

drying system. The experiment involved measurement and 

analysis of energy, the rate of evaporation of a given moisture 

amount, and the temperature of the water in the thermal energy 

storage reservoir. MATLAB was employed to obtain the 

findings of the drying system, yielding results of 5.55, 5.28, 

and 9.25 kg kW-1 h-1 for the heat pump coefficient, system 

coefficient, and specific moisture evaporation rate, 

respectively. The experiment was conducted with a 100 kg/h 

mass flow rate, a 40% can efficiency, a 100 m2 collector area, 

and a 300 m3 reservoir volume. Yadav and Chandramohan 

[16] put forth a unique numerical model to evaluate the 

influence of fins on the thermal energy storage mechanism 

within an indirect solar dryer. Through simulation, they 

compared two models, one equipped with fins and the other 

without, applying an air velocity of 4 m/s in both instances. 

Case 1 and Case 2 exhibited average emission temperatures of 

5.47 K and 9.0 K, respectively. It was revealed that at an air 

velocity of 1 m/s, both scenarios performed satisfactorily as 

compared to higher air velocities (2 to 4 m/s). Both systems 

could sustain operation via the TES device until 10:00 p.m. 

The average exit temperature of Case I between 4:00 and 

10:00 p.m. was 5.47 K above the inlet temperature, while Case 

II (9.1 K) performed better at an air velocity of 1 m/s. The air 

in Case II garnered a maximum heat quantity that was 55.2% 

greater than in Case I at a velocity of 1 m/s. Relative to Case 

I, Case II exhibited a 6.44 percent higher melting percentage 

at 1 m/s and an average PCM temperature that was 3.7 K 

higher. 

Objectives of the study: 

1. The primary aim is to design an indirect solar dryer 

with forced circulation of air, capable of drying 

hygroscopic material in the shortest possible time. 

2. The performance of the dryer will be assessed using 

parameters such as temperature, moisture content, 

drying period, air velocity, and efficiency. 

3. The drying process of high-moisture content fruits or 

vegetables will be investigated. 

4. An evaluation of the dryer's performance for quality 

drying will be conducted using phase change material 

(PCM). 

5. Lastly, the economic feasibility of the solar dryer 

integrated with the heat storage system will be 

assessed. 

 

 

2. METHODOLOGY 

 

The dryer is made up of the drying chamber and a phase-

change material container. The drying chamber was made 

from plywood of 20 mm thickness, as shown in Figure 1. 

 

2.1 Dryer details 

 

It was made up of two trays, each measuring 56×46 cm, on 

which the produce was to be dried. To make cleaning and 

loading easier, the trays are made to be removable. Stainless 

steel with perforations was used to create the trays. Because 

the fruit had a high initial moisture content, stainless steel was 

chosen to prevent rusting. On the upper surface of the chamber, 

a 12-centimeter-diameter circular opening was drilled. 

Through this orifice, hot air was blown into the chamber 

containing the PCM drying device. A door will offer a way to 

load and unload the material to be dried at the front of the 

drying chamber. Screws were used to attach an axial fan to the 

chamber's output. 
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Additionally, a heat exchanger was installed in the plenum 

area (about 10 cm) from the base of the cabinet and was sized 

according to the lower volume limit. A thermal energy storage 

(PCM) container that is situated 35 cm above the heat 

exchanger. This storage area was created to capture heat 

during water heating and then dissipate it for food product 

drying. To improve its heat conductivity, the PCM was placed 

in a copper matrix container. The consistent application of heat 

was supposed to forestall the food item from becoming 

rewetted. To ensure that the high temperatures within the dryer 

were maintained, the drying cabinet and trays were coated a 

matte black. 

 

 
 

Figure 1. Drying chamber 

 

Figure 2 details the current test rig configuration, which 

includes the following parts: 

a. Solar Water Heater 

b. drying chamber 

c. Connections and Control Valves 

d. Water Pump 

e. DC Inverter  

f. Axial fan 

g. Solar Panel 

h. Battery 

i. Measuring Devices and Equipment 

⚫ Thermocouples 

⚫ Data Logger 

⚫ Solar Power Meter 

⚫ Flow meter 

⚫ Humidity Control System 

⚫ Digital Weight Balance 

 

 
 

Figure 2. Flow chart of numerical solution 

2.2 Drying process 

 

1. Bananas were first cut into slices and dried with 

PCM. Each slice has a thickness of 2-4 mm. The 

banana's initial weight was then determined using a 

digital scale. The trays were then removed from the 

drying room. Each tray had a layer of bananas on it. 

