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Abstract. Human mastication is a complex oral process leading to food breakdown. The 
understanding of the mechanics of mastication requires the knowledge of food item properties and 
geometry, chewing force amplitude and frequency, mandibular trajectory as well as a precise 
information about food-teeth contact. In this work, all these oral aspects are handled numerically 
using a finite element model. Firstly, experimental procedures are used to determine EMG profiles 
and mandibular motion associated to five selected breakfast cereals products.  Secondly, a Finite 
Element (FE) model is developed accounting for the exact geometry of  both food items and teeth to 
simulate food breakdown. The loading conditions including normal and sliding motions of the teeth 
system are reproduced for each product. Teeth-food item contact is optimized to avoid significant 
material overlapping. The model is able, at least for the first bites, to determine the fracture 
properties and stress distributions within the studied materials. It also highlights the shearing effect 
associated to food compression during mastication. Different fracture criteria are tested among them 
maximum stress criterion and critical stress intensity factor to determine the fracture properties. All 
results are analyzed based on experimental force records and known mechanical behavior of the 
studied cereal products.  

 

Keywords. Cereal food product, Mastication, Finite Element Method, EMG, Stress intensity factor, 
maximum stress criterion.  
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Abstract. One of the most important characteristics of agricultural products is their moisture 
content (MC) in processing steps. It can affect physical and chemical characteristics such as 
storage capability. The most prevalent method to MC definition is using oven which is needed a 
lot of energy and time. The main goal of this research was determining MC of grains by using 
change in capacity of a cylindrical capacitor. It can help to reduce in required energy and time in 
comparison with oven method. In this case wheat, barley, split pea and lentil were selected as 
four conventional grains in Iran. The samples were put in water to absorb moisture in 1.5, 2.5, 
3.5 and 4.5 hours with three replications. 

Different capacity of using cylindrical capacitor was recorded when using different MC of 
samples. Finding actual MC of samples by oven method and calibration data with capability of 
capacitor can lead to MC of treats very fast. Mathematical equations were found by choosing 
capability of capacitor as independent and MC as dependent variables. Checking of results 
confirmed 87-94.2% precision 

Keywords. Moisture Content, Grain, Capacitor, Mathematical Model 

 

Introduction 
     Among many physical attributes that need to be tested on cereals grain during the 
processing and storing process is the measurement of moisture content. The average moisture 
content of grain is determined with representative samples serves the purpose. Generally this is 
performed by time-consuming and laboratory oven method. Warehouse records of moisture 
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content based on representative samples may not accurately indicate the true storage risk. 
According to the above in order to save time and money and reduce waste and pest control 
requires a system to reveal the moisture of grain, in different levels as moment. Because the 
dielectric constant of water is much greater than that of the dry material of grain, the dielectric 
constant of grain is correlated with its water content. Such correlation forms the basis for rapid 
determination of moisture content electrically. 

Because the dielectric constant of water is much greater than that of the dry material of grain, 
the dielectric constant of grain is correlated with its water content. Such correlation forms the 
basis for rapid determination of moisture content of rice grain electrically. Using tow metal plate 
manufacturer to make moisture sensor as  the capacitors. Capacitance type moisture sensors 
due to low manufacturing cost and high sensitivity to changes in humidity than other sensors are 
in better place. Capacitance type moisture sensors are based on measuring the frequency 
changes by change the dielectric constant. With moisture changes in samples due to changes 
in dielectric constant, the capacitance will change. In fact, the sensor is a resonance circuit that 
can reveal environmental resonance frequency. A resonance circuit model is as follows: 

                                                  (1) 

Where;  f = frequency, MHz 

              L = coefficient of induction, µH 

              C = capacitance, µF 

Considering that the coefficient of induced is a constant in the resonance circuit, so the above 
equation suggests that the sensor output frequency only is changed by capacitance. 
Capacitance in an ideal flat capacitor is obtained by the following relation (Reitz et al., 1979 and 
Scaife, 1998): 

C = !0!r A/d                                                 (2) 

Where !0 is the permittivity of vacuum, A is the area of a capacitor sheet in square meter, d is 

the distance between the sheets in m, and !r is dielectric constant of the material between the 
sheets of the capacitor. So: 

!r = C/C0                                                 (3) 

where C is the capacitance of the capacitor filled with sample in pF and C0 is the capacitance of 
the empty capacitor in pF.  Afzal et al. (2010) to estimate leaf moisture content by measuring its 
capacitance for five agronomic crops: maize, sorghum, capsular bean, white bean and 
sunflower found that the dielectric constant is different for different plants. Sacilik (2005) in study 
on safflower seed found that the capacitor dielectric constant increases with increasing 
moisture. Nelson et al. in 2000 showed that changes the capacity of a capacitor has a direct 
relationship with the dielectric constant of a grain. Berbert et al. also using the same method in 
1996 managed to online measure the moisture content of wheat. The phenomenon of moisture 
content of grains or oilseeds are summarized in many reviews (Berbert and Stenning, 1996,  
Corcoran et al.1970, Jorgensen et al., 1970, Kim et al., 2002, Kim et al., 2003, Kraszewski and 
Nelson, 1991, Nelson, 1965, Nelson and Stetson, 1976 and Stetson and Nelson, 1970).  
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Material and Methods  

