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ABSTRACT 

Banana is the most waste generation among economic plants in the field 

due to sequence operations done during production year around. Drying 

air characteristics; greenhouse solar drier effectiveness; banana tree 

residues and banana peels distribution way on drying trays are 

highlighted for drying process optimization. Dried banana wastes 

introduced for lamb feeding is investigated. Both energy and exergy 

analyses of the drying process of banana wastes, using three different 

solar collectors in geometric shape with three independent drying 

chambers having the same geometric dimensions (mixed-mode forced 

convection type solar drier), are presented. Banana wastes get 

sufficiently dried at temperatures between 30°C and 54°C. Throughout 

the experimental procedure, air relative humidity did not exceed 66%, 

and solar radiation ranged from 69.34 to 871.6W/m2. Drying air mass 

flow was maintained within the interval of 0.0130 to 0.0143kg/s. Under 

these experimental conditions, two days were needed to reduce the 

moisture content to approximately one-fifteenth of the original value, in 

particular from 14.153kgH2O/kg dry matter down to 0.9kgH2O/kg dry 

matter via Cylindrical solar drier. The Cylindrical solar collector has the 

highest effect on the drying air capacity which can increase it rapidly 

decreasing moisture content dramatically in the second day, with the 

highest drying rate of 0.0302kg H2O and drying efficiency of 46.2% for  
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banana wastes with bed depth of 5cm and chopping length of 3cm and 

32.5% for banana peels with bed depth of 5cm. Energy utilization ratio 

for Cylindrical, Quonset and Trapezoidal solar driers is 48.77, 52.06 and 

55.58% respectively. The product with chopping length of 3cm has the 

highest pick-up efficiency with both bed depths of 5 and 8cm due to its 

higher specific surface area. Multiple linear regression analysis was 

done for studying the regress variables of wastes bed depth, chopping 

length, specific enthalpy of drying air, drying air capacity, heat energy 

gained, exergy and moisture content with drying rate and multiple linear 

regression equations are developed. Implementation of the first law of 

thermodynamics, energy analysis was carried out to estimate the 

amounts of heat energy gained from the created solar collectors and the 

ratio of energy utilization of the drying chamber. Also, applying the 

second law, exergy analysis was developed to determine the type and 

magnitude of exergy needed during the solar drying process. It was 

found that the great amount of exergy losses have been mainly taken 

place during the second drying day, when the available energy was less 

used. The summation of exergy required was of 0.36, 0.1423 and 1.5 

kJ/kg for the Cylindrical, Quonset and Trapezoidal solar driers during 

the first drying day, and of 0.94186, 0.44184 and 1.218 kJ/kg 

respectively during the second drying day.  

NOMENCLATURE  

Mo Initial moisture content, kg kg-1 d.b. 

Mt Moisture content at time t , kg kg-1 d.b. 

Wo Initial weight of the dried product, kg 

Wt Weight of product to be dried at any time, kg 

 Mass of evaporated water from the product, kg at time t 

Mds Mass of dry solids, kg 

T Time of drying, s 

d  System drying efficiency, % 

∆Hl Latent heat of water evaporation, kJ kg-1 

I Solar radiation incident on the aperture surface, W m-2 

A  Aperture area of the drier, m2 

Pf Energy consumption of fan, kW.h 

 Mass of evaporated water from the product during the first drying 

day, kg 
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Heat collection efficiency, unit 

 
Useful energy gain rate, W 

 
Energy collection area of solar collector, m2 

 
Specific heat at constant pressure, kJ/kg.K  

 
Mass airflow rate, kg s-1  

 
Inlet temperature of drying air, °C 

 
Outlet temperature of drying air, °C  

 
Absolute humidity of air leaving the drying chamber, kg H2O/kg dry 

air 

 
Absolute humidity of air entering the drying chamber, kg H2O/kg dry 

air 

 
Drying air absolute humidity at the point of adiabatic saturation, kg 

H2O/kg dry air 

 
Reference absolute humidity (instantaneous state) 

 
Drying air temperature at the point of adiabatic saturation, °C 

 
Pick-up efficiency, % 

 
Density of air, kg m-3 

 
Volumetric airflow rate, m3 s-1. 

 
Total aperture area of the drier, m2 

 
Latent heat of vaporization, kJ/kg.°C 

 
Specific enthalpy of drying air at drying chamber inlet, kJ/kg 

 
Specific enthalpy of drying air at drying chamber outlet, kJ/kg 

 
Air temperature at solar collector outlet, °C 

 
Air temperature at solar collector inlet, °C 

 
Energy utilization ratio, %  

D5 Banana residues bed depth of 5cm  

D8 Banana residues bed depth of 8cm 

T3  Banana residues chopping length of  3cm 

T5  Banana residues chopping length of  5cm 

P Banana peels 

ACH Drying air capacity based on absolute humidity 

ACT Drying air capacity based on temperature 
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INTRODUCTION 

nimal feed resources are limited and do not allow animal 

production to increase that meeting human consumption of 

protein. Forages are also unevenly divided between summer and 

winter. The major problem appears in summer season where there is no 

more alternative animal feed of clover. Due to forages shortage in Egypt, 

nutritionists thought about the nutritive values of crop residues and agro-

industrial by-products and the possibility of using them for animals 

feeding as it is, or after improving its nutritive values physically, 

chemically, or biologically. Banana leaves and pseudostems have 

chemical analysis close to clover and can play an important role to cover 

some nutrient requirements of the animals (Abd El-Gawad et al., 1994). 

