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Abstract: Solar dryers are increasingly being applied to dry fruits and vegetables in order to increase their 
shelf-lives. In the sunny-belt countries, the availability of solar irradiance is taken for granted and the mean 
daily solar irradiation is often used as the design basis for a solar dryer. The predicted performance of the solar 
irradiance is therefore inherently inaccurate. Contemporary solar dryer designs incorporate thermal energy 
storage (TES) systems for application after sunset. The performance of such TES systems is often determined 
experimentally. In this study, mathematical models have been developed and by numerical simulation using 
the technique of Finite Differential Method (FDM) and MATLAB programming, the performances of solar 
irradiance as well as that of the TES system have been predicted. The simulation results were secured to 
inform the design of the solar dryer for fruits and vegetables in the sun-belt countries.
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1. INTRODUCTION   
It is important to predict the performance of the design of a solar dryer before construction of the 

prototype by using numerical techniques that can be applied to solve an engineering problem [1]. The design 
is described by a set of differential equations and boundary conditions. These equations are then discretized to 
algebraic equations. Using computer algorithms and computer codes, the generated sets of algebraic equations 
are solved to obtain the numerical solution. Finally, the numerical solution is visualized and evaluated for 
accuracy against experiment or any other model that has proven accuracy, including analytical equations 
or phenomenological equations, before being used as a validated model. Modelling and simulation of solar 
dryers are critical steps in developing and predicting their performances while saving on the costs of testing 
by experimental set-ups [2].

Prediction of solar irradiance for solar drying based on the solar constant and location angles of the sun 
during day is important for determining the size and drying capacity of a solar dryer during the development 
stage [3]. It has apparently become common practice to use thermally stored energy for drying fruits and 
vegetables after sun set for cost effectiveness and thus the need to predict the performance of such thermal 
storage systems.

Solar energy is absorbed and stored as thermal energy by materials such as rocks or pebbles. The pebble 
bed or rock pile consists of bed of loosely packed rock material through which the heat transport fluid can 
flow. Thermal energy is stored in the packed rock bed by forcing in heated air to charge the rock bed. The 
stored energy is discharged by recirculating air at ambient temperature in the rock bed [4]. 

Many researchers have developed and performed simulations of models of a variety of dryer types. The 
mathematical model of the thin layer drying behaviour of tomato slices dried by a solar dryer in a hybrid 
drying mode, as well as indirect solar and open sun modes was developed by [5]. The thin layer drying models 
are commonly used to optimise the goodness of fit to experimental data. Experiments and simulations of the 
performance of a PV-ventilated solar greenhouse dryer for drying of peeled longan and banana [6,7]. The 
numerical solution was used to predict the performance of the dryer using the finite difference method (FDM) 
and simulated using Compaq Visual FORTRAN version 6.5. The results of simulation of performance of the 
dryer reasonably agreed with the experimental data for solar drying of peeled longan and banana and were 
useful for optimal design of the dryer. 

A numerical investigation of a solar greenhouse dryer was performed by [8]. The mathematical model 
was formulated and solved using the finite difference method FDM. The numerical solution was simulated in 
Compaq Visual FORTRAN version 6.5. The simulated results reasonably agreed with the experimental data 
for solar drying copra. 

A solar heat pump dryer driven by photovoltaic module was investigated by [9]. They developed 
mathematical model was simulated using MATLAB to describe the whole drying system including heat and 
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mass transfer phenomena 

This study aims at developing the simulation models using numerical analysis for predicting the 
performance of the solar irradiance and the TES system using MATLAB programming in order to design an 
appropriate solar dryer for drying fruits and vegetables.

Literature review on the rock-bed type thermal storage indicates that it is used very often for temperatures 
up to 100 0C in solar air heater applications. Typically, the characteristic size of rocks for optimum energy 
storage varies from 1-5cm. The rule of thumb for sizing of rock bed is to use 300-500kg of rock in a unit square 
meter of solar collector area for space heating applications [10].