      Four main grains consist of wheat, barley, pea and lentil were selected to study. Wheat, 
barley, split pea and lentil seeds used in this study were obtain from Agricultural Research 
Center of Markazi Province in Arak, Iran. The seeds were cleaned manually to remove all 
foreign matter such as dust, dirt, stone and chaff as well as immature broken seeds. Four 
samples of each grain were put in water to 1.5, 2.5, 3.5 and 4.5 hr to absorb water in ambient 
temperature (23±2  °C).  The weight of samples were the same with 150 gr weight and named 
by using the first letter of grain and number 1, 2, 3 and 4 which hinted to 1., 2.5, 3.5 and 4.5 
respectively. For example W1 means wheat which has floated 1.5 hr in water etc.  

Used capacitor was a cylindrical model  and it’s basic dimension of capacitor were 98 mm, 85 
mm and 71 mm about outside, inside and height of capacitor respectively. Samples dried by 
tissue paper to remove surface water and were put in capacitor then capacitances of them were 
measured by using multimeter.  The capacitance measurements were taken with a Simadzu 
1404F analyzer. In order to have dense fill, a required quantity of test sample was loosely filled 
and then shake for 2 min in a shaker. The moisture content of samples was determined by 
putting them in convective oven at 130±1°C for 1 hr (ASAE, 2002). All moisture content 
calculated on a dry basis. 

Results and Discussion  

The main results have shown in Table 1. 

Table 1: capacitance and moisture content of samples 

Samples W1 W2 W3 W4 B1 B2 B3 B4 

Capacitance 
(µf) 

 
8.55 38.1 63.9 79.7 28.4 51 193.9 294 

Moisture 
Content, 

(%) 
13.97 15.11 19.06 23 20.33 22.15 26.1 27.45 

Table 2: continue 

Samples SP1 SP2 SP3 SP4 L1 L2 L3 L4 

Capacitance 
(µf) 

 
101.7 125 191.1 284.3 14.3 42.6 118 171.9 

Moisture 
Content, (%) 28.32 30.11 32 32.13 15.82 19.4 24.06 25.85 

 

The effect of the moisture content on the dielectric constant of seeds is shown in Figurs 1,2,3 
and 4. Depending on the capacitance increased with increasing the moisture content and 
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agreed well with the previous research results. The same trends were observed in treatments. 
This phenomenon was considerable because of more dielectric constant of water in comparison 
with filled grains.  

 

 

Figure 1: Capacitance and moisture content relation of wheat samples.  

 
Figure 2: Capacitance and moisture content relation of barley samples.  

 

Figure 3: Capacitance and moisture content relation of split pea samples.  
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Figure 4: Capacitance and moisture content relation of lentil samples.  

Assuming moisture content of seeds (X) as independence and Capacitance of capacitor (Y) as 
dependence variable hence employing  second-degree polynomial relationships for the best fit 
to correlate the capacitance and moisture content were obtained as: 

 
          Y  =6.288X2-259.8X+2713                         r2=0.989              (3) 

          Y=-0.620X2+29.16X-263.6                        r2=0.990              (4) 

          Y=16.68X2-955.2X+13767                        r2=0.999              (5) 

          Y=1.538X2-47.07X+375.9                         r2=0.976              (6) 

as were showed in figures. 

Conclusions 

      A cylindrical capacitor was used as a sample holder in using moisture content of grains. The 
capacity was change directly by increasing moisture content of samples. It was considerable 
because of more dielectric constant of water. Increasing of water in different levels in grain 
helps to surveying in wide range. Using best fit equation leaded to determine moisture content 
of samples in ambient temperature. Tests were showed that this methods can used instead of 
oven method by 87-94% precision. It can cause to reduce the time and costs of process in 
comparison with oven methods.   
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Abstract. A 12 meter long and 2 meter width solar tunnel was designed and constructed to 
analysis the performance of the solar tunnel dryer using multiple drying and collector areas 
instead of continuous single collector area followed by a single continuous drying area. The area 
of each solar collector was 3 ! 2 m followed by an equal drying area. Thus there were three 
drying zones and three collector zones over the entire tunnel base. The drying air was forced 
from the collector regions (north side) to the drying regions (south side) of the half circled 
tunnel where the product is to be dried. The drying temperature could be easily raised by 
some 5-300C above the ambient temperature inside the tunnel at an air velocity of 
approximately 0.25 m/sec. The test was conducted with 135.8 kg freshly harvested dates 
with initial moisture content of 40.0% (wet-basis). The dates were dried to a final moisture 
content of 18.8% (wet-basis) within a day (12 hours). The results indicated that the drying 
was faster in solar tunnel dryer than the natural open air sun drying. It was possible to reach 
the moisture content level for safe storage within a day (12 hrs) with solar tunnel dryer and 
5-7 days in open air natural sun drying. The improvement in the quality of dates in terms of 
color, brightness, flavor, and taste and food value was distinctly recognized.  
 