Highest live weight was achieved when diet was supplemented with 

banana (Ibrahim et al., 2000). In addition, the banana wastes are 

available year around. The overall cultivated area of banana farms in 

Egypt is 64297.5 feddan. Egypt is considered to be the third country in 

banana production after Nigeria and Australia; banana wastes are 40 

tones per feddan for a year (Ministry of Agriculture, 2013).  Drying 

process is considered to be a preliminary treatment for further processes 

conducted on the industrial agro-based wastes and crop residues to feed 

cattle and goats, such as sugar beet tops (Abdallah, 2010). (Mohapatra 

et al., 2010) reported the nutritive value of banana foliage. Numerous 

research works relating the mathematical modeling and the kinetics of 

the drying process of vegetables, fruits and agro-based products are 

available at present in the scientific literature, such as those concerning 

pistachio (Midilli and Kukuk, 2003a), green beans (Doymaz, 2005a), 

okra (Doymaz, 2005b), carrots (Doymaz, 2004), bananas (Karim and 

Hawlader, 2005), potatoes and apples (Akpinar, 2005), red peppers 

(Akpinar et al., 2003), figs (Babalis and Belessiotis, 2004) , mint leaves 

(Doymaz, 2006), eggplants (Ertekin and Yaldiz, 2004), green peas 

(Simal et al., 1996), black tea (Panchariya et al., 2002) and prunes 

(Sabarez and Price, 1999). Thermal drying in solids might be regarded 

as the result of two simultaneous actions: a heat transfer process by 

which the moisture content of the solid is reduced, and a mass transfer 

process that implies fluid displacement within the structure of the solid 

A 
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towards its surface. Such motion is reported to depend on the structure, 

the moisture content and some other specific features of the material. 

Also, the separation of vapor from the solid substrate depends on the 

external pressure and temperature, on the total area of the solid surface, 

on Reynolds number and on the moisture content of drying air. Provided 

that thermal drying takes place very slowly at ambient conditions, drying 

plants are devoted to accelerate the process in order to achieve 

appropriate drying rates or, in other words, to supply the product with 

more heat than is available under ambient conditions (Dincer and Sahin, 

2004). The drying airflow can be obtained by natural or forced 

convection. (Ekechukwa and Norton, 1999) reported a detailed analysis 

of a large number of active and passive solar drying plants, focusing on 

their viability in rural areas. In the recent past, considerable efforts have 

been made to design and develop several types of solar driers around the 

globe (Leon et al., 2002 and Singh et al., 2004). Properly designed solar 

driers may prove to be energy saving devices for drying process 

(Hossain et al., 2005 and Zhiqiang, 2005). Out of the various solar drier 

designs developed and tested, the performance of mixed-mode driers is 

found to be the most effective in terms of product drying rate and drying 

cost (Simate, 2003). Furthermore, these driers incorporate the benefits of 

combined action of solar radiation incident directly on the food product 

to be dried and preheated air from solar collector connected to the drying 

chamber. Energy and exergy analysis for crop residues and agro-

industrial materials drying was studied by (Celma and Cuadros, 2009 

and Ceylan and Ergun, 2014). (Amer et al., 2010) designed and 

evaluated the performance of hybrid solar drier for banana. The drier 

consists of solar collector, reflector, heat exchanger cum heat storage unit 

and drying chamber. The drying chamber was located under the 

collector. The drier was operated during normal sunny days as a solar 

drier, and during cloudy day as a hybrid solar drier. One of the main 

goals in the design and optimization of industrial drying processes is to 

use as less energy as possible for maximum moisture removal for the 

desired final conditions of the product. As a consequence, energy 

quantity and quality as well as heat and mass transfer should be 

investigated throughout the drying process (Akpinar et al., 2006). 
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Therefore, a rigorous analysis of the convective drying process should be 

based on the mass and energy conservation principles as well as on the 

exergetic balance of the process, i.e. on the first and second laws of 

thermodynamics (Celma and Cuadros, 2009). The exergy of a 

thermodynamic system is defined as the maximum theoretical useful 

work (shaft work or electrical work) that can be obtained until 

thermodynamic equilibrium with the environment is reached, in presence 

of no other interacting system (Tsatsaronis, 2007). In order to achieve an 

efficient use of energy resources, exergy losses should be reduced as 

much as possible in all physical processes. In this sense, the exergetic 

analysis is required to locate and characterize the causes of exergy 

destruction or exergy loss, as well as to quantify the corresponding rates. 

Therefore the essential aim of the current investigation is to exploit the 

collected solar energy by different plastic greenhouses to be utilized for 

drying the agro-industrial wastes of banana. The specific objectives are to 

study the influence of different chopping lengths and drying bed depths 

of banana wastes on its drying rate; to determine the best geometrical 

shape of greenhouse solar collectors which ensure the highest thermal 

use efficiency for achieving drying experiments and to analyze both of 

the energy and exergy during solar drying process.  