Each tray's weight was initially determined. The 

weight of the bananas spread out on each tray was 

then calculated using the formula [Tray+Banana]-

[Tray]=Banana weight.  

2. The drying chamber was filled with the banana trays. 

In the same way that the solar panel was relocated to 

face south, the solar dryer was also done so.  

3. The fan was switched on. A temperature and 

humidity sensor read the dry bulb temperature and 

relative humidity at 8.30 a.m. Water flow rate and 

solar intensity was also measured with the aid of 

flow meters and solar power meters, respectively. 

4. Following the removal of the trays from the chamber, 

the weight of the bananas on each tray was measured 

individually after one hour. Then we measured the 

dry bulb temperature, humidity, solar intensity, and 

wind speed. Hourly measurements were taken of 

banana mass, dry bulb temperature, humidity, solar 

intensity, and solar radiation. 

5. Five data (water temperature inside and outside the 

cabin/ air temperature inside and outside cabin/ 

humidity ratio inside and outside/ weight of banana 

slices and exit air velocity from cabin) sets were 

collected after 8.30 a.m. Since evaporation could be 

disregarded at that point and the bananas were 

virtually dry, the drying operation was stopped when 

the relative humidity values in the collection and 

chamber were comparable. After collecting all of the 

bananas in a plastic bag, the ultimate weight of the 

banana was determined. At 5:00 p.m., all the circuits 

were finally disconnected, and the dehydrating 

process was complete.   

6. Paragraph No. 5 is repeated in the presence of PCM, 

and hot water is re-entered. 

 

 

3. NUMERICAL SIMULATION 

 

The examination of complicated events can be done using 

numerical simulations rather than an expensive prototype and 

challenging experimental measurements. Numerous 

engineering issues are needed for the complete Navier-Stokes 

simulation of complex fluid flows. The answers of 

conservation continuity, momentum, and energy equations are 

used to analyse heat transport and fluid flow within the solar 

collector and dryer. In what follows, we shall describe some 

numerical methods. 

 

3.1 Equations describing fluids in motion 

 

Both mass and momentum are conserved in fluid motion, 

which is described by the continuity and momentum equations. 

Navier-Stokes equations are another name for momentum 

equations. The conservation of energy in heat transfer fluxes 

necessitates an additional set of equations. The continuity 

equation is obtained by applying the law of conservation of 

mass to a limited differential volume of fluid. The following 
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three equations are obtained in Cartesian coordinates: 

 

3.1.1 Continuity equation (conservation of mass)  

The mass change within a control volume must equal the 

sum of the mass inflow and outflow through the control 

volume's surface. This can be mathematically expressed as 

follows for an incompressible fluid. 
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3.1.2 Momentum equation  

When the fluid's differential volume is used with Newton's 

second rule of motion, the resulting momentum equations can 

be derived. The rate of change of momentum over a given 

differential volume of fluid is equal to the sum of all external 

forces acting on that volume, as stated by Newton's second law. 

The resulting momentum equations [17] are converted by 

Fluent from Cartesian to cylindrical coordinates and take the 

following form. 
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Y-Momentum Equation: 
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Z-Momentum Equation:   
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3.1.3 Energy equation  

According to the first rule of thermodynamics, which is the 

origin of the energy equation, the rate at which the energy of a 

fluid particle changes is equal to the rate at which heat is added 

to the particle plus the rate at which work is done on the 

particle. The following equation is obtained if it is assumed 

that the water flow is incompressible and the thermal 

conductivity value is constant. 
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3.2 Radiation model 

 

An approach to calculating the radioactive transfer equation 

for a set of discrete angles, where each angle represents a 

vector with a different address in a global Cartesian system, is 

provided by the radiation model of discrete ordinates (DO). 

This model provides for the resolution of radiation conditions 

in partially transparent walls and spans the complete range of 

optical thickness. The radioactive transfer equation (RTE) in 

the direction of s is described by the DO model with a field. 

