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Abstract

:

In this study, a small dish concentrator with a cylindrical cavity receiver was experimentally investigated as the heat source of a dryer. The system was examined for operation with pure thermal oil and Al2O3/oil nanofluid as the working fluids in the solar system. Moreover, the design, the development, and the evaluation of the dried mint plant are presented in this work. Also, the solar dryer system was simulated by the SolidWorks and ANSYS CFX software. On the other side, the color histogram of the wet and dried mint samples based on the RGB method was considered. The results revealed that the different temperatures of the solar working fluids at the inlet and outlet of the cavity receiver showed similar trend data compared to the variation of the solar radiation during the experimental test. Moreover, it is found that the cavity heat gain and thermal efficiency of the solar system was improved by using the nanofluid as the solar working fluid. Furthermore, the required time for mint drying had decreased by increasing the drying temperature and increasing air speed. The highest drying time was measured equal to 320 min for the condition of the air speed equal to 0.5 m/s and the drying temperature of 30 °C. A good agreement was observed between the calculated numerical results and measured experimental data. Finally, based on the color histogram of the wet and dried mint samples, it was concluded that intensity amount of the red color of the mint increased with the drying process compared to intensity amount of the red color of the wet mint sample.
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1. Introduction


Nowadays, the application of renewable energies is introduced as an alternative source of energy to fossil fuels [1]. Increasing negative effects of fossil fuel consumption on the environment, including depletion of the ozone layer, global warming, and air pollution air, have forced human to use renewable energies instead of fossil fuels for providing energy [2,3,4]. There are different kinds of renewable energy sources, including solar energy, wind energy, biomass energy, geothermal energy, etc. [5]. Among the mentioned renewable energies, solar energy is investigated as a common source of energy that is accessible in different countries [6]. Solar collectors can collect solar energy and produce useful heat. There are different applications for the collected heat by solar collectors, including power generation, desalination, and drying [7]. The drying is investigated as the highest energy-consuming process among crop-producing processes [8]. Drying of medicinal plants is a delicate undertaking, in which direct sunlight and high temperatures are detrimental to the plant’s active ingredients.



Mainly, there are two kinds of solar collectors including concentrator collectors and non-concentrator collectors [9]. The absorber of the concentrating collectors has a smaller aperture area compared to the aperture area of the non-concentrating or flat collectors, because the solar beam irradiation is focused on a small area in concentrating systems. There are different types of concentrator collectors, including parabolic trough concentrator, Fresnel concentrator, dish concentrator, parabolic compound concentrator, etc. [10]. Generally, the dish concentrator is accounted as a two-direction tracking collector that consists of a focal-point concentrator, a tracking system, and an absorber. There are typical kinds of dish absorbers, including an external receiver and cavity receiver. The cavity receivers, due to their special structure, are introduced as the more efficient absorber for the solar dish concentrators [11,12].



There are some research studies related to the performance of the dish concentrator with the cavity receivers [13,14]. Pavlovic et al. [15] numerically investigated the optical and thermal performance of a dish concentrator with two shapes of cavity receiver, including conical and spiral. They found the dish concentrator with the conical cavity receiver resulted in higher thermal performance. In another work, Loni et al. [16] numerically compared the performance of a dish concentrator with different shapes of cavity receiver and various solar working fluids. Hemispherical, cylindrical, and cubical cavities were evaluated, as well as different heat-transfer fluids, including water and thermal oil. They concluded that the hemispherical cavity receiver with thermal oil has the highest exergy efficiency at high-temperature application. Venkatachalam and Cheralathan [17] experimentally tested a dish concentrator with a conical cavity receiver under energy and exergy aspects. Different amounts of aspect ratio were studied. They reported the aspect ratio is introduced as an effective parameter related to the solar dish performance.



Yan et al. [18] optimized solar-heat-flux distribution on cavity walls of a dish contractor for achieving the highest performance. They used a genetic algorithm method for optimization. They could improve optical efficiency and uniformity of solar flux distribution on the cavity receiver. Yang et al. [19] proposed and evaluated a new design of a dish concentrator with a cavity receiver. The optical and thermal performance of a dish concentrator with a rectangular cavity receiver was evaluated and optimized by Loni et al. [20] as a heat source of an ORC system for power generation. They presented optimum structural and operational parameters for achieving the highest performance. Karimi et al. [21] numerically investigated a dish concentrator with a cylindrical cavity receiver. The influence of different operational parameters, as well as structural parameters, was investigated on the performance of the solar dish system. Exegetical performance of a dish concentrator with a spiral receiver was investigated by using different types of cavity tube as smooth and corrugated tubes by some researchers [22]. They found there was a higher performance for the solar system by using the spiral cavity receiver with a corrugated tube.