MATERIALS AND METHODS 

Limited information about the energy and exergy analyses of banana 

residues (Peels, leaves and sheathes, pseudostem, pith and male bud) 

using solar drying process is available in the scientific websites 

literatures. Provided the high solar radiation levels in the middle regions 

of Egypt, and in particular in Elnobariah city, Elbeheirah governorate 

(where most of the banana farms are located 20113 feddan). Works on 

design and constructing suitable solar drier for banana residues and 

industrial by-products lead to an improvement of environmental 

management as having great interest. Note, for instance, that the total 

amount of banana residues per feddan reaches an approximate value of 

2.5719 106 tons per year in virtue 154% of banana production 

(Ministry of Agriculture, 2013). The present research work is intended 

to provide a possible solution to the above-mentioned problem. To do so, 

prototype solar drying plant has been manufactured, constructed, 
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installed, and a series of experiments have been carried out in order to 

achieve relevant data on the energy and exergy analyses of solar drying 

process. The effect of thermal treatment on nutrition value of the dried 

product was also investigated. Lambs low growth rates are recorded, 

which the low intake of digestible dry matter, the recommended dry 

matter for banana residues is 101g dry matter/kg foliage (Marie-

Magdeleine et al., 2010). 

 

EXPERIMENTAL SETUP 

The experimental setup, shown in Figure 1, consisted of three different 

forms of greenhouse solar collector and a greenhouse drying chamber, 

Figure 2. A centrifugal suction fan was mounted at tray beneath to 

circulate the drying air inside the drying chamber and force it to penetrate 

the crop residues. A solar radiation sensor, Model (H-201) was connected 

to a chart recorder Model (YEW 3057) to convert the voltage signal to an 

equivalent reading in kWh/m2. The solar radiation was measured and 

recorded during the period started from 10:00AM to 6:00PM. The 

available solar radiation was determined every hour by using the 

equation of  ; where SE is available solar energy, kWh; 

SR is solar radiation flux incident on greenhouse surface, kW.h/m2, and 

Ag  is the greenhouse area, m2. Three thermocouples were used to 

measure the heated air temperatures inside the solar collectors aligned 

vertically with equal distances, Figure 3; other thermocouples were 

located centrally inside the drying chamber and the last one at fan outlet. 

The thermocouples were connected with electronic data logger, 

LOGBOX-AAIP65 and its wireless interface with USB cable to record 

the temperature readings every hour intervals. The thermocouples used 

were K-type with accuracy of ± 0.1°C. A hot wire anemometer, model 

Kanomax 24-6111, was used to measure the outlet air velocity of fan in 

m/s.  Air temperature and relative humidity for the ambient and heated 

air were measured by a digital temperature and humidity meter, Model 

Chino HNK. The measurements were done at hour intervals. Samples of 

banana residues were gathered from different positions of each drier 

every hour interval. The banana residues moisture content was measured 

by an oven set at 60°C for 48h as recommended by (ASAE, 1998). 
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EXPERIMENTAL PROCEDURE 

This study was carried out at Rice Mechanization Center in Meet 

Eldeebah village in cooperation with Animal Production Research 

Station in Sakha village, Kafr Elsheikh governorate, Egypt. Drying 

experiments were conducted during August 2013, with maximum and 

minimum air temperatures around 38 and 23°C, respectively. Air relative 

humidity did not exceed 66% and solar radiation ranged between 69.34 

and 871.6W/m2.  Banana residues were chopped mechanically with 

definite lengths of 3 and 5cm (T3 and T5) but the peels were left as they 

are. Samples were spread on the tray with bed depths of 5 and 8cm (D5 

and D8). Drying experiments were performed with six trays for each trial 

inside greenhouse solar drier. During solar drying process, the drying air 

temperature depends on the value of the incident solar radiation. In all 

experiments described here, no additional heating energy was supplied to 

the samples apart from direct solar radiation. The circulation fan was 

used in this work with air velocity of 1.5m/s. The experiments ended 

when the moisture content of the samples were reduced from 14.153kg 

H2O/kg dry matter to a final value of approximately 0.9kg H2O/kg dry 

matter. To do so, the load/unload cycle was set from 10:00AM first 

drying day until 6:00PM second drying day. Moisture loss, ambient 

temperature and relative humidity, inlet and outlet temperatures of drying 

air in the greenhouse solar collector and drying chamber were recorded at 

60min intervals during the drying process.  

DRYING AIR CHARACTERISTICS 

Drying air capacity 

The capacity of air for moisture removal depends on its humidity and its 

temperature. Drying air capacity is an important indicator determining 

the drying air power; two terms are used to declare the amount of drying 

force or moisture tension based on absolute humidity difference and on 

air temperature difference. The drying air capacity based on absolute 

humidity is defined as the difference between air absolute humidity and 

the absolute humidity at adiabatic saturation or the difference between 

dry temperature and air temperature at adiabatic saturation 

(thermodynamic wet-bulb temperature). 
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Eqn 1 

 
Eqn 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Greenhouse Cylindrical solar drier consisted of Cylindrical 

solar collector and greenhouse drying chamber. 