A theoretical investigation of a dryer-cum-air-heater with heat storage was performed by [11]. They 
analysed the drying characteristics of coriander in a deep bed dryer coupled with a solar air heater and a 
rock bed storage unit. The rock bed storage device was charged during the sunshine and discharged during 
off-sunshine hours. The theoretical investigation was made by writing the energy and mass balance equations 
for different components of the system and adopting a finite difference approach for simulation to reduce 
the moisture content from 28.2% db to 11.4% db. It took 27 cumulative sunshine hours (about 3 sunshine 
days) for an air heater alone to complete the drying, while with the air heater combined with the rock bed 
storage it took 31 cumulative sunshine hours (in a period of about 2 sunshine days and 2 nights). It is therefore 
clear that with the rock bed storage device the drying time decreased by 1 sunshine day. The completion 
period was shorter because drying was performed during the two nights using the energy from the thermal 
energy source in the combined bed setting.  However, the literature on the application of the rock bed thermal 
storage system as an energy source is scarce in Botswana, hence the research gap to predict the discharging 
characteristics using local thermal storage rock bed.

2. METHODOLOGY
In this study, a mathematical model was formulated for horizontal solar irradiance on rock-bed thermal 

energy storage (TES) system. This solar energy was absorbed by the rock-bed as thermal being thermal energy 
storage material. The stored thermal energy was later released  to a convectional air during discharge cycle for 
application in solar drying of fruits and vegetables. The mathematical model describing the energy discharge 
depicted by the thermal performance of the outgoing air was also formulated. By invoking numerical analysis 
techniques, specifically, the Finite Difference Method (FDM), simulation models were developed for solar 
irradiance and the TES system and coded using MATLAB programming.

2.1 Model of solar irradiance on the dryer
The days of the year are numbered from the first day being the first of January to the 365th or 366th day of 

the year being the last day of December in a year. The Nth day can be obtained as the sum of the cumulative 
total number of days of the year plus the current date number (i) of the given month as detailed in Table 1.

The extra-terrestrial radiation measured on the plane normal to the radiation on the nth day of the year 
is given by [3]

( )360
1 0.033cos

365
N

Gon Gsc
 

= + 
 

	                                                                                                             (1)

where, the solar constant  GSC is 1.3661 W/m2, and Gon  is the horizontal terrestrial solar irradiation.

The horizontal irradiance on a terrestrial horizontal surface is given by 
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        cosGoH Gon= Φ 	                                                                             (2)

where ( ) ( ) ( ) ( ) ( )sin sinCos Cos L Cos Cos h Lδ δΦ = +  and where L is the latitude of insolation location 

and δ  is the angle of declination given by [12]

( )360
23.45sin 284

365
Nδ = + 

  
                                                                                                              (3)

The hour angle h is calculated by

0.25minh ±=                                                                                                                                                     (4)

The solar irradiance on any day can be simulated for the global horizontal terrestrial irradiance as well as 
the irradiance received by the cover of the solar dryer in Gaborone. 

Table (1). Determination of day number N of the year

Month Day N Month Day N

January 0+i July 181+i

February 31+i August 212+i

March 59+i September 243+i

April 90+i October 273+i

May 120+i November 304+i

June 151+i December 374+i

2.2 Model of thermal energy storage system 
The fabricated solar collector is fundamentally a double pass solar collector design with the thermal energy 

storage, TES, system comprising of rock-bed using granite pebbles as the TES medium in the second pass 
section of a double ass solar collector. When solar radiation is available, heated air from the collector enters 
the top of pebble bed energy storage system and heats the rocks. As the air flows downward, heat transfer 
between the air and the rocks results in a stratified distribution thermal energy storage resulting into pebble-
bed having high temperature at the top and low at the bottom. This is the charging mode of the bed. The 
discharging mode on the other hand happens when there is a heating demand. Hot air is drawn from the top 
of the unit and cooler air returned to the bottom of the bed causing the bed to release energy. This shows that 
the two modes cannot happen at the same time. In the analysis of rock bed storage, both air and rocks are 
changing temperature in the direction of air flow and there is temperature differential between the air and the 
rocks. Therefore, separate energy balance equations are required for the rocks and air. The following were the 
assumptions made for the analysis:

•	 Forced airflow is one-directional.

•	 System properties are constant.

•	 Conduction heat transfer along the bed is negligible.
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•	 Heat loss to the environment was negligible.

•	 Energy stored in the air within the rock-bed is negligible.