On the other side, the application of nanofluids is introduced as an effective way of increasing the performance of a solar system [23,24,25]. The nanofluid is assumed as a suspension fluid of nanoparticles in a based fluid such as water, oil, and propylene glycol [26,27]. Some researchers have investigated different nanofluids as the solar working fluid of solar collectors [28,29]. Also, the application of different nanofluids was experimentally and numerically evaluated as the heat-transfer fluid of dish concentrators [30]. Loni et al. [31,32] experimentally investigated the performance of a dish concentrator with cylindrical and hemispherical cavity receivers, using different nanofluids, including Al2O3/oil and SiO2/oil nanofluids. They suggested some experimental relationships for prediction of the dish performance. Also, they found the performance of the solar system improved by using nanofluid application compared to the pure oil as the solar working fluid.



Finally, some researchers numerically and experimentally have investigated solar dryers, using collectors as the heat source [33]. Kalogirou [7] reviewed different types of solar collectors and their applications, including industrial heating, desalination, power generation, etc. In another study, Kalogirou [34] presented solar drying as one of the industrial applications of the solar collector systems. Fadhel et al. [35] experimentally investigated the performance of a solar dryer for drying Tunisian phosphate. A solar dish concentrator was used as the solar collector for absorbing solar energy. Tegenaw et al. [36] developed a lumped capacitance modeling for transient heat transfer in solar dryers. They presented a verification of the presented model with the results of CFD simulation. They recommended that the developed model can be used for the transient heat transfer in solar dryers. Vásquez et al. [37] numerically and experimentally considered a solar dryer for agro-products. They used a thermal energy storage system in the solar dryer. They found the performance of the solar dryer system can be improved by using phase-change material as the thermal energy storage.



In addition, Fudholi and Sopian [38] presented a review paper related to the application of flat-plate collectors as a heat source of dryers. They reviewed indirect solar dryers, using flat-plate collectors. Abhay et al. [39] optimized an indirect solar dryer with artificial roughness on the surface of the absorber plate. They compared the performance of the system with a smooth type of the absorber plate. The observed an increase in performance by using the application of roughness on the surface of the absorber plate. Fterich et al. [40] experimentally investigated a solar dryer system with a PV/T system for drying products and generating electricity. They measured solar dryer efficiency and solar efficiency of the investigated solar dryer system. Eltawil et al. [8] experimentally tested the performance of a solar dryer system with air solar collector and PV system for drying mint. They reported the overall efficiency of the solar dryer system equal to 16.32%.



Based on the aforementioned literature review, the application of a solar dish concentrator with a cavity receiver as a heat source of a dryer is introduced as an interesting and novel subject for research. There are no reported papers related to the application of the dish concentrator as a heat source of an agriculture dryer system. In this study, a dish concentrator with a cavity receiver was experimentally investigated as a heat source of a dryer. A cylindrical cavity receiver was used as the dish absorber. Two different working fluids, pure thermal oil and Al2O3/oil nanofluid, were tested as solar-heat-transfer fluid. In addition, a dryer was designed, developed, and evaluated for drying mint plants. The main objective of the current research was an experimental performance evaluation of a dish concentrator with a cylindrical cavity receiver as a heat source of the dryer.




2. Materials and Method


In the current research, an indirect solar dryer system using a dish concentrator with a cylindrical cavity receiver was experimentally built and tested. The solar dryer system consisted of different parts, including a dish concentrator with a cylindrical cavity receiver, a dryer system for drying mint by blowing hot air from a heat exchanger, a tank for reserving solar working fluid, and a pump for circulating solar working fluid. A schematic of the different parts of the experimental setup is presented in Figure 1. It should be mentioned that pure thermal oil and Al2O3/thermal oil nanofluid were used as the solar working fluid. In the first stage, the solar working fluid was circulated in the cavity receiver for absorbing solar energy. Then, the heated solar working fluid was entered into the dryer heat exchanger for transferring the absorbed solar energy to the blowing air in the dryer system for drying mint. Afterward, the solar working fluid was reserved in a tank for saving absorbed energy in the nighttime or cloudy weather. Finally, the pump was providing circulation of the solar working fluid in the system for absorbing solar energy in the cavity receiver and drying plants in the dryer system. All of the different mentioned parts of the solar dryer system are presented in detail in the next sections.



2.1. Solar Collector and Dryer


The solar dish concentrator with a cylindrical cavity receiver was used as the heat source of an indirect dryer system. Structural dimensions of the cylindrical cavity receiver were selected based on an optimization study by the authors in the previous paper, as Loni et al., [12]. Dimensions of the dish concentrator and cavity receiver are presented in Table 1. The application of the solar dish concentrator with the cylindrical cavity receiver was changed from a heat source of a power generation system in the previous publications to the dryer heat source in the current research. Also, the performance of the system was experimentally evaluated in this research. A view of the solar dish concentrator with the cavity receiver is displayed in Figure 2.