Specific enthalpy 

Corresponding to the specific heat (cp) of gases is the humid heat (cs) of 

moist air. It is used in the same way as a specific heat; the enthalpy 

change being the mass of dry air multiplied by the temperature difference 

is called sensible enthalpy and by the humid heat also called latent 

enthalpy. The units are kJ/kg.°C and the numerical values can be read off 

a psychrometric chart. 
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Figure 2: Three different greenhouse solar collector arrows show air 

directions solar of collector inlets and outlet. 
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Figure 3: Thermocouples positions inside the three greenhouse solar 

collectors. 

 

It differs from specific heat at constant pressure in that it is based only on 

the mass of the dry air. The specific heat of the water it contains is 

effectively incorporated into the humid heat which therefore is 

numerically a little larger than the specific heat to allow for this. Change 

in enthalpy of air is equal to heat transferred convectively to the product 

and heat supplied to air in the evaporated moisture (Hossain et al., 

2005). 
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GREENHOUSE SOLAR DRIER PERFORMANCE 

Energy analysis 

An energy analysis of the thick-layer drying process was performed to 

better determine the energetic aspects as well as the behavior of the 

drying air throughout the forced convection type solar drier. During 

drying process, air conditioning includes heating, cooling and 

humidification (Midilli and Kucuk, 2003a), and such steps can be 

modeled as steady flow processes to be analyzed by using the principles 

of steady flow conservation of mass (for dry air and moisture) and 

energy. The general equation of mass conservation of drying air can be 

expressed as 

 

Eqn 3 

 and  being the inlet and the outlet mass flows of specific 

humidity, respectively;  is the mass flow of moisture of the 

product;  is the inflow specific humidity and  is the outflow 

specific humidity.  Finally, the general equation of energy conservation 

has the form: 

 
Eqn 4 

Where e is the enthalpy,  is the velocity of the drying air,  is the 

net heat rate and  is the energy utilization rate. In general, drying 

processes depend on the changes produced in the properties of the 

drying air – wet air in our case. Therefore, values of the main 

psychrometric variables need to be determined in order to analyze 

air’s features during the drying process. For this purpose, wet air will 

be considered as a one-phase homogeneous system with two 

components that is governed by the ideal gas laws for fluid mixtures. 

On-line psychrometric chart program (Psychrometrics, 2013) used 
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for determining of the psychrometric and thermodynamic properties 

is based on the consideration of 10.2m altitude above sea level and 

the results are within the scope of ANSI/ASHRAE 41.6-1994. The 

absolute humidity and temperature at adiabatic saturation were also 

determined by the program of Psychrometric Chart + Duct Calculator 

V4.4; the program uses IAPWS-IF97 equation for water/vapor 

properties calculating, and treats moist air as real gas for high 

precision. 

 

Determination of the outlet conditions of greenhouse solar collectors 

The inlet conditions of the solar collector were assumed as being equal to 

the ambient conditions: 

 
Eqn 5 

Where subscript ci defines the collector inlet and amb the ambient. Using 

the values of the outlet and inlet temperatures of the solar collector, the 

useful energy gain by the drying air, , was determined from 

equation 6: 

 Eqn 6 

Where  and  refer to the drying air temperatures at the inlet and 

outlet of the solar collector, respectively. Provided that the psychrometric 

transformation of wet air inside the collector is exclusively a sensible 

heating, we have that , and therefore the values of relative 

humidity ( ) and specific enthalpy ( ) at the outlet of the air solar 

collector can be fitted using the psychrometric program. 

 

Determination of the inlet and outlet conditions of greenhouse drying 

chamber 

The setup of the solar drier was assumed to be such that the conditions of 

drying air at the inlet of the drying chamber were the same as those at the 

outlet of the solar air heater. This way, the small heat losses that may 

develop between the heater outlet and the drying chamber inlet are 

neglected, and hence one has where subscript dci defines the drying 

chamber inlet and ho the heater outlet. 
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 Eqn  7 

Using Eqn 3, the values of the specific humidity of the drying air at the 

outlet of the drying chamber can be calculated as follows: 

 
Eqn 8 

Where  denotes the specific humidity of the drying air at the inlet 

of the drying chamber and  is the mass flow rate of the moisture 

removed from the residues on the tray. The relative humidity and the 

enthalpy of the drying air at the outlet of the drying chamber were 

estimated using the psychrometric chart program. During the drying 

process at the tray inside the drying chamber, the heat used can be 

calculated by using the psychrometric chart together with the following 

equation: 

 Eqn 9 

Exergy analysis 

Thermodynamic analysis, particularly exergy analysis, has appeared to 

be an essential tool for system design, analysis and optimization of 

thermal systems, including drying systems (Dincer and Sahin, 2004). 

Exergy is defined as the maximum amount of work which can be 

produced by a stream of matter, heat or work as it comes to equilibrium 

with a reference environment. In the drying industry, the goal is to use a 

minimum amount of energy for maximum moisture removal for the 

desired final conditions of the product. Several studies have been 

conducted on exergy analysis of food drying (Dincer, 2002). Exergy is a 

measurement of the maximum useful work that can be done by a system 

interacting with an environment at a constant pressure and temperature. 

