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This work aims to utilize the enormous solar energy potential in Jordan in drying agricultural products (Tomato). 

This study presents a proposed model of the indirect solar dryer with an innovative design by adding mirrors, 

a nozzle, and a fan to improve the tomato slices' drying process. The effect of these modifications has been 

investigated. Interestingly, the solar system design reduced the moisture content in these agricultural products 

to increase shelf life and improve its quality. Moreover, it can be concluded that the addition of nozzles and 

mirrors improves the solar dryer performance such that higher heat power absorption up to 6.5 kW, higher 

effectiveness up to 92%, higher drying ratio up to 90%, and reduction in the required drying time by three hours.  
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Introduction 

 

Several techniques are used to preserve food, but drying is recognized as one of the oldest and most efficient methods for foodstuffs 

preservation and storage purposes (Hawlader et al., 2006). The primary function of drying is reducing the food's moisture content, 

which exceeds 90% in some cases (Baradey et al., 2016). Water content can lead to severe consequences concerning food corruption 

and putrefaction due to increasing the microorganisms' growth (Turkiewicz et al., 2019; Zhang et al., 2006). However, drying leads 

to inhibit microbial activity and keep foods for a long time.  Furthermore, drying reduces the weight of the agricultural products 

and its size, hence reducing transportation costs. The process of drying is mainly done by applying heat to food, which forces the 

moisture to be transferred from the interior of the material to its surface and then its removal into the surrounding air till the vapor 

pressure of water in the food becomes equal to the partial pressure of water in the air. At this point, the moisture content is at its 

minimum value to which the food can be dried, and it is called the equilibrium moisture content under the given conditions for the 

drying process (Singh et al., 2011). However, the hygroscopic materials cannot be dried to zero moisture level, unlike the non-

hygroscopic materials.  

Various external parameters play an important role in affecting the drying process, such as temperature, air humidity, airstream 

velocity, solar radiation, properties of the drying material, initial moisture content, and total mass of the product  (Bena and Fuller, 

2002; Wilkins et al., 2018). Drying is a combination of mass and heat transfer processes that essentially requires providing energy. 

Solar energy is one of the most commonly used energy sources since it is clean, environment-friendly, abundantly available, 

renewable, free of cost, efficient, and effective in replacing other conventional sources (Belessiotis and Delyannis, 2011; Kumar 

and Rosen, 2011). The drying method that mainly depends on such kind of energy can be considered as a green drying method that 

can be several times more efficient and less costly than other methods while contributing to a sustainable society and preserving 

the environment (Alves-Filho, 2018). It can also increase the productivity of fruits and vegetables and improve quality and quantity. 

The most straightforward application of this energy type is to convert it into heat (Zhang et al., 2006). According to the Ministry 

of Agriculture reports in Jordan, it is considered among the top 10 in tomato cultivation. Still, it suffers from high harvesting loss 

due to the unexpected temperature changes in the winter season. In 2015, for example, the tomato production average was 10-16 

tonnes from one greenhouse in the winter, but in April, the Amount was dropped to only 3 tonnes. However, the annual production 

of fruits and vegetables in Jordan is over 3 million tonnes. The high loss rate in this huge Amount could be avoided by using drying 

techniques, as suggested in this study (Al Emam, 2015). For the past five years, there has been a rapid rise in the use of different 

modified types of dryers, significantly the indirect type solar dryer, either it is natural circulation type (passive mode) or forced 

circulation type (active mode) (Erick César et al., 2020). All of its types completely protect the dried food from direct ultra-violet 

radiation and against dust, rain, and insects compared to open sun drying (Esper and Mühlbauer, 1998).  
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The solar dryer's performance firmly depends on the incident solar radiation. It affects the drying time based on its effect on the 

temperature of both the solar dryer collector and the dryer chamber (Hassanain, 2009). In the Middle East Region, especially in 

Jordan, there are 330 sunny days yearly, and the average solar radiation intensity is 5.5 kW/m2.day. According to this relatively 

high incident, radiation energy, which is more than the average world amount that was reported to be 3.82 kW/m2.day, the selection 

of solar energy for drying can be considered an economical choice (Qasaimeh, 2012). Regarding indirect solar dryers, they simply 

consist of a solar air collector to increase the inlet air temperature, a chamber to keep the drying material, a chimney to provide the 

required draft force. To force the air at the inlet or the dryer's outlet does not appear to be modifying the subject an electric fan or 

blower., an electric fan or blower can be added (Arunsandeep et al., 2018). There are several examples of using such drying systems 

for various types of food in the literature, but with different design modifications. Some preliminary work was carried out in 1998 