Another part of the indirect solar dryer system is the dryer system. Different parts of the solar dryer are illustrated in Figure 3. The dryer system consisted of a fan for blowing air, a heat exchanger for transferring thermal energy from the solar working fluid to air, and a dryer compartment for carrying mint. The forced convection was used to pass the hot mass of air from the heat exchanger into the drying compartment. Based on previously reported papers, it was concluded that the highest required energy for mint drying is 60 °C. The designed dryer system was assumed to be a thin-layer system with mint depth of 5 cm. The weight of the sample for each experimental test was assumed to be equal to 50 grams. Dimensions of the dryer compartment were calculated, with a length of 12 cm and a width of 12.5 cm. The total amount of used heat for drying can be calculated as follows:


   E n  =    m ˙  ×  (   C  p a   +  C  p v   ×  H a   )   (   T  i n   −  T  a m    )     V h     



(1)




where, En (W) is required heat power for drying,   m ˙   (m3/s) is volume flow rate of air at inlet, Vh (m3/kg) specific volume of air moisture, Cpa (J/kg K) is specific heat capacity of air, Cpv (J/kg K) is specific heat capacity of steam, Tin (°C) is inlet temperature, and Tam (°C) is ambient temperature. Finally, a heat exchanger was used for transferring absorbed heat by the solar working fluid to the air for drying with a cross-section of 33 × 34 cm2 and cooper tube length of 0.33 m, with the triangular arrangement. It should be stated that the drying system was simulated for investigation of the variation of air speed, and streamlines between the heat exchanger to dryer exit. This simulation was conducted by using SolidWorks 2017 and Ansys CFX 15.0 software. A view of the simulated dryer system is presented in (Figure 4)



Various operational and environmental parameters were measured during the experimental tests. The measured operational parameters were (1) solar radiation, (2) wind speed, and (3) ambient temperature. The solar radiation was measured by using Hukseflux Pyranometer, model SR12. The ambient temperature and wind speed were measured by using a PT-100 sensor and anemometer CT model, AM-4220, respectively. On the other side, the measured conditional parameters were as follows: (1) air mass flow rate; (2) inlet and outlet temperatures of the solar working fluid for the cavity receiver and heat exchanger; and (3) inlet and outlet temperatures of air at the dryer compartment. The air mass flow rate was measured by using a graduated cylinder, and the temperature of the solar working fluid and air at the dryer system were measured by using PT-100 sensors. Accuracy and ranges of the measuring instruments are explained in Table 2.




2.2. Nanofluid Preparation


In this research, the Al2O3/thermal oil nanofluid and pure oil were used as the solar working fluid. The Alumina nanoparticles (gamma, 99%, 30–40 nm) were provided by the US Research Nanomaterial Company. A TEM picture of the alumina nanoparticles is exhibited in Figure 5. It should be mentioned that Behran thermal oil was used as the based fluid [41].



For preparing the nanofluid, firstly, the specified quantity of nanoparticles was weighted based on the 0.8% mass fraction of nanoparticles, using the following equation:


   φ p  =    m p  × 100    m p  +  m  o i l     =    m p  × 100    m p  +  (   ρ  o i l    V  o i l    )     



(2)







In this equation,    φ p    is nanofluid volume fraction,    m p    (kg) is the nanoparticle mass,      m  o i l      (kg) is thermal oil mass,    ρ  o i l     (kg/m3) is the density of the thermal oil, and    V  o i l     (m3) is the volume of the thermal oil. Based on this equation, for the specified volume of the thermal oil and nanofluid mass flow rate, the quantity of nanoparticles was calculated. Afterward, the specified quantity of the nanoparticles was slowly added to the thermal oil. Then, the suspension was well stirred by a stirrer at 400 rpm and 150 °C for one hour, to separate the particle agglomerations. Finally, the prepared suspensions were inserted in an ultrasonic system for about 15 minutes, with a power level of 100 W, to break down the agglomeration between nanoparticles. A view of the preparation of the Al2O3/thermal oil nanofluid by using the stirrer device and an image of the ultrasonic system which was used from Tehran University, Tehran, Iran, are displayed in Figure 6a,b.