The simplest is that of a reservoir with heat source of infinite capacity 

and invariable temperature. The maximum efficiency of heat withdrawal 

from a reservoir that can be converted into work is called the Carnot 

efficiency (Tsatsaronis, 2007). The features of exergy are identified to 

highlight its importance in a wide range of applications (Midilli and 

Kucuk, 2003b ). Exergy analysis has been increasingly as a useful tool 
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in the design, assessment, optimization and improvement of energy 

systems (Doymaz, 2005). The exergy was determined based on the 

following equation: 

 

Eqn 10 

Energy utilization ratio  

The energy utilization ratio of the drying chamber (EURdc) is defined as 

the ratio of the energy utilization for drying to the useful solar energy and 

is generally calculated by using the following equation using the 

psychrometric chart: 

 
Eqn 11 

Where  the mass flow rate (kg/s), se the specific enthalpy (kJ/kg), Cp 

the specific thermal capacity of air (kJ/kg K), T temperature (K or °C). 

 

Thermal efficiency of solar collector and drying chamber 

A measure of solar collector performance is the collector efficiency or 

heat collection efficiency, defined as the ratio of useful heat gain over 

any time period to the incident solar radiation over the same period 

(Koyuncu, 2006), thus collection efficiency can be defined as: 

 
Eqn 12 

The useful heat gain by a solar collector can be expressed as: 

 Eqn 13 

From Eqns 12 and 13, 

 
Eqn 14 

DRYING PROCESS PERFORMANCE ANALYSIS 

Instantaneous moisture content (Mt) 

To evaluate the performance of each drying unit, a methodology 

proposed by Leon et al. (2002) was used in this study. The instantaneous 
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moisture content ( ) on dry basis at any time can be calculated from 

the following equation: 

 
Eqn 15 

Drying rate  

The drying rate was found by the decrease of the water concentration 

during the time interval between two subsequent measurements divided 

by this time interval. The drying rate (DR) was therefore expressed by 

the following equation. 

 
Eqn 16 

Drying efficiency 

To evaluate drying performance of each solar drier overall system, the 

drying efficiency (d) is used. The system efficiency of a solar drier is a 

measure of how effectively the input energy to the drying system is used 

in drying product. System efficiency for the forced convection solar 

driers needs to take into account the energy consumed by the fan. The 

following equation is then used: 

 
Eqn 17 

Pick-up efficiency 

Pick-up efficiency is useful for evaluating the actual evaporation of 

moisture from the product inside the drier. It is a direct measure of how 

efficiently the capacity of air to absorb moisture is used. The pick-up 

efficiency is defined as the ratio of the moisture picked up by the air in 

the drying chamber to the theoretical capacity of the air to absorb 

moisture. Mathematically it can be expressed by the following equation: 

 
Eqn 18 

 

IN-VITRO DIGESTIBILITY TECHNIQUE 

An in-vitro dry matter digestibility (IVDMD) on dried banana wastes 

(Tilley and Terry, 1963) method was adopted by (Abd El-Ghani et al., 
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2002) to determine In-vitro Dry Matter Disappearance (IVDMD). 

According to the preliminary evaluation done in-vitro , banana wastes 

was evaluated metabolically by lambs. 

RESULTS AND DISCUSSION 

The energy and exergy analyses for banana agricultural (tree residues) 

and industrial (peels) wastes drying process via three different mixed-

mode forced convection type solar driers were performed with data 

obtained from the experiments. Figures 4 and 5 show the values of the 

incident solar radiation measured on a horizontal surface, the ambient air 

temperature, the temperature of the drying chamber, Trapezoidal solar 

collector and at fan outlet versus drying time. Note that t-8h (10:00AM) 

in the drying time axis corresponds to drier’s load at morning of the 

second drying day. It can be seen that the solar radiation has its 

maximum value of 871.56 and 872.208W/m2 at 12:00PM (drying time t-

1h and t-10h) for the first and second drying day respectively. Relative 

humidity has its maximum value of 62.45% at 6:00PM and temperature 

of 29.75°C (drying time t-8h) and its minimum value of 36.9% at 

1:00PM (t-3h) and temperature of 36.3°C at the first drying day. The 

same behavior is obtained at the second drying day as ambient air 

temperature increases to 34.05°C at 12:00PM (t-11h) its relative 

humidity decreases to 33.5% and as ambient air temperature decreases to 

29.5°C at 6.00PM (t-17h) its relative humidity increases to 55.9%. 

Ambient air and Trapezoidal, Quonset and Cylindrical drying chamber 

temperatures increase with drying time until maximum values of 38.8 

and 49.1°C, 55.2 and 53.9°C are reached, respectively. It was observed 

that the drying air temperature inside greenhouse solar collector, drying 

chamber and at fan outlet depend on ambient air temperature, Figure 6. 

As ambient air temperature increases to 35.1°C, the Trapezoidal, Quonset 

and Cylindrical solar collectors drying air temperatures increase to 43.7, 

45.3 and 51.9°C respectively for the first drying day and to 44.1, 48.7 

and 54.3°C respectively in the second drying day; their drying chamber 

temperature increases to 45.9, 49.5 and 52.8°C respectively in the first 

drying day and to 49.1, 52.2 and 53.4°C in the second drying day 

respectively; and temperature at fan outlet increases to 45.3, 48.7 and 

48.7°C respectively and in the second drying day to 48.7, 51.9 and 
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51.9°C respectively. Cylindrical solar drier records the highest air drying 

temperatures under the same weather conditions. Other observation is, as 

ambient air temperature increases, the temperature of drying air inside 

greenhouse solar collectors and their drying chambers increase gradually 

until certain level. In other words, thermal capacity saturation is reached. 