The RTE for intensity spectrum I(r,s) as a field equation is: 

4
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A solar load model is employed in this study to determine 

the radiation impacts of solar rays that enter a computational 

area. According to Stephenson [18], if the sky is clear, we may 

use the following formula to determine the amount of direct 

normal irradiation (DNI) reaching the Earth's surface: 
 

IDN =A e−B/sinβ (7) 
 

where, A, the perceived extraterrestrial irradiation at m = 0, 

and B, the atmospheric extinction coefficient, are functions of 

the date and take into account seasonal changes in the distance 

between the earth and the sun and the amount of water vapor 

in the air, respectively. CFD uses these conservation principles 

over a discretized flow domain to figure out the changes in 

mass, momentum, and energy that happen when fluid flows 

from one discrete region to the next.  

 

3.3 Governing equation for PCM domain  

 

FLUENT simulation can be used to address solidification or 

melting issues in a certain temperature range. Enthalpy-

porosity formulation and explicit liquid-solid front tracking 

are options in FLUENT. The liquid-solid mushy zone or 

porous zone was disregarded in this closed energy storage 

device since the fluid component of PCM was fixed within it. 

This means that the simulation does not use a second equation 

to account for momentum. The analysis is performed by 

discretizing the flow domain into cells and then utilizing the 

finite volume approach. The utilization of discrete cells 

determines the strategy for solving the governing equations. In 

order to convert the partial differential equations into algebraic 

equations, the finite volume approach was employed. Eqs. (8)-

(13) express the set of algebraic and differential equations: 
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Energy Equation 
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It was assumed that Stokes' law applied to Newtonian fluids 

composed of monatomic gases. This leads to the following 

expression for the viscous stress: 
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Table 1. Thermo-physical properties of PCM in the simulation 

 

Property Units Method Paraffin 

Density kg/m3 Piecewise continuous 𝜌=2293.6-0.7497 T 

Specific heat J/kg.K Piecewise continuous Cp=5806-10.833T+7.2413×10-3 T2 

Thermal conductivity w/m.℃ Constant 0.25 

Viscosity kg/m.s Piecewise continuous μ=0.4737-2.297×10-3+3.731×10-6T2-2.019×10-9 T3 

 

Fourier’s law heat-flux: 
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3.4 Solving processors  

 

Fluent converts the governing equations to algebraic forms 

that can be solved numerically using a control volume-based 

technique. This control volume method involves integrating 

the governing equations within each control volume to 

generate discrete equations that conserve each quantity on a 

per-control-volume basis The following values are taken into 

account for the convergence: 

Residual for continuity=10-4  

Residual for velocities=10-6 

Residual for energy=10-7 

For the current circumstances, the SIMPLE algorithm was 

used to resolve the coupling between the velocity and pressure 

fields. 

 

3.5 Thermophysical properties of PCM  

 

Table 1 shows materials' thermo-physical characteristics are 

included in the list of attributes. Thermal energy systems and 

heat exchanger tubes are made of copper and stainless steel, 

respectively. The PCM material investigated in this study is 

paraffin, together with water.  

 

 

4. NUMERICAL SOLUTION STRATEGY  

 

Commercial CFD solution Fluent 18.0 was utilized to run 

the simulations, with its dedicated solver implementing the 

finite volume method for the governing equations. The 

second-order upwind method was used to discretize the 

convection terms, energy, and the turbulent kinetic and 

turbulent dissipation energy. This method often guarantees 

sufficient accuracy, stability, and convergence, especially for 

trihedral, tetrahedral, and polyhedral mesh flow domains [19]. 

In ANSYS-Fluent, you can choose from the following five 

pressure-velocity coupling methods: The non-iterative time 

advancement (NITA) scheme is used for unstable flows, which 

necessitates the Fractional Step (FSM) algorithm. The 

"coupled" system is the only one of these that doesn't derive 

from the predictor-corrector. The connection between the 

velocities and pressures was calculated using the SIMPLE 

method [20].  