The thermal properties of the alumina/thermal oil nanofluid were calculated based on the reported experimental relationships by Reference [42] for the alumina/thermal oil nanofluid. The thermal conductivity, density, and heat capacity of the Al2O3/thermal oil nanofluid were calculated according to the reported equation by [42], as follows:


   k  n f   = 1.4408 − 0.829  (  l n   T  )  + 0.1588    (  ln T  )   2  − 0.0702  (  1 −  φ P   )   − 0.2151  (  ln T  )   (  1 −  φ P   )  +   0.5965 T    (  1 −  φ P   )      −   0.39 T      (  1 −  φ P   )   2     



(3)






   ρ  n f   = − 1012.83 −   762.91    T  0.7125     + 1578.311    (  1 −  φ P   )    0.4211   +   671.4463      (  1 −  φ P   )    3.2992    T  0.1938      



(4)






   C  p , n f   = 1.2674 +    [  − 0.0026 − 0.1467    (  1 −  φ P   )    150   − 0.0414  T  0.602    ]   2   



(5)







In these equations,    k  n f     (W/m K) is the nanofluid heat conductivity,    ρ  n f     (kg/m3) is the nanofluid density,    C  p , n f    (  J /  kg    K  )    is the nanofluid heat capacity, T (°C) is the nanofluid temperature, and    φ P    is the nanoparticle volume fraction.



At the end of this subsection, it has to be said that the selected nanofluid is a typical one, according to the existing literature. Al2O3 is a usual nanoparticle which has been used in numerous cases. The selected concentration is 0.8%, which is enough for having performance enhancement, but not so high as to have agglomeration issues and a high cost. The nanoparticle diameters are about 30–40 nm, which are typical values. Generally, it has to be said that higher nanoparticle concentration and lower nanoparticle diameters usually lead to higher thermal performance and to higher pressure drop.




2.3. Solar Collector Performance Evaluation


In the first stage of the study, the thermal performance of the solar system was calculated based on the following equations. Firstly, the thermal efficiency is defined as the ratio of the useful heat to the solar irradiation on the collector aperture in the Equation (6). The useful heat production is calculated as the energy balance in the fluid volume, as Equation (7) indicates. Lastly, Equation (8) shows the calculation of the solar energy on the collector [43].


   η  t h   =     Q ˙   n e t       Q ˙   s o l a r      



(6)






    Q ˙   n e t   =   m ˙   n f    C  p , n f    (   T  o u t   −  T  i n    )   



(7)






    Q ˙   s o l a r   =    I  b e a m   π  D  c o n c  2   4   



(8)







In these equations,    η  t h     is the thermal efficiency,     Q ˙   n e t      (W) is the heat gain by the cavity receiver,     Q ˙   s o l a r    (W) is defined as the input solar radiation,     m ˙   n f     (kg/s) is the working fluid mass flow rate,    C  p n f      (J/kg K) is the working fluid heat capacity,    I  b e a m      (W/m2) is the solar radiation,    D  c o n c     (m) is the aperture diameter of the dish concentrator, and    T  o u t     a n d    T  i n     (K) are the outlet and inlet temperatures of the working fluid, respectively.




2.4. Dryer Performance Evaluation


As mentioned in the previous sections, mint plant was selected for drying in this research. For each test, 50 gr of mint was provided from a farm near the laboratory position. The prepared samples were located in a refrigerator, at a temperature of 4 °C. During the experimental tests, initial moisture content was estimated based on the ASABE S358.2 (2010) method. Based on this method, 100 gr of mint was placed in an oven for 24 h, at 100 °C. Reducing the moisture content was recorded by measuring the weight of the samples during the drying process by weighing the sample with an electronic balance with a capacity of 1 kg and resolution of ±0.01 gr. The moisture content was calculated on wet bases as follows:


   M t  =  (     w w  −  w d     w w     )  × 100  



(9)




where,    M t    is moisture content on wet bases,    w w   (gr) is the weight of the wet sample,    w d   (gr) is the weight of the dry sample. Experiments were conducted at three levels of inlet air temperature, 40, 50, and 60 °C, as well as three levels of inlet air speed, 0.5, 1, and 1.5 m/s. All of the tests were done based on three repeats. Consequently, 27 tests were predicted for the investigation of all of the parameters, based on three repeats. It should be mentioned that Al2O3/oil nanofluid was used as the solar working fluid for all of the tests in this section. Temperature and speed of air were adjusted by using variation of air speed with an inventor system, and variation of the nanofluid as solar working fluid with a flow meter. It should be stated that drying processes were conducted at the steady-state condition.




2.5. Color Variation of Mint Leaves


The performance of the solar dryer system was investigated by recording figures of color variation of the mint leaves during the experimental tests. Visional tests are accounted as conventional methods for evaluating the quality of agriculture processes such as drying. Consequently, RGB method was used based on red, green, and blue content of each pixel in the range of 0–255. It should be mentioned that pictures of samples were taken with a camera (FinePix sl1000), with a resolution of 921,000. A view of the color variation test of mint leaves is presented in Figure 7.