The Figures of solar collectors and drying chambers of the three drier 

systems illustrate that the solar thermal capacity is achieved at ambient 

air temperature of 33°C. Finally it can be stated that the thermal capacity 

range of the three solar collectors and their drying chambers is between 

29 to 33°C but at fan outlet is different.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: The effect of ambient air temperature on the temperature of the 

three solar driers and weather conditions variations with the 

drying time.   
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This means the whole thermal system is still work under its thermal 

capacity for the three solar driers due to sun exposure time duration for 

drying air from greenhouse solar collector to greenhouse drying chamber 

above drying material trays and passing through it to get out by 

centrifugal fan. This journey time aids heat energy to transfer to drying 

air, so the whole solar system range is between 29 to 38°C. From the 

results shown, it can be concluded that the solar collectors volume need 

to be doubled to meet with the ambient air temperature range, but the 

greenhouse drying chamber has the ability to compensate that. In future 

the drying air at fan outlet can be reused and exploit its energy in air 

heating.  

Figure 5 shows drying air capacity based on absolute humidity 

difference and based on temperature difference variations of the 

collectors, drying chambers and at fan outlet for each solar drier related 

to drying hours. The highest drying air capacity values are obtained at 

daytime of 12:00 -3:00PM (t-2 to t-5h) in the first drying day and from 

12:00 - 2:00PM (t-11 to t-13h) in the second drying day. The drying air 

capacity based on absolute humidity and on temperature difference are 

raised from 0.00004kg H2O/m3 and 6.05°C of the ambient to 0.00795 and 

17.6, 0.0043 and 16.34 and 0.00578kg H2O/m3 and 16.8°C by 

Cylindrical, Quonset and Trapezoidal solar collectors respectively in the 

first drying day. The same behavior is achieved in the second drying day. 

The Cylindrical solar collector has the highest values of drying air 

capacity. Once the drying air enters the drying chamber; the drying air 

capacity decreases from 0.00795 to 0.005885kg H2O/m3and from 

0.00578 to 0.004353 for Cylindrical and Trapezoidal solar driers, 

respectively. These losses are due to moisture migration from the drying 

product. But in the Quonset drier, the drying air capacity of 0.00429kg 

H2O/m3 is still raising inside drying chamber because the drying air 

doesn't reach stability at the moment of entering drying chamber (ranged 

from 0.0058 to 0.006kg H2O/m3 according to its temperature). So there is 

some of lost in drying air capacity such as Cylindrical and Quonset solar 

driers, but on the other hand, the drying air is still need energy to achieve 

stability meeting the temperature inside drying chamber makes 

summation is increasing in drying air capacity from 0.004295 to 
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0.00578kg H2O/m3. It is noticed that if drying chamber is not loaded, the 

drying air capacity will increase enough meeting the temperature raising 

inside drying chamber but the product nearly makes the drying air 

capacity at the same range especially for temperature difference. The 

relationship between drying air temperature inside each solar drier or 

collector and its drying capacity is illustrated in Figure 5. It is observed 

that, as drying air temperature increases from 35 to 42, the drying air 

capacity based on absolute humidity increases from 0.0028 to 0.0049, 

0.001 to 0.0025 and 0.0018 to 0.0038kg H2O/m3 for Trapezoidal, 

Quonset and Cylindrical solar collectors respectively. The Trapezoidal 

solar collector goes to be stable 0.005kg H2O/m3after drying air 

temperature 45°C; and the two other solar collectors have the ability to 

increase according to their temperatures. The specific enthalpy in the 

Trapezoidal solar collector has higher fluctuations than that of the other 

two driers. In General, the specific enthalpy inside the solar collector has 

lower values than that of the ambient specific enthalpy in the first drying 

day and much varies in the second drying day, Figure 9. This may be 

attributed to that the specific enthalpy is analyzed to its origins latent 

specific enthalpy and sensible specific enthalpy for Trapezoidal solar 

collector. The results show that the ambient air has higher latent specific 

enthalpy than air inside Trapezoidal solar collector, but the sensible 

specific enthalpy of the air inside Trapezoidal solar collector has higher 

values than that of ambient air, Figure 6. This interprets that some latent 

enthalpy is transferred from the Trapezoidal solar collector to drying 

chamber by some fluid mechanics which controls the drying air 

movement during drying process. The maximum specific enthalpy added 

by Cylindrical solar collector is 14kJ/kg at 2:00PM (t-4h) in the first 

drying day and adds 26.02 and 22.36kJ/kg at 10:00AM (t-9h) and 

1:00PM (t-12h), respectively and decreases gradually until reached to be 

nothing at 5:00PM (t-7h) in the first drying day and 5:00PM (t-14h) in 

the second drying day. Whereas, the maximum specific enthalpy added 

by the drying chamber in the first drying day at 1:00PM (t-3h) is 

14.315kJ/kg and in the second day at t-9h and t-14h is 21.87 and 

21.635kJ/kg, respectively. The overall heat energy gained by the solar 

collector during the first drying day is 2351.97, 4182.44 , 4313.99 kJ and 
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in the second drying day is 2868.48, 4932.16, 4894.79kJ for Trapezoidal, 

Quonset and Cylindrical solar driers respectively. While the drying 

chamber can collect 1738.82, 931.37, 1285.91kJ during the first drying 

day and 1874.11, 521.67, 1055.52kJ during the second drying day for 

Trapezoidal, Quonset and Cylindrical solar driers under drying process 

conditions. The Trapezoidal solar collector has the lowest heat energy 

collection while its drying chamber has the highest collection. 