(Bonaparte et al., 1998) to compare cocoa beans' drying using open sun drier, direct solar drier, and indirect solar drier. The beans 

were highly exposed to external mold in the free sun drier and were lower in their outer appearance. Furthermore, the direct drier's 

beans showed the most inferior quality, but the indirect drier showed the highest. Maiti et al. (Maiti et al., 2011) carried out 

experiments on drying 1 kg of Indian wafer called "papad" using natural convection indirect solar dryer fitted with reflectors. The 

collector's efficiency was increased from 40% to 58.5% due to using the mirror's reflectors. The final product's moisture content 

was reduced to 12%, and the efficiency of the drying was initially 16.3%, but on average, it was 4.1%. Parikh and Agrawal (Parikh 

and Agrawal, 2012) conducted experiments on 2 kg drying chili and 1 kg potato chips using a flat plate collector attached to a 

double shelf cabinet dryer with a glazing cover for improving the efficiency.  Glass glazing increased the efficiency from a range 

of 9–12% to 23.7% compared to polycarbonate glazing which increased the efficiency to 18.5%.  Experiments on using 

concentrating solar panels were performed on drying Roma tomatoes in 2012 by a group of researchers (Stiling et al., 2012). Based 

on their work, the drying time was reduced by 27% due to the temperature increase of about 10°C.  In 2017, a natural convection 

solar dryer was designed by Al-Busoul (Al-Busoul, 2017), with a capacity of 100 kg of sliced apples. The moisture content of the 

final product was reduced to 10% within two days. A recent study was conducted on drying a relatively large amount of 7.45 kg of 

tomatoes slices in 2019 in an indirect solar dryer (Erick César et al., 2020). The moisture content was reduced from 93.81% to 

6.54% within 26 hours, and the average thermal efficiency of the solar collector was found approx. 53.9%, but the drying efficiency 

was estimated at 8.80%. Furthermore, there are much work on the potential of using forced convection solar dryers has been carried 

out (Bennamoun, 2013; Hassanain, 2009; Schirmer et al., 1996; Sorour and Elmesery, 2014; Tiris et al., 1996), as they show higher 

efficiency compared to the natural convection solar dryers in addition to easier control for the drying process by controlling air 

temperature or airflow rate using blower or fan. However, there are still some critical issues regarding the fabrication, operational, 

and maintenance costs compared with the natural convection solar dryers. Abhay et al. (Lingayat et al., 2017)  designed and tested 

an indirect solar dryer for drying 2 kg of banana. This design was provided with a V-shaped corrugated absorber plate and a multi 

trays chamber.  As a result, the moisture content was reduced from 78% to approximately. 18%, and the average efficiency of the 

collector and the chamber were estimated to be 31.50% and 22.38%, respectively. Also, it was noticed that the drying air 

temperature is the most important factor that strongly influence the drying process, followed by the air humidity and velocity as 

well. Moreover, several studies investigated the usage of forced convective V-grooved collectors and found that they have a 

considerable effect on the air flow rate and hence affect the thermal efficiency and drying rate (Al-Juamily et al., 2007; Samuel, 

2006). In this study, the performance of a modified design for a natural convection indirect type solar dryer was investigated by 

the addition of mirrors, nozzle, and a fan. Heat power, effectiveness, relative humidity, weight losses, and drying ratio have been 

studied and analyzed for drying tomato slices.  

 

1 Materials and Methods  

1.1 Raw material 

 
A sufficient amount of tomatoes (350g) were obtained from the local market of Zarqa city. The initial moisture content was about 

83% wet basis (wb). They were selected based on their similarity in size, color, and maturity. In preparation for the drying process, 

the tomato samples were washed to remove dust and undesired foreign materials. The water, which remained after the washing 

process, was released by a cotton cloth. After that, the tomatoes were chipped into uniform slices to be dried directly (the slice 

thickness 1.5cm). The drying rate depends on sectioning on the tomato to dry, and basically, the tomato surface is in contact with 

the air (Ben Slama and Combarnous, 2011). 

 

1.2 Equipment description 

 

The new solar dryer model operated in natural convection mode and consists of two fundamental parts, a flat corrugated solar 

collector for heating the inlet air by capturing solar radiation and transferring this thermal energy to the air, and a drying chamber 
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with two perforated trays (the area of each tray is 0.724 m2) which contain the tomato slices as shown in Figure 1 (a) and (b). 