Keywords. drying, dates, solar tunnel dryer, moisture content. 
 
Introduction 
 
Drying is very important because it is the cheapest, easiest and most common method of 
preserving and storing of perishable agricultural products. Dried products are becoming 
highly alternative to marketing than the freshly harvested products because of many 
advantages. 
Annual production of dates in Oman is estimated about 200,000 tones (Ampratwum, 2003). 
Most of the dates are still dried by traditional method of open air natural sun drying. A 
successful new solar tunnel drier that have been successfully tested under field conditions in  
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about 30 countries under different climatic conditions in drying various agricultural products 
(Bala, 2003; Basunia and Abe, 2001a, 2001b; Schirmer,  1996). Unfortunately, solar tunnel 
dryer has not yet been tested here in Oman where solar energy is abundant and can be 
used for drying of dates and other agricultural products. The original designed of the dryer 
(20 ! 2 m) however with a capacity that is suitable for use in a large farm. In order to adapt 
its design for small and medium scale rural farmers of Oman, a scaled down (12 ! 2 m) 
prototype of the tunnel dryer was designed and fabricated for the detail experiment at the 
Department of Soils, Water and Agricultural Engineering, Sultan Qaboos University, Oman.  

 
Materials and methods 
 
The prototype solar tunnel dryer consists of a flat plate air heating solar collectors and drying 
tunnel, fabricated as a single unit (Fig. 1). The tunnel is 2.0 m wide and having a length of 12 
m. The light-weight aluminum frames were used as the upper structure for the entire tunnel 
to support the transparent plastic cover. The tunnel was placed on concrete block 
substructures 500 mm above the ground surface. The ply wood planks (0.9 ! 2.0 m) of 
thickness 4 mm were used as the bed for the entire tunnel to make the base of the tunnel 
almost air tight. The air tight base of the tunnel was divided into six equal zones (three drying 
and three collectors) each having an area of 3 ! 2 m.  Over the wooden base, black painted 
metallic sheets of thickness 0.25 mm was used as the absorber plate in the collector 
sections of the tunnel. They were arranged in such a way that  each collector zone was 
followed  by a drying zone starting with collector zone from the north side of the tunnel. Thus 
there were three drying zones and three collector zones over the entire tunnel base. This 
arrangement helped to expose the whole product to almost same temperature instead of 
exposing the product to variable temperatures as in a continuous single collector zone followed 
by a single drying zone. The steel wire mesh nets were spread over the drying zones to dry   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 A rough sketch of a solar tunnel dryer used in this study without plastic cover and 
part of wooden base of the tunnel (1- Air inlet to the collector, fan, 2- North side wooden 
cover, 3- Collector (starting black surface), 4- Light- weight aluminum frame, 5- Dryer (wire 
mesh net-last zone)  6- Air outlet from the dryer, 7- Concrete block sub-structures, 8- 
Wooden frame to support bends and base of the tunnel; 9- Metallic wire mesh net, 10- 
Absorber plate (black painted metallic sheet over wooden base, not visible in Figure 1.) 
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the desired product. A 0.2 mm thick UV stabilized colorless polyethylene sheet was used as 
the transparent cover over the entire tunnel. The entire tunnel became almost air-tight 
except the inlet opening (north side) for fixing a fan and the exit side (south side) for the 
moist air. The light weight (30 ! 1 mm) aluminum flat bars were cut into pieces of each 
having a length 3140 mm. These pieces were bended into half-circles before fixing with the 
wooden base of the tunnel. Two solar powered fans (40 W) one at each side of the tunnel 
was used to force the drying air to flow over the product and passed through the exit.  The 
fans were installed at the holes made on the wooden cover plat, 150 mm above the base of 
the tunnel. 
 
Thus the drying air was forced from the collector regions to the dryer regions where the 
product is to be dried. The fan has an air handling capacity of 7.3 m3/min against a 
maximum static pressure of 157 Pa (16 mmH2O). Prior to the operation of the dryer 
thermocouples were installed to record the temperatures at different locations within the 
tunnel. Nine thermocouples were connected within the tunnel, three at each of the mid-point 
of the collector, dryer and as well as the whole tunnel. The moisture content of whole dates 
was determined by using oven drying method. The sample of whole dates was kept at 1000C 
for 20 hours. 
 