Theoretically the three drying chambers should have the same heat 

energy collection because the three drying chambers have the same 

dimensions and shapes, but the drying chamber of Trapezoidal solar 

collector has the highest heat energy gained. So Therefore, this result 

proves the introduced interpretation of specific enthalpy of Trapezoidal 

solar collector which is lower than the ambient despite of the sensible 

specific enthalpy is vice versa. The difference is due to the latent specific 

enthalpy transferred to drying chamber and make its collected energy is 

the highest. The heat energy collected by greenhouse solar collector and 

drying chamber differs in case of the drier is loaded or not. While the 

drying chamber without load has the same behavior in energy collection 

like the solar collector but the amount is depending on the aperture area 

only. In the first drying day, the heat energy gained varied from 34.27 to 

76.53J/s in at the time of 12:00PM (t-2h) to 6:00PM (t-8h) in the first 

drying day and from 14.2 to 75J/s in at the time of 2:00PM (t-13h) to 

6:00PM (t-17h) in the second  drying day. Thermal collection efficiency 

for each solar drier is ranged from 23.91 to 33.02, 24.09 to 30.78 and 

16.16 to 20.33% at time from 11:00AM (t-1h) to 4:00PM (t-6h) for 

Cylindrical, Quonset and Trapezoidal solar driers respectively, Figure 6. 

The maximum thermal efficiency is 55.7, 60.19 and 32.87% obtained at 

6:00PM (t-8h) for Cylindrical, Quonset and Trapezoidal solar driers 

respectively in the first drying day and the second day behaves the same. 

The thermal collection efficiency achieved by (Banout et al., 2011) 

ranges from 49 to 75% depending on the collector type and obstacles 

used in the collector. It is obvious that thermal collection efficiency 

increases drastically after t-6h and t-14h due to the lower solar energy 

and heat energy stored inside. Hence, thermal collection efficiencies at 

these times are exceptional case. The average thermal collection 
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efficiency is 31.12, 29.96 and 19.44% for Cylindrical, Quonset and 

Trapezoidal solar driers. Cylindrical solar drier recorded the highest 

thermal collection efficiency. The energy utilization ratio (EUR) of the 

three utilized solar driers, at the first stage of drying process, is higher 

than those at drying times later due to the moisture tension force at initial 

is lower. During the drying process, the moisture content of the product 

decreases for the same energy input. Furthermore, at the beginning of the 

drying process, the energy efficiencies are observed to be higher than at 

the final stage and are found to be low at the end of drying process. The 

average energy utilization ratio for Cylindrical, Quonset and Trapezoidal 

solar driers is 48.77, 52.06 and 55.58% respectively. The average values 

of energy utilization ratio in the second drying day are higher than those 

of the first drying day due to latent specific enthalpy of drying air in the 

second drying day is higher than that of the first one. Trapezoidal solar 

drier shows the highest EUR of 55.58% due to the accumulated latent 

specific enthalpy inside its drying chamber that escaped from 

Trapezoidal solar collector.     

 

 

 

 

 

 

 

 

 

Figure 5: Drying air capacity at inlet conditions (ambient), collector, 

drying chamber and fan outlet based on absolute humidity and 

temperature differences. 

A mixed-mode forced convection solar drier's types are different in 

exergy analysis about those indirect drier types because drying chambers 

are exposed directly to solar energy and sharing the exergy addition to 

drying air stream. Exergy summation is the exergy gained by greenhouse 

drying chamber minus exergy used for evaporation. As ambient air 

temperature increases the exergy losses increases. 
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Figure 6: Energy analysis for the three solar driers as heat energy gained 

by the system, thermal collection efficiency and energy utilization ratio. 

The energy and exergy analyses of the drying process of olive mill 

wastewater (OMW) using an indirect type natural convection solar drier 

were presented by (Celma and Cuadros, 2009) and it was found that the 

exergetic efficiencies of the drying chamber decreased as inlet 

temperature was increased, provided that exergy losses became more 

significant. So the drying process needs exergy of 0.3567, 0.1423 and 

1.5kJ/kg drying air for Trapezoidal, Quonset and Cylindrical solar driers 

respectively during the first drying day, and needs 0.94186, 0.44184, 

1.218 kJ/kg drying air for Trapezoidal, Quonset and Cylindrical solar 

driers respectively during the second drying day from the exergy carried 
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by drying air from their solar collectors. Generally these amounts of 