The thermal behaviour of the rock-bed and air during the discharging cycle were described by the two 
coupled partial differential equations by [13] as:

(1 ) .( )b
b pb v a b

Tc h T T
t

ρ ε ∂
− = −

∂
			                                                                        	 (5)

( )pa a
b av

T
h T T

A x
mc ∂

= −
∂



			                  					     (6)

where, A is cross-sectional area of the storage bed normal to flow, m2, Tb  is temperature of the bed 
material, oC, Ta is temperature of the air oC, ρb is density of the rock bed, kg/m3, ρa is density of air, kg/m3, Cpb 
is specific heat capacity of the bed material, J/kg K,  Cpa is specific heat capacity of air, J/kg K, t is time, s,  x is 
position along the bed in the flow direction in m,  m is mass flow rate of air, kg/s,  ε  is void fraction of packing 
of pebble bed in dimensionless units, and hv  is volumetric heat transfer coefficient, W/m3 K.

An empirical equation for the determination of the volumetric heat transfer coefficient, hv  in W/kg K is 
given by:

0.7279.6( / )ph G Dv = 			                        				    (7)

where, G is air mass velocity per square meter of bed frontal area, kg/hr-m2

 Dp is rock equivalent diameter, mm.

Equation 8 can be expressed as 

( )a v
b a

ap

dT h A T T
dx mc

= −


								        (8)

And if we let the number of transfer units to be NTU,

	 v

pa

h ANTU
mc

=


	                 							       (9)

Then  x  x a
a b

dT NTU T NTU T
dx

+ = , and using the integrating factor NTUdxI e∫=   the solution is 
          

              

NTUx NTUx
a b

NTUx
b

T e e NTUT dx C

e T C

= +

= +
∫ 							       (10)

When x=0, Ta=Ta,n and Tb= Ta,n  or C= Ta,n -Tb,n when x=∆x, Ta=Ta, n+1 and Tb= Tb,n 

Thus, , 1 , , ,x NTU x NTU x
a n b n a n b nT e e T T T∆ ∆

+ = + −  from which we get

( 1) ( )

( ) ( )

expn n v

a n b n pa

Ta Tb h A
x

T T mc
+ − −

= ∆
−

 
 
 

							       (11)

By using Finite Difference Method, the Equation 11 is discretised and given in temporal and spatial 
implicit forms as follows.

( )( 1) ( ) b( ) ( )1 exp v
a n a n n a n

a pa

h A
x

m c
T T T T+

−
− ∆

  
= + −     

					     (12)
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− ∆
  

= + −     

					     (13)

3. RESULTS AND DISCUSSIONS

3.1 Prediction of solar irradiance onto the greenhouse solar dryer
Figure 1 shows the prediction of a typical hourly simulated horizontal solar irradiance in Gaborone. The 

solar irradiance in Gaborone indicated that sufficient sunshine was available for effective drying for 8 hours 
on a typical day of June 2018 with a peak value of 1200W/m2 and average of 600 W/m2. The measured results 
had peak value of 760 W/m2. Using hourly sampled irradiance gives better accuracy than using the daily 
average value of 600 W/m2 of solar irradiance.

Mathematical models were formulated for solar irradiance on the dryer cover, the outlet temperature 
of the TES system, the temperature of dryer cover, the temperature of the drying air, the temperature of the 
drying tomatoes, and the heat transfer coefficients. Using the numerical analytical method, the mathematical 
models were discretized into algebraic expressions that were used as simulation models to predict the 
performance of the solar dryer. 

Figure (1). The numerically simulated and average values of typical horizontal terrestrial 
irradiance in Gaborone

Figure 2 shows the predicted performance of the solar irradiance in Gaborone in the month of June. The 
global horizontal irradiance is presented with a peak of 1370 W/m2 while the irradiance on the dryer cover 
was peaked at 1180 W/m2 due to solar fraction phenomenon of the cover material where some irradiance is 
lost at absorption.