Results and Discussion 
 
No-load tests (test without product) 

 
The no-load tests with and without fan were conducted to know the temperature and 
air flow characteristics at different weather conditions and also, the temperature 
gradient both in the collector and dryer regions of the tunnel. Figure 2 shows the 
variations of ambient, collector and dryer temperatures with time of the day. The 
drying air temperature could be easily raised by some 5-300C above the ambient 
temperature at an air flow rate of 0.2-0.5 m/sec. The difference between the drying 
air temperature and ambient temperature gradually increased from morning till mid-
day then gradually fall in the afternoon (Fig. 2). The highest temperature 690C was 
observed at around 1 PM. This indicated that solar tunnel dryer can be easily used to 
dry dates. In no load tests the maximum difference between the average 
temperatures of the dryer and collector parts was about 20C. This indicated the 
uniformity of temperatures inside the entire tunnel except at entrance side of the 
collector. 
 
There was almost no temperature gradient found in the vertical and horizontal 
directions of the whole tunnel. A no-load test was conducted without using fan. It was 
observed that the highest temperature inside the tunnel became 750C when the fan 
was not in operation. The difference between the average temperatures inside the 
tunnel without and with fan was about 100C. This indicated the operation of the dryer 
without fan would cause over drying of the product particular during 11:00 AM-3:00 
PM. The average solar irradiance was about 500 w/m2. 
 
Test with Freshly Harvested Dates 

 
The full load test with 135.8 kg freshly harvested dates (khalas variety) was conducted to 
study the dryer performance on August 10, 2009. The average initial moisture content of 
the freshly harvested dates collected from the Agricultural Farm of the University, was 
40.0% (wet-basis). The dates were spread on three drying zones of the tunnel in a single 
layer thickness. The drying was started at 6:30 AM and continued till 6:30 PM. The 
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approximate sun rising and setting time was 6:00 AM and 7:00 PM, respectively. The 
moisture content was reduced to 18.8% from initial 40.0% wet-basis within 12 hours (w.b.). 
Samples were collected for moisture content determination at the end of drying and it was 
found around 18.8% (wet-basis). 
 
 
 

 
Figure 2 Variations of ambient, dryer and collector air temperatures with time of the day 
(August 8-9, 2008) under no load condition. 
 
 
 

 
 

Figure 3 Variations of ambient, dryer and collector temperatures with time of the day  
(August 10, 2009) in drying freshly harvested dates. 
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The variations of the dryer (exit), collector (entrance) and ambient air temperatures with 
drying time (6:00-19:00 hr/day) have shown in Fig. 3. The variations of solar radiation with 
drying time is shown Fig. 4. The average drying air and ambient temperatures were 52.00C 
and 36.20C, respectively, and the average total radiation on a horizontal surface was 589.2 
w/m2. The average temperature in the collector part was lower than the average temperature 
in the dryer part because of the presence fan at the air entrance side of the collector. 

 
To compare the drying rates of solar tunnel dryer and natural convection open air drying, two 
separate tests was conducted with about 100 gm samples under the same weather 
conditions. The samples from the tunnel dryer and open air drying were taken at one hour 
interval for the first four hours of drying starting from 6:30 AM and then at two hours interval 
till 6:30 PM to measure the moisture content against the drying time. The moisture removal 
rate was much high in solar tunnel dryer than the open air natural sun drying.   
 
 

 
 
                            Figure 4 Variations of solar radiations in drying dates on August 10, 2009. 
 
 
Conclusion s 

 
This paper describes the design, construction and experimental investigation of a solar 
tunnel dryer. The no-load tests clearly indicated that the drying temperature can be easily 
raised to 5-300C above the ambient temperature while the average air flow velocity inside 
the tunnel was 0.2-0.5 m/s. The average drying air temperature inside the tunnel could be 
easily attained 45-550C. 
 
The experiments were carried out with 135.2 kg freshly harvested dates and the 
performance of the dryer was compared to open air natural sun drying. A considerable 
reduction in drying time in comparison with natural open air sun drying was obtained. The 
thermal efficiency of dryer was found to be 36.4% approximately. These investigations show 
that solar tunnel dryer can be used for low temperature drying of dates and other agricultural 
products in the rural areas of Oman where electricity is not available. 
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Abstract  

Losses of agricultural products and the related financial losses are considerable in Iran. 
Potato is one of the most important crops in Iran and has the most nutritious energy per 
area. The losses of potato are considerable as statistical reports. The mechanical damage is 
one of the factors in potato losses that occur during harvesting and handling of potato 
tubers. When reduction in mechanical damage of tubers is of concern, attentions are 
automatically drawn towards the design and adjustment of the potato harvester. Of course 
the design and adjustment of the potato harvester is one of the coin, the other side is the 
potato tuber themselves. For some potato varieties that are highly susceptible to mechanical 
damages, even a well designed and adjusted harvester can still cause extensive damage. 
For this reason a prior knowledge about damaging impact energy threshold of potato tubers 
are as important as the knowledge about the harvester. Tubers with more than 1.5 cm 
damage on their surface are out of use in market.        
In this research a constructed pendulum was used to measure the damaging impact energy 
threshold for Agria, Aula, Marfona varieties. After measuring volume of damage, the logistic 
model was used to study effect of impact angle, varieties and tuber size. Output of the model 
calculated probability of damage and show it with 0 or 1. 
Results show that, varieties, impact angle and tuber size has significant effect on the volume 
of damage and aula variety is more susceptible to damage than other varieties. Although 
volume of damage in large tubers are higher than other sizes.  
    