The Semi-Implicit approach for Pressure-Linked Equations 

(SIMPLE) is a generally gaussian and accurate approach for 

calculating pressure. Under the assumption of a uniform 

pressure distribution, the momentum equation and velocity 

field are thoroughly discretized over u, v, and w using this 

method. If the velocity distribution satisfies the continuity 

equation, then the momentum equation along with the 

necessary pressure field corrections can be used to attain this 

objective. Otherwise, a new pressure distribution must be 

implemented. The following diagram illustrates the stages of 

the SIMPLE algorithm: 
 

For the entire domain, the pressure field P is estimated. For 

the full computational area, a plausible pressure distribution P 

is made as an educated guess. The accurate pressure 

distribution will be established after multiple iterations, but 

this pressure distribution will serve as a rough guide.  

To determine u∗, v∗, and w∗, solve for momentum. The 

momentum equations are solved using the assumed pressure 

distribution from step one. Since u, v, and w are determined 

by solving the momentum equations, these quantities also 

define the velocity distribution. This velocity distribution will 

approximate the precise velocity field.  

For the entire domain, determine the pressure correlation P′. 

We'll contrast a temporal variable denoted by P′. This P′ is 

computed across the full domain by solving a system of linear 

algebraic equations. By integrating the mass conservation 

equation for each control volume with the velocity values 

determined in step 2, the coefficients for the linear system of 

equations are determined. The fundamental characteristic of 

this temporal pressure is that, given the correct pressure and 

velocity field, the P′ distribution is equal to zero across the 

entire domain, necessitating the need for future pressure 

correlation. 
 

Pressure field P should be updated. By including the 

estimated pressure P′ and the pressure correlation P*, the 

pressure distribution P is updated as follows:  

 

P=P′+P* (14) 

 

As mentioned earlier, P′=0 if and only if the first-step 

estimated pressure distribution satisfies the mass conservation 

equation. More correlations are required based on the 

supposition that P=P*.  

Update u, v, and w using the velocity correlation calculation 

based on their estimated values:  

 

ui =ui
∗ + area

ap 
 (∆P′) (15) 

 

where, ap is the nodal point coefficient and ∆P′ is the pressure 

(obtained in step no. 3) acting on each velocity component. 

The correct velocity field (second term on the right) is 

obtained by adding the initial velocity field (step No. 2) to a 

coefficient representing the driving potential for fluid motion.  
 

Calculate any additional variables. Any other scalar variable 

involved in the problem, such as temperature, concentration, 

etc., could be estimated once the velocity fields were known.  

Verify that the mass conservation equation is satisfied by 

the flow field solution. The convergence and mass 

conservation of the step pressure distribution and velocity field 

are tested. Convergence is achieved when there is little 

variation in the solution variables from one iteration to the next 

[21], indicating that all properties have been conserved. The 

steps are continued until convergence if none of them are met, 

at which point the operation is resumed using the right 

pressure P from step No. 1 as the new guessed pressure 

1162



 

distribution P. It is important to provide the nodal location for 

each equation's variable when solving the momentum equation.  

The inability to relate the energy equation to the equations 

of momentum and mass was due to our disregard for buoyancy 

and our assumption of constant fluid properties. By solving the 

equations of motion and continuity, we obtained the flow field, 

and the energy equation yielded the temperature distribution. 

The estimated residual value of variables like energy, mass, 

turbulent kinetic energy (k), and turbulent dissipation energy 

(ε) is used as the convergence criterion.  

If the sum of the normalized residuals for all conservation 

equations and variables is less than the desired residual values, 

then the numerical simulation has converged. SIMPLE 

algorithms are shown in Figure 2.  

 

4.1 Solution parameters 

 

It should be noted that effective numerical control and 

modeling approaches are required for the calculation to 

stabilize and converge quickly. One major advantage of the 

FVM is that it does not rely on a particular mesh structure. 

This means that the method can be applied to a wide range of 

problems and modeling requirements, from simple to complex. 

The FVM can handle irregular meshes and can be used to solve 

problems in 3D. Fluent v. 18 and SolidWork v. 19 were uses 

the simulation transforms the governing equations into 

algebraic forms that may be solved numerically using a control 

volume-based method. The governing equations are contained 

within the control volumes in this method. This results in 

control-volume discrete equations [22] in which all quantities 

are held constant. The following are elements of the 

parameters for the solution. 