However, the food inlet part is a door that opens and closes to insert samples into the system. To maximize the indirect solar 

radiation, the solar collector was oriented toward the south direction, with a tilt angle of 35o. The drying chamber was designed 

using double glass (6 mm of the clear glass followed by 12 mm air gap, then  6 mm of clear glass)  that can absorb the heat from 

surrounding (solar radiation) and keep it inside. Due to this design, the required heat inside the chamber for the drying process can 

be increased. Several modifications are shown in Fig. 1 (c) and (d) have been added to the module to improve the drying process, 

such as: 

1. Chimney: To allow hot, humid air to come out of the solar module to avoid heat accumulation inside the device, which 

adjusts the relative humidity of the device.  

 

 

 

 

(a) (b) 

(c) (d) 

 
(e) 

Fig. 1 (a) The drying system (the solar collector and the drying chamber) before the addition of mirrors and nozzle; (b) Tomatoes inside 

the drying chamber (c) and (d) The drying system after the addition of mirrors and nozzle; (e) Parts of the drying system. 
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2. A nozzle: fixed in front of the solar collector; to increase the velocity of inlet air to enter the drying chamber at a higher speed 

leads the air to be regularly distributed on the container shelves.  

3. The mirrors: placed on the solar collector's sidewalls to collect solar radiation.  

4. A Fan: placed at the chimney outlet to pull the outlet air, which flows from the drying chamber to outside; the fan speed was 

3.28 m/s. Moreover, the absorber plate is corrugated to increase the air turbulence, enhancing the heat transfer rate. Fig. 1 (e) 

shows a schematic sketch for the solar module parts. 

 

1.3 Instrumentation 
 

The natural convection indirect type solar dryer was instrumented as follows: The ambient temperature, the inlet air temperature 

to the nozzle, and the outlet air temperature from the chimney are measured with a temperature sensor (Elma DT171), which is a 

small intelligent data logger with a built-in sensor for both temperature and humidity. It contains a real-time clock and has a 

considerable memory size that can store 16,000 datasets, in addition to a comfortable and quickly programmed data logging 

software by merely using USB connection. The measurement control and documentation can be performed easily by transferring 

the records to a computer. Additionally, this sensor is used as a humidity sensor to measure the air humidity inside and outside the 

chamber. A digital anemometer (Benetech GM816A) was used to measure the air velocity at the inlet and the outlet, wind speed, 

and temperature. A digital balance (SF-400) was used to measure the samples' weight before and after drying. Table 1 demonstrates 

the characteristics of each instrument. 

 

1.4 Experimental procedure 

 

This study conducted in Jordan, particularly 

in "Zarqa" (32° 04' 21.90" N, 36° 05' 16.66" 

E); therefore, many variables affect the 

drying process have been controlled in order 

to get accurate results, such as temperature, 

humidity, air velocity, the direction of air 

and time. The prepared tomato slices' weight 

was recorded using the digital balance, as 

shown in Figure 2, the prepared pieces 

placed in the drying container trays inlet. 

The air temperature, humidity, and air 

velocity were measured for both inlet and 

outlet streams using the instruments 

mentioned above. The measurements were 

recorded at four-time intervals during the 

day; 9:00 am, 12:00 pm, 3:00 pm, and 5:00 

pm in April 2019. The inlet air with 33.4 °C 

average temperature entered the solar 

collector at a higher temperature of 60 °C, 

passing through the nozzle. Due to this 

temperature difference, the inlet air was 

heated and flowed in natural convection 

mode into the tomato slices container. In the 

drying chamber, the heat transferred from 

the heated air to the tomato slices, which led 

to reduced moisture content due to mass 

and heat transfer processes. The air 

received the moisture from the tomato 

slices and left the chamber, passing through 

the chimney as humid air with an average 

outlet temperature of about 60 °C. In a few cases, the fan was turned on to add an external force to blow the outlet air at a constant 

velocity 

Table 1 The instrument's characteristics 

Instrument  Brand and model Range Accuracy 

Temperature and humidity 

sensor  

Elma DT171 -40 to 70°C 

 

0 to 100% R.H. 
  