3.2 Prediction of performance of the thermal energy system (TES)
Figure 3 shows the predicted performances of the thermal energy system (TES). The ambient air 

temperature was 25 oC and gets heated as it passes through the rock-bed which was charged by solar 
energy and 35 oC after 5 hours of discharge is achieved. The rock bed type storage is used very often for 
temperatures up to 100 oC in solar air heater applications. Typically, the characteristic size of rocks for 
optimum energy storage varies from 1-5cm. The drying air then gradually drops until ambient temperature 
of 25 oC extrapolated to occur after 10 hours, whereby the TES system is utilised for drying .before sunrise.
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Figure (2). The typical solar irradiance in Gaborone

3.3	 Experimental procedure
Figure 4 illustrates the charging at day time and discharging at night of a rock-bed Thermal Energy 

Storage (TES) system. Figure 4(a) shows the charging cycle and Figure 4(b) shows the discharging cycle.
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Figure (3). Typical outlet temperature of the Thermal Energy Storage (TES) system

Figure 4 Schematic drawing of the rock-bed TES depicting: (a) charging at 
daytime, and (b) discharging at night time cycles
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Figure 5 is the photograph of the test rig that was used to carry out performance data. On the left-hand side, 
the pyranometer placed on the top surface) connected to its logger was used for recording the irradiance on the 
rock-bed TES system. Similarly, shown on the front side, is the calibrated NiCr-Ni thermo-couples connected 
to 6-port Easy Sense Advanced Data logger that was probed into the system for temperature measurement. The 
Pyranometer CM3-025778 sensitivity 23.89x10-6V/Wm-2 from Kipp & Zonnen BV, Delt Holland was installed 
besides the glass cover connected to a digital reader to measure solar intensity. One thermocouple measured 
the ambient temperature and the other measured the hot heated air at the exit end of the rock-bed TES system. 
Figure 6 gives the performance of the rock-bed TES system. It shows the solar irradiance (I), ambient air 
temperature and Outlet air temperature measured between 10.00 and 22.00 hours in Gaborone, Botswana on 
16/6/2018. The plot of the Outlet air temperature clearly shows that the discharged energy from the TES system 
is capable of drying material at ambient temperature

Figure (5).Test-rig for validation of simulation of performance of the pebble bed thermal storage system

Figure (6). Performance of the TES system showing temperature Tout, and ambient 
temperature Tamp, and soar irradiance on 16/6/2018.

3.4 Validation of Solar irradiance model
In order to validate the Solar irradiance mathematical model, measurements of solar irradiance on the 



Numerical Simulation of Rock-bed Solar Thermal Storage Energy

25Solar Energy and Sustainable Development, Volume (9) -N o (1). Jun. 2020

dryer top cover were taken hourly for seven hours from 10:00 hours on 16/6/2018. The pyranometer instrument 
of +-5% accuracy was used. The formulated mathematical model of global solar irradiance for the same date 
was evaluated and results in respect of the corresponding hours of observed irradiance were obtained. These 
results are given in Table 2.

Figure 7 gives the display of the graphical comparisons of experiment and simulated results of solar 
irradiance. It shows good agreement with the regression coefficient R2=0.9194. However, the difference 
between the simulated and measured irradiance data was attributed to the cloudy weather that prevailed 
during the experiment which was not factored in the ideal irradiation model

Table (2). Results of experimental and the expected solar irradiance

Time of the day I-Experiment I-Simulated

10:00 563 763.23
11:00 695 848.055
12:00 750 876.98
13:00 759 848.055
14:00 669 763.23
15:00 556 628.29
16:00 321 452.465

     

Figure (7). The comparison of experiment and expected solar irradiance on the dryer cover

3.5 Validation of TES system model
These readings were compared with the results obtained from the model simulation as presented in 

Table.3 and Figure 8. These results were in good agreement with the regression coefficient of R2=0.9116, thus, 
validating the TES system model.

4. CONCLUSIONS
The outcome of simulation using MATLAB code on the thermal performance of the solar irradiance 

and the TES system were: i) Solar irradiance in Gaborone indicated that sufficient sunshine was available for 
effective drying of materials for 8 hours on a typical day of 

June 2018, and ii) The performance of the TES system during discharging cycle clearly showed that the 
rock-bed thermal storage unit is capable of providing thermal energy for drying after sunset.
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Table (3). Results from experiment and simulation of the TES systems.

Hours of discharge Tout-Experiment Tout-Simulation
1 24 25
2 31 28.64
3 33 31.47
4 34 33.49
5 37 34.7
6 37 35.09
7 34 34.68

              

Figure (8). The comparison of the experimentally measured and simulated 
outlet temperatures of TES system 

5. RECOMMENDATION
The sensible heat storage material used in this study was the granite rock that is bulky by volume and is 

also limited by its heat storage capacity. The authors recommend a study to improve the performance of a 
TES system by combining rock-bed and latent thermal storage media for commercial drying of fruits and 
vegetables.
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