 

4.2 Number of iterations  

 

The solver will go through this many iterations at the most 

before stopping. The residuals were carefully watched 

throughout the iterative process. All simulations performed in 

this research were considered to have reached converged 

solutions when the residuals from the iterative procedure for 

all governing equations remained constant over time and the 

computing error could be ignored. The iteration was then 

manually stopped. Most of the time, the number of iterations 

falls between (1400 to 1600). 

 

 
Figure 3. Residual of numerical simulation for present study 

 

4.3 Convergence criteria   

 

The "convergence criteria" determine how accurate an 

iterative solution is. This criterion may be based on a value for 

the discretization equation's residual that is deemed acceptable 

or on the difference between two successful iterations that is 

deemed acceptable. During the iterative solutions for the 

current investigation, the scaled residual for the continuity, 

velocities, and energy equations is tracked. The following 

values are taken into account for times of various foods, drying 

temperatures, and velocities:  

Residual for continuity=10- 4  

Residual for velocities=10- 6 

Residual for energy=10-7  

In Figure 3 we can see the convergence history of the 

continuity, momentum, and energy equations. 

 

 

5. RESULTS AND DISCUSSIONS 

 

5.1 Numerical results observations 

 

This study shows the flow, heat transfer, temperature 

distribution, velocity contours, and relative humidity contours 

for the current models using the finite volume technique 

single-phase model numerical results from the commercial 

CFD tool Ansys-Workbench 18.0. The outcomes replicate the 

experimental findings in terms of how relative humidity 

changes with the time of day and temperature distribution.  

 

5.2 Validation of CFD results 

 

All experiment tests are verified to show that the CFD can 

forecast fluid flow and heat transfer in the drying chamber. so 

that we may wrap up the most challenging, intricate, and 

important aspect of this research. The drying room's simulated 

drying chamber efficiency are contrasted with those 

discovered via tests in Table 2. From this table, it can be shown 

that the simulated values and experimental values agree to 

within +6%. The experimental losses, which are not taken into 

account theoretically, may be responsible for this difference. 

The behavior of both findings is the same, however, and the 

differences are within reasonable bounds. 

 

Table 2. Experimental and simulated drying chamber 

efficiencies with PCM for V-Shape container 

 
Daytime (h) EXP. NUM. e% 

9:00 a.m. 21.2% 24.3% 2.0 

10:00 a.m. 23.4% 25.2% 1.8 

11:00 a.m. 26.1% 29.9% 3.8 

12:00 p.m. 28.7% 34.8% 6.1 

1:00 p.m. 26.5% 28.4% 1.9 

 

5.3 Temperature contours 

 

The inclusion of PCM in either a V-shaped or U-shaped 

container results in a different static temperature distribution 

along the test section at midplane (dryer chamber), as shown 

in Figure 4. The maximum temperature degree recorded is 

54℃ for a V-shape because the PCM material helps to 

conserve and accumulate heat, which means decreasing the 

total drying time. However, because the CFD does not account 

for wind and other environmental effects during the 

simulation, there were bound to be some minor discrepancies 

and variations in temperature. This was not the case with the 

experimental approach, where the temperatures recorded by 

sensors can change because of environmental factors. The 
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figure also shows that the U-shape is not efficient enough in 

heat preservation, which means that the drying time of the fruit 

will be longer compared to the V-shape. This is because the 

surface area exposed to heat loss is less than that in the U-

shape.  

Figure 5 presents static temperature contours without the 

presence of PCM. These temperature contours show 

decreasing temperatures at the exit in U-shape as compared to 

V-shape, and the color maps on the left show a 6℃ maximum 

difference between the container with and without PCM cases, 

which means less heat transfer. 

 

 
             (a)                                            (b)                       

 

Figure 4. Temperature distribution of dryer surface 

(a) V-Shape; (b) U- shape container with PCM 

   

 
                       (a)                                            (b) 

 

Figure 5. Temperature distribution of dryer surface 

a) V-Shape; b) U- shape container without PCM 

 

5.4 Velocity contours 

 

Figure 6 shows a three-dimensional perspective of the 

drying chamber with velocity contours over a focal distance of 

the test section for V-shaped and U-shaped containers. The 

CFD-Post picture shows that the velocity value near the V-

shape container is lower than that in the U-shape container 

because the triangular shape works to hinder the speed of the 

flowing air, but the speed begins to increase as we approach 

the exit of the drying chamber due to space narrowing. In fact, 

the average velocity of the outgoing air does not change with 

the presence of PCM. The distribution was not even across the 

two trays, and the top tray dried faster than the bottom tray. 