±1°C  

 

±3.5% 

Digital anemometer  
 

  

Benetech GM816A 
Electronic Digital 

Anemometer LCD Pocket 

Smart Air Velocity Meter, 
Thermometer, 

 Wind Speed, Temperature 

Tester 

 

0~30 m/s 
 

-10~45 °C 

 
Less than 90%RH 

±5% 

 

 

±2°C  

 

Digital Balance  SF - 400 Electronic Digital 

Weighing  

1-10kg ±0.1g  

 

  

Fig. 2 Weight of tomato samples Measurement 
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1.5 Theoretical analysis 

The instantaneous thermal efficiency of the collector (𝜂𝑐), the thermal efficiency of a solar collector is defined as the ratio of the 

amount of useful heat collected to the total amount of solar radiation striking the collector's surface during any period. 

                                         𝜂𝑐 =
𝑄𝑑

𝐴𝑐 𝐼𝑇
=

𝑚̇ 𝐶𝑝 (𝑇𝑐𝑜 − 𝑇𝑐𝑖)

𝐴𝑐 𝐼𝑇
                                                                      (1) 

 

Where �̇�  is the airflow rate (kg/s), Tci, and Tco are the collector inlet and outlet air temperature (°C), Cp is the specific heat of the 

air, and I.T.is incident solar radiation (W/m2), Ac is collector area (m2).  

 

Moisture Content (M.C.), the moisture content, wet basis, is given as: 

                       𝑀. 𝐶. =
𝑀1−𝑀2

𝑀1
                                                                                                                                            (2) 

Where M1 is the mass of the sample before drying., M2 is the mass of the sample after drying, percentage of moisture content loss 

(%M.C.), and is given by: 

 

                    %M.C. = 
𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝒎𝒂𝒔𝒔−𝒇𝒊𝒏𝒂𝒍 𝒎𝒂𝒔𝒔

𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝒎𝒂𝒔𝒔
𝑥 100                                                                                                       (3) 

The Amount of moisture (Mw), humidity is  to be removed from a given quantity of wet tomato slices in kg in a specified time was 

calculated using the following equations:  

 

                       𝑀𝑤 =
𝑚𝑝(𝑀𝑖−𝑀𝑓 )

(100−𝑀𝑓)
                                                           (4) 

where mp is the initial mass of product to be dried in kg, Mi is the initial moisture content, % wet basis, Mf is the final moisture 

content, % wet basis. 

 

The heat needed to evaporate the H2O content: 

 

                                               Q = Mw*hfg                                                       (5) 

 

Where Q, the amount of energy required for the drying process in kJ, Mw the mass of water in kg, and hfg is the latent heat of 

evaporation, kJ/kg H2O. 

 

2 Results and Discussion  

The weights of tomato samples before and after drying were measured. The moisture loss and the drying ratio percentages were 

calculated for each case, as listed in Table 2.  

 

 
The vapor pressure of the trapped water in the tomato will increase due to the concentrated heat. As a result, the drying air's relative 

humidity will decrease, which will increase the air carrying capacity within the dryer (Sarsavadia et al., 1999). A molecular 

diffusion mechanism was proposed to govern the water transfer process and adapt the drying data of various organic products 

(Djebli et al., 2019).  Based on the calculated moisture content loss percentages (drying ratio) for each case, it is interesting to note 

that using the solar module with nozzle and mirrors with variable outlet velocity recorded the highest drying ratio compared to 

Table 2 Weights of samples before and after drying and the calculated drying ratio. 

Case type Weight before 

drying (g) 

Weight after 

drying (g) 

Moisture 

Loss (g) 

Drying 

ratio (%) 

Solar module with nozzle and mirrors at variable outlet velocity 350 35 315 90 

Solar module with nozzle and mirrors at constant outlet velocity 350 47 303 86.6 

Solar module with nozzle/without mirrors at variable outlet velocity 350 52 298 85.1 

Solar module with nozzle/without mirrors at constant outlet velocity 350 57 293 83.7 

Solar module without nozzle and mirrors  at variable outlet velocity 350 78 272 77.7 

Solar module without nozzle and mirrors  at constant outlet velocity 350 83 267 76.3 
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other cases. This is because of the combined effect of the addition of nozzle and mirrors. Mirrors have directed the sunlight on the 

solar collector and, therefore, increase the thermal energy required for drying. Besides, the nozzle enhanced the inlet air velocity 

to be well distributed on the tomato slices.  