Key words:  

Potato, Impact, Volume of damage, Bruise, Logistic model  
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Abstract.  A simulation model of hybrid solar drying as alternative sustainable drying system for herbal and 
medicinal plants was developed. Heat absorbed from the solar radiation, heat gained by the collector and 
supplemented by the burner, heat gained or lost by the product, heat gained or lost through the drying bin wall, 
heat gained or lost with the drying air and the latent heat of the moisture evaporation from the product were the 
main components of the equations describing the drying system. The model was able to predict the moisture 
loss from the product at a wide range of temperatures and air recirculation percentages (70, 80 and 90%). The 
energy consumption for drying herbs was investigated by using of different energy sources including solar 
energy, diesel and propane fuels.  Experiments were conducted to validate the simulated model results.  The 
results indicated that the solar collector could raise the temperature by 5-13 oC.  The mint moisture content was 
dried from 80% to MC ranged from 10.99 to 13.09% when it was dried at 60oC and the drying air was re-
circulated at 70 to 90% during the month of January, meanwhile, it reached from 5.27-8.6% at the same 
percentages for air re-circulation during July.  The energy consumption was 31.81 MJ/kg dried mint at 90% of 
fresh air recirculation while it was 42.91 and 53.95 MJ/kg for 80 and 70% of air recirculation percentages, 
respectively during January.  During July, the energy consumption for water evaporation was 24.18 MJ/kg dried 
mint at 90% of fresh air recirculation while it was 30.56 and 36.89 MJ/kg for 80 and 70% of air recirculation 
percentages, respectively.  On the other hand, using the solar collector contributes by 45% of the total energy 
required for drying the mint at 60oC and 90% air recirculation percentage during January, while it was 52% 
contribution during July at the same conditions. One kg dried mint costs LE 1.32 and 1.00 under the hybrid 
system during Jan. and July months, while it was LE 2.39/kg and 2.08 under the artificial drying system during 
the same months using propane fuel.  In case of using diesel fuel; it costs 2.43 and 4.4 LE/kg and 1.84 and 
3.82 LE/kg for the hybrid and the artificial systems, during January and July, respectively, when 90% of the 
drying air was re-circulated.  The model results were validated at 90% of air recirculation and showed 
reasonable agreement with the experimental ones in temperature, moisture content of mint and energy 
consumption.       

 

Keywords.  Simulation model, hybrid solar dryer, herbal and medicinal plants, air recirculation, energy 
consumption. 
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Introduction 
Generally, drying can be done either naturally, by sun drying or industrially through the use of solar dryers or hot air 
drying. Solar dryers could be used as an alternative to the hot air and open sun drying methods, especially in 
locations with good sunshine during the harvest season like in Egypt, which the solar energy incident on Egyptian 
land ranges from 5-8 kW.h/m2/day (Sayigh, 1977).  Solar energy is an important alternative source of energy and 
preferred to other energy sources because it is abundant, inexhaustible and non-pollutant. Also, it is renewable, 
cheap and environmental friendly (Basunia & Abe, 2001).  However, large scale production limits the use of open sun 
drying.  Drying of herbs and medicinal plants is one of the oldest forms of food preservation methods known to man 
and is the most important process for preserving food since it has a great effect on the quality of the dried products. 
The major objective in drying agricultural products is the reduction of the moisture content to a level which allows safe 
storage over an extended period. Also, it brings about substantial reduction in weight and volume, minimizing 
packaging, storage and transportation costs (Okos, et al., 1992).  

Many researches on the mathematical modelling and experimental studies have been conducted on the thin layer 
drying processes of various vegetables, fruits and agro-based products such as bay leaves (Gu¨nhan et al., 2005), 
hazelnut (O¨ zdemir & Devres, 1999), green pepper, green bean and squash (Yaldiz & Ertekin, 2001), apricot 
(Sarsilmaz, et al., 2000; Togrul & Pehlivan, 2003), green chilli (Hossain & Bala, 2002), pistachio (Midilli & Kucuk, 
2003), potato (Akpinar, et al., 2003a), apple and  red pepper (Akpinar, et al., 2003), pumpkin (Akpinar, et al., 2003b),  
eggplant (Ertekin & Yaldiz, 2004), carrot (Doymaz, 2004), fig (Doymaz, 2005), Citrus aurantium leaves (Ait Mohamed 
et al., 2005), rosehip (Erenturk, et al., 2004), kiwi (Simal, et al., 2005), mint (Akpinar, 2006), . 