Color index and color variation average were calculated as follows:


  Δ R =    R 1  −  R 2     R 1    × 100  



(10)






  Δ G =    G 1  −  G 2     G 1    × 100  



(11)






  Δ B =    B 1  −  B 2     B 1    × 100  



(12)






  Δ L =   Δ R + Δ G + Δ B  3   



(13)




where, R1, G1, and B1 are amounts of red, green, and blue content of samples before the drying process, and R2, G2, and B2 are amounts of red, green, and blue content of samples after the drying process, respectively. Also,   Δ R  ,   Δ G  , and   Δ B   are amounts of variation percentage of red, green, and blue, respectively. Finally,   Δ L   is presented as the average amount of RGB variation. These analyses were conducted by using MATLAB software.





3. Result and Discussion


3.1. Solar Dish Performance


In this section, experimental results of the cavity thermal performance using pure thermal oil and Al2O3/thermal oil nanofluid as the solar working fluid are reported. Variations of measured environmental and conditional parameters were presented during the experimental tests. The experimental tests were carried out from 9:00 to 14:00 on 29 and 30 September 2017. The volume flow rate of the solar working fluids was 15 mL/s during the experimental tests. The results of experimental tests using pure thermal oil and Al2O3/thermal oil nanofluid are separately presented in Section 3.1.1 and Section 3.1.2, respectively. Finally, a comparison study related to the cavity thermal performance using pure thermal oil and Al2O3/thermal oil nanofluid is presented in Section 3.1.3.



3.1.1. Pure Thermal Oil


In this section, the thermal performance of the dish concentrator with the cylindrical cavity receiver using pure thermal oil as the solar working fluid is reported. The experimental test was conducted from 9:00 to 14:00 on 29 September 2017. Figure 8 presents the variation of solar radiation, ambient temperature, and oil temperature difference at the inlet and outlet of the cavity receiver during the experimental day. As seen in Figure 8, the solar radiation changed in the range of 958 W/m2 at 12:40 to 631 W/m2 at 9:00. In addition, the ambient temperature varied from 24 °C at 12:40 to 22 °C at 9:00. As seen in Figure 8, the oil difference temperature at the inlet and outlet of the cavity receiver changed from 80 °C at 12:40 to 33 °C at 9:00. It could be seen that the oil difference temperature at inlet and outlet of the cavity receiver has a similar trend data compared to the variation of the solar radiation during the experimental test.



Variation of cavity top wall temperature, cavity sidewall temperature, and wind speed during the experimental test using the thermal oil as the solar working fluid is depicted in Figure 3. The cavity top wall temperature varied in the range of 235 °C at 12:40 to 186 °C at 9:00. Additionally, the variation of the measured cavity sidewall temperature was reported from 185 °C at 12:40 to 136 °C at 9:00 during the experimental test of the cylindrical cavity receiver with the pure thermal oil as the solar working fluid. It can be seen that the cavity top wall had resulted in higher surface temperature compared to the cavity sidewall. This is a reasonable result because there is a high number of solar rays that are concentrated in the top wall, and so the temperature is increased in this region. Also, it could be seen that the wind speed varied from 2 m/s at 12:00 to zero at 9:00 during the experimental test. As shown in Figure 9, the cavity surface temperatures resulted in a comparable trend with the variation of the wind speed.



Finally, a variation of cavity heat gain and thermal efficiency of the solar dish concentrator with the cylindrical cavity receiver using thermal oil as the solar working fluid during the experimental test on 29 September 2017 is presented in Figure 10. The cavity heat gains varied from 2086 W at 12:40 to 858 W at 9:00. It could be seen that the thermal efficiency of the solar system changed in the range of 85% from 12:40 to 53% at 9:00. As concluded from Figure 10, the cavity heat gain and thermal efficiency of the cavity receiver show similar trend data compared to the oil temperature difference at the inlet and outlet of the cavity receiver. It can be concluded that the oil temperature difference at the inlet and outlet of the cavity receiver is accounted as an effective parameter related to the thermal performance of the dish concentrator system with the cavity receiver. Lastly, it has to be commented that, during the first operating hour in the morning, the system efficiency was relatively low because there were no steady-state conditions and the system needed time to warm up.




3.1.2. Al2O3/Thermal Oil Nanofluid


Results of the experimental test related to the thermal performance of the dish concentrator with the cylindrical cavity receiver were presented by using Al2O3/thermal oil nanofluid as the solar working fluid. The experimental test was conducted from 9:00 to 14:00 on 30 September 2017. The variation of solar radiation, ambient temperature, and oil temperature difference at the inlet and outlet of the cavity receiver during the experimental day are shown in Figure 11. The solar radiation varied in the range of 964 W/m2 at 12:40 to 635 W/m2 at 9:00. Additionally, the ambient temperature varied from 24 °C at 12:40 to 21 °C at 9:00. Figure 11 depicts that the oil difference temperature at the inlet and outlet of the cavity receiver varied from 92 °C at 12:40 to 35 °C at 9:00. Similar to the concluded results by the previous section, the oil difference temperature at the inlet and outlet of the cavity receiver showed a similar trend compared to the variation of the solar radiation during the experimental test.