Contrary to expectations, we did not find a significant difference between running the experiment using a fan (constant outlet 

velocity) and depending on the air's natural speed without using a fan (variable outlet velocity). Unlike other research carried out 

in this area (Boughali et al., 2009; Hegde et al., 2015), we found better results after removing the fan since it was operated on a 

relatively high speed, 3.28 m/s, which reduced the contact time between tomato slices and the drying air. Thus it inversely affected 

the process efficiency.  Moreover, running the solar module without any added modifications showed the lowest drying ratios, 

77.7%, and 76.3 %.  The effect of outlet air velocity on the relation of heat power and time for three cases of the natural convection 

indirect solar dryer is shown in Figure 3. Remarkably, the link between heat power and time for all the cases is worth noting since 

heat power increases with time till it reaches the peak value at 3:00 pm. After that, the absorbed heat reduces due to the change in 

air temperature at 5:00 pm. It is apparent from Fig. 3 and higher heat power absorption is achieved when using the modified solar 

module, including the nozzle and mirrors at variable outlet velocity. Regarding the mirrors, it was noticed that they reach the most 

significant benefit from it immediately afternoon, where the sun at that hour perpendicular to the solar collector. Surprisingly, the 

heat power values for using the fan to control the air velocity were lower than the results without using the fan for all the cases. 

The same explanation as it was mentioned 

before, due to the inappropriate selected value 

for velocity. Therefore, it badly affected the 

solar dryer performance because the fan 

withdrew the air from the solar dryer, which 

decreased the contact time between the air and 

the dried tomato. 

 
The effect of outlet velocity on the relation of 

effectiveness and time for three cases of the 

natural convection indirect solar dryer is given 

in Figure 4. However, the effectiveness 

represents the ratio between the net absorbed 

energy to the maximum amount of energy of 

energy required for the drying process. The most 

striking result to emerge from the plotted data in 

Fig. 4 is that higher effectiveness absorption is 

achieved in the case of variable outlet velocity ~ 

92%. It is for the same reasons as discussed 

before. Similarly, using the fan showed lower 

effectiveness values, as mentioned in Fig. 3. 

 

The effect of outlet velocity on the relation of 

outlet temperature and time for three cases of the 

natural convection indirect solar dryer is shown 

in Figure 5. According to previous studies, the 

temperature effect in drying tomatoes is needed 

in a specific limit (El-Sebaii et al., 2002; 

Nabnean et al., 2016). From Fig. 5, it can be 

noticed that the maximum outlet temperature of 

55oC was recorded for the modified solar 

module, including the nozzle and mirrors at 

variable outlet velocity due to the high heat 

absorbed compared to other cases since the 

mirrors concentrate the sunlight energy into the 

collector. As expected, the fan reduced the outlet 

temperature for all the cases. Figure 6 highlights 

the change in temperature inside and outside the 

solar dryer and shows the airflow rate changes. 

Also, temperature differences could reach up to 20oC. This considerable temperature difference enhances airflow. 

 
Fig. 3 Heat power absorbed as a function of time and outlet velocity for three cases, the 

solar module with modifications (nozzle and mirrors), with nozzle without mirrors, 
and without any addition 

 

 
Fig. 4 The effectiveness of drying process as a function of time and outlet velocity for 

three cases, the solar module with modifications (nozzle and mirrors), with 

nozzle without mirrors, and without any addition. 
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Conclusions 

 

This study's findings indicate that we have found an innovative design for the natural convection indirect type solar heaters by 

adding a nozzle at the inlet and mirrors. The addition of mirrors improved the solar dryer performance due to concentrating the 

heat; the heat power absorbed, and drying effectiveness was higher, and less time was needed for the drying process. The nozzles 

addition increased the airflow velocity so that less time was needed for the drying process with higher effectiveness; however, the 

required time and drying effectiveness were not as was expected when using the nozzle without mirrors. Nevertheless, the fan 

addition was expected to reduce the relative humidity, and the drying process would be better. The results showed that the fan 

negatively affected the drying process due to its relatively high value.  

 

Nomenclature  

Ac =Collector area [m2] 

Cp =Specific heat of the air [J/kg°C] 

hfg =Latent heat of evaporation [kJ/kg H2O] 

IT =Incident solar radiation [W/m2] 

m =Air flow rate  [kg/s] 

M.C =Moisture content [-] 

Mi =Initial moisture content, % wet basis [kg] 

Mf   =Final moisture content, % wet basis [kg] 

M1 =Mass of sample before drying [kg] 

M2 =Mass of sample after drying [kg] 

Mw =Amount of moisture to be removed from a given quantity of wet tomato slices  [kg] 

mp =Initial mass of product to be dried [kg] 

Q =Amount of energy required for the drying process [kJ] 

Tci =Collector inlet air temperature [°C] 

Tco =Collector outlet air temperature [°C] 

ηc =Instantaneous thermal efficiency of the collector [-] 
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