Solar drying systems became an important method of drying agricultural products.  Solar conversion technologies 
differ from region to another, because of the variation in the solar intensities and some economical and industrial 
factors.  The total power requirement of all fans is 3 kW.  The resulting energy consumption is dependent on the 
species being dried. For mint 0.27 kWh per kg evaporated water and 0.93 kWh per kg crude drug are calculated. For 
hops the energy consumption amounts to 0.1 kWh per kg evaporated water and 0.3 kWh per kg crude drug (Moller et 
al., 1989). 

The whole industry of exporting dried herbs and medicinal plants are at risk. The drying cost of dried herbs using 
fossil energy with the governmental policy of liberalizing energy cost will become very crucial.   With the expected 
rising of energy cost, the total exporting cost will be critical compared to competitors from other producers from other 
countries and elsewhere. This is beside the environmental hazards of using fuel as the source of energy.  Therefore, 
the main objective of this study is to develop an appropriate model for the hybrid drying system to study the feasibility 
of using the solar radiation as an alternative, pure and cheep source of energy.  The effect drying temperature and air 
recirculation percentages on the drying time, final moisture content and energy consumption for some herbal plants 
was studied.  Testing and verifying of some results of the model with the experimental results was carried out.  
Applying the model results to design and construct an appropriate hybrid solar dryer for some herbal and medicinal 
plants was conducted. 
Simulation Model 

Heat and mass balances were carried out in order to describe the drying system. The temperature rise and moisture 
loss during the drying are described by means of the transient energy conservation equation, combined with an 
equation for the rate of moisture loss. However, the following assumptions were made in developing the model: 

- The product is uniformity distributed in the drying space. 
- Product leaves are characterized as homogenous objects and have a uniform temperature. 
- A steady state condition is achieved. 
- The coefficient of evaporation remains constant.  

The heat balance equation is based on the concept that the algebraic summation of the rate of sensible energy 
gain, the absorbed solar heat, heat gain or heat loss from the dryer room, and the heat loss due to the moisture 
evaporation.  These could be include:  Heat absorbed from the solar radiation,  heat gained by the collector and 
supplemented by the burner, heat gained or lost by the product,  heat gained or lost through the drying bin wall, 
and the latent heat of the moisture evaporation from the product.  The total solar radiation incident on a surface 
is the combination of the direct, diffuse and ground-reflected irradiance of the surface, which were given in the 
ASHRE, 2009.  The solar calculations of the solar collector were determined according to Duffe and Bechmman, 
(1991), Bala and Woods (1994), and Turhan Koyuncu, (2006) and Sukhatme (1993).  Psychometric air 
properties were calculated according to ASAE (1998).  The modified Henderson equilibrium equation and its 
constants for mint were applied as used by Akpinar (2006).  The model was used to predict the ambient 
temperature, inlet and outlet temperatures of the solar collector, temperature leaving the drying room, mixture 
temperature, RH at the pervious locations, and moisture content of mint and the energy consumption at different 
drying temperatures and air recirculation percentages. The model development equations, flowchart and the 
other input data are in the Appendix.   
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All computational procedures of the simulation model were carried out using Excel Spreadsheet. 
Model inputs: 
Climatic conditions: the ambient temperature and RH were fed to the model and the rest of psychometric 
properties of the drying air were calculated.  For the solar calculations, the location longitude is 33o and 
latitude is 28.4o.  collector area is 48m2 (4X12m), air specific heat is 1009 J/kg.K, efficiency factor of solar 
collector, 0.77,  air flow rate, 2 kg/s, wind speed, 2.4 m/s, wind convection coefficient, 10 W/(m2K). 
Materials and Methods: 
According to the model results, a hybrid solar dryer was designed and constructed.   
Experimental setup: 
The hybrid solar dryer consists of cabinet dryer, solar collector, and supplementary power source 
(burner).  The burner incorporates a switch which has a sparking mechanism when turned clockwise. This 
spark produced by the clockwise rotation of the switch ignites the gas and produces a light blue flame which heats 
up the drying chamber.  

1. solar collector (4 X 12 m) 
2. drying room (2.5X2.3X2.6m) 
3. gas burner  
4. air recirculation ducts 
5. air blower 
 

 

Figure 1. The hybrid solar dryer.  