Figure 12 presents the variation of the cavity top wall temperature, cavity sidewall temperature, and wind speed during the experimental test of the cylindrical cavity receiver using the Al2O3/thermal oil nanofluid as the solar working fluid. As seen in Figure 12. , the cavity top wall temperature changed in the range of 285 °C at 12:40 to 205 °C at 9:00. Also, the measured cavity sidewall temperature varied from 198 °C at 13:00 to 145 °C at 9:40. As a result, the cavity top wall temperature showed higher amounts compared to the cavity sidewall temperature. It has to be said that the sidewall temperature has a smaller deviation during the day compared to the top wall temperature deviation. Moreover, wind speed varied from 1.6 m/s to zero.



Figure 13 displays variation of cavity heat gain, and thermal efficiency of the solar dish concentrator using Al2O3/thermal oil nanofluid as the solar working fluid on 30 September 2017. It can be seen that the cavity heat gain changed in the range of 2333 W at 12:20 to 891 W at 9:00. The thermal efficiency of the solar system changed in the range of 96% from 12:20 to 55% at 9:00. As stated in the previous section, it could result that the cavity heat gain and thermal efficiency of the cavity receiver have similar trend data compared to the oil temperature difference at the inlet and outlet of the cavity receiver and the oil. Temperature difference at the inlet and outlet of the cavity receiver can be accounted for as an effective parameter related to the thermal performance of the dish concentrator system with the cylindrical cavity receiver.




3.1.3. Comparison of Performance


In this section, a comparison study on the thermal performance of the dish concentrator using the pure thermal oil and the Al2O3/thermal oil nanofluid is presented. Figure 14 and Figure 15 show a comparison of the cavity heat gain and thermal efficiency of the dish concentrator using the cylindrical cavity receiver with the pure thermal oil and Al2O3/thermal oil nanofluid as the solar working fluid during experimental tests, respectively. It should be mentioned that the environmental conditions have nearly the same amounts on two experimental days with the pure thermal oil and the nanofluid as presented in the previous sections. In conclusion, the measured results of two experimental days could be compared together. As seen from Figure 14 and Figure 15, the thermal performance of the solar system, including the cavity heat gain and thermal efficiency, improved by using application of the nanofluid as the solar working fluid. This issue is due to the better thermal properties of the nanofluids compared to the based fluid, as seen in this research. More specifically, the nanofluid present higher thermal conductivity, which increases the heat-transfer rates inside the flow, something that enhances the system's thermal efficiency.





3.2. Solar Dryer Performance


As concluded from the previous section, the Al2O3/thermal oil nanofluid resulted in higher thermal performance compared to the pure oil as the solar working fluid. In this section, the performance of the solar dryer system with the Al2O3/thermal oil nanofluid as the solar working fluid of the cylindrical cavity receiver is reported. The nanofluid was tested at a mass fraction of 0.8%. The drying system was examined at three levels of the air speed as 0.5, 1, and 1.5 m/s. In addition, the solar dryer system was tested at three levels of drying temperature: 30, 40, and 50 °C. Variations of mint drying time at different air speeds and drying temperatures are depicted in Figure 16, Figure 17 and Figure 18. As seen from Figure 16, Figure 17 and Figure 18, the mint drying time was decreased by increasing drying temperature and increasing air speed. The highest drying time was measured equal to 320 min for the condition of the air speed equal to 0.5 m/s and the drying temperature of 30 °C, whereas the lowest drying time was measured for the condition of the air speed equal to 1.5 m/s and the drying temperature of 50 °C. As seen, the drying time increased with spending the time of the experimental test. This issue was due to the evaporation of the surface moisture at the start of the drying process; consequently, the process of drying was quickly conducted. After spending time, the content of the surface moisture finished, and internal moisture had to be transferred to the mine surface and evaporated. This process took more time compared to the evaporation of surface moisture. Some experimental relationships for prediction of moisture ratio of the mint versus spending time of experimental tests are suggested in Table 3 for different amounts of the air speed and drying temperature. These suggested experimental relationships could be used for the prediction of the moisture ratio of the mint with spending the time of the experimental tests.