This was also observed in studies where banana slices placed 

on the bottom tray took longer to dry than those placed on the 

top tray. The hot air exit port should be positioned in the 

middle of the drying chamber rather than at the top to address 

this issue and improve performance. This phenomenon has 

caused banana slices to dry properly and uniformly, shortening 

the time it takes for banana fruits to dry. 

 

 
        (a)                                         (b)                        

 

Figures 6. Velocity contours in (m/s) for a) V-Shape; b) U- 

shape container 

 

 
                        (a)                            (b)                             

                                                                                                  

Figure 7. Relative humidity contours in (%) for a) V-Shape; 

b) U- shape container with PCM 

 

 
                       (a)                                          (b) 

 

Figure 8. Relative humidity contours in (%) for 

a) V-Shape; b) U- shape container without PCM 

 

5.5 Relative humidity contours 

 

Figure 7 shows volume rendering and humidity 

distributions across trays within the drying chamber. The 
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relative humidity in the drying chambers was estimated using 

the fluent approximation discussed in the previous chapter. 

The following data were obtained with respect to each V-shape 

and U-shape, respectively. The relative humidity is in %, and 

the time is in hour format. With the presence of PCM, the 

relative humidity for U-shape is higher than that for V-shape 

by 3%, which means a longer drying time for the fruit. Figure 

8 demonstrates the relative humidity contours for two physical 

shapes without PCM. The absence of PCM from the container 

leads to a significant decrease in relative humidity because this 

substance is an additional heat source that helps increase the 

humidity inside the drying room, which means that the time 

required to dry the fruit will be very long compared to the 

presence of PCM. 

 

 

6. CONCLUSIONS   

 

The design and construction of a low-cost forced convection 

solar drier with evacuated tube solar collector is capable of 

drying bananas. Experimental and numerical methods were 

used to evaluate the general performance of the developed 

solar drier with solar collector and convective air-drying 

chamber. 

 

6.1 The key findings 

  

1- The maximum efficiency of the solar collector was 

obtained to be 67.40% which fairly promising that the dryer 

can generate enough drying temperature for even other 

products with lower moisture content than banana fruits. 

2- The average initial moisture content of a banana ranges 

from 82-86% (w.b), this value was dropped down to an 

average of less than 20% final moisture content depending on 

the solar radiation and loading capacity of the dryer. 

3- The optimal drying temperature designed for this dryer is 

between 60℃ and 65℃. During experiment this temperature 

reached optimal drying temperature within short time and 

sometimes went up by 1℃ to 6℃. 

 

6.2 Suggestions for future research 

 

The goal of the current study was to evaluate the 

thermohydraulic performance of a drying chamber's heat 

transfer enhancement. This study also paved the way for future 

studies that aim to gain new knowledge about the processes 

behind heat transfer enhancement and shorten food drying 

times. Therefore, it is suggested that the following be included 

in future work: 

1- Care should be made to prevent drying items at high 

temperatures for a lengthy period of time in a developed dryer. 

Deterioration of the product may occur as a consequence. An 

additional mechanism for adjusting temperature may be added 

to this dyer in this situation to maintain ideal drying conditions. 

2- By using an additional solar heating system to create and 

maintain drying temperature and velocity, a dryer may also be 

converted into a hybrid drying system. 

3- In order to conduct this study, a dryer-specific solar 

collector that can be tilted at different angles was created. This 

design feature will make it easier to conduct future research on 

the performance of solar collectors in Baghdad at various 

inclination angles that allow for the maximum solar radiation 

during a particular region or season. 
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3.

NOMENCLATURE 

𝑟⃗ position vector 

𝑠⃗ direction vector 

s

 scattering direction vector 

𝑠⃗ path length 

𝑎𝜆 absorption coefficient 

𝑛 refractive index 

𝐼𝜆 radiation intensity, which depends on position 

(𝑟⃗ ) and direction (𝑠⃗ ) 
𝑇 local temperature 

Greek symbols 

𝜎 Stefan-Boltzmann constant 

𝜎𝑠⃗ scattering coefficient 

 phase function 

Ω′ solid angle 
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