 
 

The drying chamber has a length of 2.5 m, width of 2.3 m and height of 2.6 m. It is made of galvanized steel (5 mm 
thickness). The trolley is made from stainless steel and has a length of 2.3 m, width of 1.1 m and height of 2.4 m. It is 
designed in such a way that it allows easy insertion of individual trays at a distance of 0.2 m apart and has tires for 
easy movement of trays.  The trays are made of stainless steel and have a length 1.1 m, width 0.74 m and depth of 
0.03 m. They have perforated bottom which allows heated air to pass through products. The air blower was used to 
force and re-circulate the drying air to the drying chamber. A proper blower has to be selected for appropriate 
distribution of heated air to be achieved. 

Experimental procedures:  Mint was used as an example for most herbal plants which was brought from 
the local market with an initial moisture content of 80%.  The fresh mint was washed and prepared for drying.  The 
solar drying experiments were carried during both January and July months, 2010 from 8:00 am to 8:00 pm in 
Sharkia Governorate, Egypt which is located at 33o longitude and 28.4o latitude.  Mint was placed and distributed on 
the trays with total initial weight of 250 kg for the whole drying bin.  Ambient temperature, inlet, outlet temperatures of 
air in the solar collector, temperature inside the drying room and temperature leaving the drying room. relative 
humidity, solar radiation, wind speed and mint weight loss were recorded each 60 min intervals.  Data-loggers were 
used to measure the temperatures and RH.  Solar radiation was measured using a Pyrheliometer (measuring range 
of 0-2000 W/m2, with spectral range of 200-3000nm, Netherlands).  Wind speed was measured using an 
anemometer.  Moisture content of mint was determined using a Sartorius Moisture Analyzer model MA45, Germany. 
Drying was carried out at 60oC temperature, with three percentages (90, 80 and 70%) of air recirculation of the air 
leaving the drying room at a constant air flow rate (2 m3/s).  Energy consumption for drying with and without solar 
collector was recorded during both January and July months as the lowest and highest solar radiation incident 
months.      

The Simulated Model Results and Discussions: 
Figs 2 and 3 show the diurnal variation in different temperatures (ambient, inlet and outlet of the collector, and drying 
bin,  solar radiation during the months of January and July as the most lowest and highest temperatures and solar 
radiation values during the year.  The model was tested by drying mint during two months of the year, January and 
July, where, the drying temperature was maintained at 60oC.  The ambient temperature ranged from 11.5 to 14.9oC 
during the month of January; meanwhile it ranged from 27.9 to 34.9 oC during the month of July.  The outlet 
temperatures of the solar collector ranged 11.7 to 28.7 oC during Jan. whereas it was from 28.1- 26.8 oC during July.  
It could be seen that the solar collector could raise the temperature by 5-13 oC.  The solar radiation was fluctuating 
from 230.8 to 732.3 W/m2 during Jan., while it varied from 131.6 to 1029.8 W/m2 during July. 
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Fig. 2.  The diurnal variations of temp and solar radiation 

during January. 
Fig. 3.  The diurnal variations of temp and solar radiation 

during July. 
Moisture content (MC) as influenced by drying temperature at different air recirculation percentages.  Figs 4 and 5.  
show the effect of drying air recirculation on the moisture content of min.  It could be seen that increasing the air 
recirculation percentage increased the moisture loss and decreased the time required from drying mint to 11%.  The 
figure shows that the mint moisture content reached from 10.99 to 13.09% when the drying air was re-circulated at 70 
to 90% during the month of January, meanwhile, it reached from 5.27-8.6% at the same percentages for air re-
circulation during July.  The figures showed that the predicted values of MC were in a good agreement with the 
experimental one, which was a little lower than the predicted ones. 
Energy consumption: 
Figs. 6 and 7 and table 1 show the energy consumption for drying mint using hybrid solar dryer with different 
percentages of air recirculation during two months of the year.  With using the solar collector (hybrid solar drying), 
energy consumption for water evaporation increased with increasing the percentage of air recirculation, where it was 
31.81 MJ/kg dried mint at 90% of fresh air recirculation while it was 42.91 and 53.95 MJ/kg for 80 and 70% of air 
recirculation percentages, respectively during January. 

  
Fig. 4. The predicted and experimental moisture content 

(MC) of mint during January at different percentages 
of air recirculation.  

Fig. 5. The predicted and experimental moisture 
content of mint during July at different 
percentages of air recirculation. 

Meanwhile, energy consumption without using collector (artificial drying), for water evaporation increased with 
increasing the percentage of air recirculation, where it was 57.63 MJ/kg dried mint at 90% of fresh air recirculation 
while it was 68.73 and 79.76 MJ/kg for 80 and 70% of air recirculation percentages, respectively during the same 
month.  Meanwhile, energy consumption without using collector, for water evaporation increased with increasing the 
percentage of air recirculation, where it was 49.99 MJ/kg dried mint at 90% of fresh air recirculation while it was 56.38 
and 62.71 MJ/kg for 80 and 70% of air recirculation percentages, respectively during the same month.  It is worthy to 
mention that using the solar collector contributes by 45% of the total energy required for drying the mint at 60oC and 
90% air recirculation percentage during January, while it was 52% contribution during July at the same conditions.   
During July, the energy consumption for water evaporation was 24.18 MJ/kg dried mint at 90% of fresh air 
recirculation while it was 30.56 and 36.89 MJ/kg for 80 and 70% of air recirculation percentages, respectively.   