Concluded simulation results of the solar dryer using the SolidWorks and ANSYS CFX software are presented in this part. Figure 19. depicts the variation of air speed in the dryer at different air inlet speeds: 0.5, 1, and 1.5 m/s. It should be mentioned that these analyses were conducted for an air inlet temperature of 30 °C. As seen in Figure 19, air outlet speed increased with increasing air inlet speed from maximum 5.5 to 1.6 m/s, with air inlet speed from 0.5 to 1.5 m/s, respectively. Variation of air speed resulted in more uniform distribution at outlet of the dryer with increasing air inlet speed. Also, the variation of the streamlines at different air inlet speeds, 0.5, 1, and 1.5 m/s, are displayed in Figure 20. Similar results compared to Figure 19 can be concluded for variation of the streamlines at different air inlet speeds. Finally, the calculated results by the SolidWorks and ANSYS CFX software were validated based on the measured data during the experimental tests. A comparison between numerical and experimental results of the current research is presented in Figure 21. As seen, good agreement was observed between the calculated numerical results and measured experimental data. More developed numerical results will be presented in the next studies by the authors.



In this part, some results of the color histogram of the wet and dried mint samples based on the RGB method are presented. The color histograms of three samples, the wet mint, dried mint at air inlet speed of 1 m/s and inlet temperature of 40 °C, and dried mint at air inlet speed of 1 m/s and inlet temperature of 50 °C, are presented Figure 22, Figure 23 and Figure 24, respectively. As seen, the intensity amount of the red color of the mint increased with the drying process compared to the intensity amount of the red color of the wet mint sample. It can be concluded that the intensity of red color increased from 102.13 to 107.92 with increasing inlet temperature from 40 to 50 °C, respectively. On the other side, intensity of green color decreased with increasing inlet temperature from 117.88 to 124.32 for inlet temperature from 40 to 50 °C, respectively. In addition, the intensity of the blue color increased with increasing from 89.05 to 91.96 for inlet temperature from 40 to 50 °C, respectively. Finally, it can be understood that higher inlet temperature resulted in higher red color intensity, lower green color intensity, and higher blue color intensity.





4. Conclusions


In this research, a solar dryer system using a solar dish concentrator was experimentally investigated for drying mint. A cylindrical cavity receiver was used as the dish absorber. The thermal performance of the solar system was tested by using Al2O3/oil nanofluid and pure oil as the solar working fluid. The performance of the solar drying system using the Al2O3/oil nanofluid was considered based on the experimental tests. In addition, the solar dryer system was simulated by the SolidWorks and ANSYS CFX software. On the other side, the color histogram of the wet and dried mint samples based on the RGB method was considered. The main results of this study could be summarized as the follows:




	
The difference in temperature of the solar working fluids at the inlet and outlet of the cavity receiver showed similar trend data compared to the variation of the solar radiation during the experimental test.



	
The cavity top wall resulted in a higher surface temperature compared to the cavity sidewall. Also, the cavity surface temperatures resulted in comparable trend data compared to the variation of the wind speed during the experimental tests. The higher temperature of the top wall is justified by the high number of solar rays that reach this region.



	
The maximum thermal efficiency of the solar system using the pure oil and the Al2O3/oil nanofluid was measured equal to 85% and 96%, respectively. Generally, the cavity heat gain and thermal efficiency of the solar system improved by using the application of the nanofluid as the solar working fluid. Practically, the use of nanofluids leads to higher heat-transfer rates, which aid the working fluid to gain more useful heat, and so the thermal losses are reduced due to the lower wall-temperature levels.



	
The required time for mint drying decreased by increasing drying temperature and increasing air speed. This is a reasonable result because, in these operating conditions, there are higher heat-transfer rates. The highest drying time was measured equal to 320 min for the condition of the air speed equal to 0.5 m/s, and the drying temperature of 30 °C, whereas the lowest drying time was measured for the condition of the air speed equal to 1.5 m/s, and the drying temperature of 50 °C. The drying time had increased with spending the time of the experimental test.



	
It was concluded that air outlet speed increased with increasing air inlet speed. Also, variation of air speed had resulted in more uniform distribution at the outlet of the dryer, with increasing air inlet speed. Based on a comparison between numerical and experimental results of the current research, good agreement was observed between the calculated numerical results and measured experimental data.



	
Finally, based on the color histogram of the wet and dried mint samples, it was concluded that the intensity amount of the red color of the mint increased with the drying process compared to the intensity amount of the red color of the wet mint sample. Also, the red color intensity amount of dried mint samples increased with increasing inlet air temperature.
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Figure 1. A view of different parts of the experimental setup. 
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Figure 2. A view of the solar system: (a) the dish concentrator and (b) the cylindrical cavity receiver. 
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Figure 3. The solar dryer system. 
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Figure 4. A schematic view of the simulated dryer system. 
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Figure 5. A TEM picture of the alumina nanoparticles. 






Figure 5. A TEM picture of the alumina nanoparticles.