Table 2 shows the energy cost for drying mint at different air recirculation percentages using different kinds of fuel 
with and without using solar radiation as alternative source of energy during two months of the year.  It could be seen 
that to obtain one kg dried mint costs LE 1.32 under the hybrid system, while it was LE 2.39/kg under the artificial 
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drying system using propane fuel, in case of using diesel fuel; it costs 2.43 and 4.4 LE/kg for the hybrid and the 
artificial systems, respectively during January.    

  

Fig. 6. Energy consumption for drying mint using hybrid solar 
dryer with and without solar collector at different 
percentages of air recirculation during January. (E1 
refers to artificial drying; E2 refers to hybrid solar 
drying).   

 

Fig. 7. Energy consumption for drying mint using hybrid solar 
dryer with and without solar collector at different 
percentages of air recirculation during July.  

 

During July, to obtain one kg dried mint costs LE 1.00 under the hybrid system, while it was LE 2.08/kg under the 
artificial drying system using propane fuel, in case of using diesel fuel; it costs 1.84 and 3.82 LE/kg for the hybrid and 
the artificial systems, respectively at 90% of air recirculation of the drying air. 

Table 1. Energy consumption for drying mint using hybrid solar dryer with different percentages of air recirculation 
during two months of the year  

Energy at 90% air 
recirculation 

Energy at 80% air 
recirculation 

Energy at 70% air 
recirculation 

 

January July January July January July 

Energy consumption for 
hybrid solar drying system, 
MJ/kg 

31.81(45)* 24.18 (37)* 42.91 30.56 53.94 36.89 

Energy consumption for 
artificial drying, MJ/kg 57.63 (65)* 49.99 (60)* 68.73 56.38 79.76 62.71 

* the experimental values 

Table 2. Energy cost for drying mint using hybrid solar dryer with different percentages of air recirculation during two 
months of the year. 

Energy cost at 90% air 
recirculation, LE/kg 

Energy cost at 80% air 
recirculation, LE/kg 

Energy cost  at 70% air 
recirculation, LE/kg 

 

January July January July January July 

Hybrid solar drying 1.32 1.0 1.79 1.27 2.24 1.54 Using 
propane 
fuel Artificial drying 2.39 2.08 2.86 2.35 3.32 2.61 

Hybrid solar drying 2.43 1.84 3.30 2.33 4.11 2.81 Using 
diesel 
fuel Artificial drying 4.40 3.82 5.24 4.30 6.08 4.78 

 1 LE (the Egyptian pound) = 0.1333 EUR 

Conclusions 
A simulation model of hybrid solar drying as alternative sustainable drying system for herbal and medicinal plants was 
developed.  The most important results could be summarized as follows: the model was able to predict the air 
properties that used in drying and the solar radiation during the whole year at different drying temperatures and air 
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recirculation percentages.  It could be seen that the solar collector could raise the temperature by 5-13 oC.  The solar 
radiation was fluctuating from 230.8 to 732.3 W/m2 during Jan., while it varied from 131.6 to 1029.8 W/m2 during July.  
The mint moisture content was dried from 80% to MC ranged from 10.99 to 13.09% when it was dried at 60oC and 
the drying air was re-circulated at 70 to 90% during the month of January, meanwhile, it reached from 5.27-8.6% at 
the same percentages for air re-circulation during July.  

The energy consumption was 31.81 MJ/kg dried mint at 90% of fresh air recirculation while it was 42.91 and 53.95 
MJ/kg for 80 and 70% of air recirculation percentages, respectively during January.  During July, the energy 
consumption for water evaporation was 24.18 MJ/kg dried mint at 90% of fresh air recirculation while it was 30.56 and 
36.89 MJ/kg for 80 and 70% of air recirculation percentages, respectively.  On the other hand, using the solar 
collector contributes by 45% of the total energy required for drying the mint at 60oC and 90% air recirculation 
percentage during January, while it was 52% contribution during July at the same conditions. 

One kg dried mint costs LE 1.32 and 1.00 under the hybrid system during Jan. and July months, while it was LE 
2.39/kg and 2.08 under the artificial drying system during the same months using propane fuel.  In case of using 
diesel fuel; it costs 2.43 and 4.4 LE/kg and 1.84 and 3.82 LE/kg for the hybrid and the artificial systems, during 
January and July, respectively, when 90% of the drying air was re-circulated. 

The model results were validated at 90% of air recirculation and showed reasonable agreement with the experimental 
ones in temperature, moisture content of mint and energy consumption.       
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