[image: Energies 12 04747 g005]







[image: Energies 12 04747 g006 550] 





Figure 6. A view of the preparing Al2O3/thermal oil nanofluid by using (a) the stirrer device and (b) the ultrasonic system. 
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Figure 7. A view of color variation test of mint leaves. 
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Figure 8. Variation of solar radiation, ambient temperature, and oil temperature difference at inlet and outlet of the cavity during the experimental day 29 September 2017, with thermal oil as working fluid. 
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Figure 9. Variation of top wall temperature, sidewall temperature, and wind speed during the experimental day 29 September 2017, with thermal oil as the solar working fluid. 
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Figure 10. Variation of cavity heat gain and thermal efficiency of the solar system during the experimental day 29 September 2017, with thermal oil as the solar working fluid. 
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Figure 11. Variation of solar radiation, ambient temperature, and nanofluid temperature difference at the inlet and outlet of the cavity receiver during the experimental day 30 September 2017, with Al2O3/thermal oil nanofluid as the working fluid. 
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Figure 12. Variation of top wall temperature, sidewall temperature, and wind speed during the experimental day 30 September 2017, with Al2O3/thermal oil nanofluid as the working fluid. 
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Figure 13. Variation of cavity heat gain and thermal efficiency of the solar system during the experimental day 30 September 2017, with Al2O3/thermal oil nanofluid as the working fluid. 
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Figure 14. Comparison of cavity heat gain using pure thermal oil and Al2O3/thermal oil nanofluid as working fluid during experimental tests. 
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Figure 15. Comparison of thermal efficiency of the cavity receiver using pure thermal oil and Al2O3/thermal oil nanofluid as working fluid during experimental tests. 
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Figure 16. Mint drying graph at air speed of 0.5 m/s and different drying temperatures. 
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Figure 17. Mint drying graph at air speed of 1 m/s and different drying temperatures. 
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Figure 18. Mint drying graph at air speed of 1.5 m/s and different drying temperatures. 
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Figure 19. Variation of air speed at different air inlet speeds: (a) 0.5 m/s, (b) 1 m/s, and (c) 1.5 m/s. 
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Figure 20. Variation of streamlines at different air inlet speeds: (a) 0.5 m/s, (b) 1 m/s, and (c) 1.5 m/s. 
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Figure 21. Comparison between numerical and experimental results of the current research. 
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Figure 22. Color histogram of the wet mint based on the RGB method. 
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Figure 23. Color histogram of the dried mint at air inlet speed of 1 m/s and inlet temperature of 40 °C based on the RGB method. 
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Figure 24. Color histogram of the dried mint at air inlet speed of 1 m/s and inlet temperature of 50 °C based on the RGB method. 
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Table 1. The specification of the dish concentrator and cylindrical cavity receiver.
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Structural Dimensions

	
Values






	
Dish Concentrator




	
Aperture diameter

	
2 m




	
Focal length

	
0.693 m




	
Tracking error

	
1°




	
Rim angle

	
45°




	
Concentration ratio

	
165




	
Focal length

	
0.693 m




	
Cylindrical Cavity Receiver




	
Outer diameter

	
16 cm




	
Inner diameter

	
14 cm




	
Height

	
14 cm




	
Number of tube turns at the cavity height

	
14




	
Inner tube diameter

	
10 mm
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Table 2. Accuracies and ranges of the measuring instruments.
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	Sl. No.
	Instrument
	Accuracy
	Range
	% Error





	1
	PT-100 sensor
	±1.35 °C
	−200 to 400 °C
	0.25



	2
	Solar power meter
	±0.1 W/m2
	0 to 2000 W/m2
	0.25



	3
	Anemometer
	±0.2 m/s
	0.9 to 35.0 m/s
	10
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Table 3. Suggested experimental relationships for prediction of moisture ratio versus time for different air speeds and drying temperatures.
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	Air Speed (m/s)
	Drying Temperature (ºC)
	Predicted Experimental Relationship
	R2





	0.5
	30
	y = 5 × 10−6∙x2 − 0.0047x + 1.0162
	0.9951



	0.5
	40
	y = 5 × 10−4x4 − 4 × 10−7x3 + 9 × 10−5x2 − 0.0119x + 1.0085
	0.9989



	0.5
	50
	y = −5 × 10−7x3 + 5 × 10−5x2 − 0.0104x + 0.9692
	0.9943



	1.0
	30
	y = 4 × 10−6x2 − 0.0044x + 1.0103
	0.9969



	1.0
	40
	y = 7 × 10−6x2 − 0.0052x + 0.9612
	0.9941



	1.0
	50
	y = −2 × 10−8x3 + 2 × 10−5x2 − 0.0079x + 0.985
	0.9974



	1.5
	30
	y = 5 × 10−6x2 − 0.0047x + 0.9933
	0.9992



	1.5
	40
	y = 9 × 10−6x2 − 0.0056x + 0.9397
	0.9927



	1.5
	50
	y = 2 × 10−10x4 − 2 × 10−7x3 + 5 × 10−5x2 − 0.0106x + 0.9809
	0.9969











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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