exergy are needed at the last three hours of drying time due to more 

exergy losses with lower moisture content. It is observed that, at the 

beginning of drying process, the moisture content profiles in both cases 

are nearly the same. As drying progresses, the moisture content 

decreases. The following discussion is concerned with studying the effect 

of chopping length and drying bed depth on moisture migration 

mechanism under the same conditions. In Figure 8, the observed 

moisture content profiles of chopping length 5cm with bed depth 5cm are 

higher than those of chopping length 3cm with bed depth 5cm and the 

same behavior for bed depth of 8cm was found. The chopping length of 

5cm is higher than those of 3cm. In the case of bed depth, the moisture 

content profiles of bed depth 8cm are higher than those of 5cm for both 

chopping length 3cm and 5cm. For banana peels, the moisture content 

profile of bed depth 5cm is higher than that of bed depth 3cm. From the 

comparison above between moisture content profiles, it can be concluded 

that lower bed depth and lower chopping length lead to lower moisture 

content due to lower chopping length has higher specific surface area 

faced drying air stream and bed depth too has lower drying air resistance 

that let permit the drying air passed and penetrate the drying product 

easily. The lowest final moisture content based on dry basis obtained by 

Trapezoidal, Quonset and Cylindrical solar driers are 1.7 (0.66), 1.2 

(0.61) and 0.9 (0.56) kg H2O/kg dry matter (kg H2O/kg wet matter) 

respectively at bed depth 5cm and chopping length 3cm for Quonset and 

Cylindrical solar driers, but at for Trapezoidal solar drier, the lowest 

value obtained at bed depth 8cm and the same chopping length of 3cm. 

The Cylindrical solar drier has the lowest final moisture content if 

compared to the other two driers. It is observed from Figure 9 that, there 

are two different drying curve profiles; the drying rate curve profile at the 

first drying day is higher than the drying rate curve at the second drying 

day until the equilibrium moisture content is reached and the other drying 

rate curve profile is the drying rate at the first drying day is lower than 

the drying rate curve at the second drying day until the equilibrium 

moisture content is reached obtained. The difference in these curves is 

due to drying airflow resistance above the drying trays. In other words, if 
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the drying air can penetrate easily the product, the drying rate at the first 

drying day is higher than at the second one which corresponds to higher 

initial moisture content of the product at the beginning of drying process. 

On the other hand if the drying air has higher resistance or can't getting 

through easily, the drying rate is lower until the size of product is 

reduced in the second drying day (by picking up some moisture from the 

product in the first drying day) aiding the drying air to pass fluently and 

then drying rate becomes higher. The highest drying rate occurred in case 

of Cylindrical solar drier 0.0302kg H2O/ kg dry matter.min where the 

final moisture content 0.9kg H2O/ kg dry matter is reached after 17h of 

drying followed by Quonset solar drier with drying rate 0.02116kg/kg 

dry matter.min and final moisture content 1.24kg H2O/ kg dry matter 

after 17h and Trapezoidal solar drier with drying rate 0.018462kg 

H2O/kg dry matter.min and final moisture content 2.83kg H2O/ kg dry 

matter after 17h of drying time. The highest drying rate achieved for each 

treatment of experiment was of 0.0302, 0.016981, 0.02003 and 

0.01473kg H2O/kg dry matter.min for D5T3, D5T5, D8T3 and D8T5 

respectively.  These results correspond to observations reported by 

Hossain and Bala (2007) in the study focused on solar drying of red 

chilli. In all the previous studies of drying process the relationship 

between energy supply and drying rate was investigated. The drying rate 

supposed to be directly proportional to energy supply. But in this case 

under study there are other variables are controlling the drying rate inside 

the solar driers.  

 

 

 

 

 

 

 

 

Figure 7: Exergy as a function of drying time inside solar collector, 

drying chamber and at fan outlet for each solar drier. 

 



BIOLOGICAL ENGINEERING 

Misr J. Ag. Eng., July 2014 - 1146 - 

The interested variables are specific enthalpy, drying air capacity, heat 

energy gained, exergy and moisture content. According to the multiple 

regression equations, it is obvious that the drying rate for each treatment 

is totally related to these variables and in general P-value<0.01 for each 

variable. While other variables such as solar drier type, drying bed depth 

and chopping length are considered in the analysis, it is also affect 

significantly on the drying rate P-value < 0.01, Table 4. In the first 

drying day, the drying process starting at 11:00AM and tends to increase 

to from t-5h (4:00PM), t-5h (4:00PM) and t-6h (5:00PM) for 

Trapezoidal, Quonset and Cylindrical solar drier respectively. 

 

 

 

 

 

 

 

 

 

 

Figure 8: Moisture content on dry basis as a function of drying time. 

 

The increment in drying efficiencies is due to the solar energy starts to be 

lower and the amount of heat energy stored in the drier and product is 

still used in evaporation, the evidence of that in the second drying day the 

drying efficiencies are starting lower with values of 0.3 to 0.9%. This 

interprets that some solar energy is primarily used in product heating for 

further evaporation. The highest drying efficiencies obtained in the first 

drying day by Cylindrical solar drier are 12, 24.69, 38.23, 24.74, 60.2 

and 37.43 for D5T3, D5T5, D8T3, D8T5, PD3 and PD5, respectively. In 

the second drying day, the drying efficiency remains nearly constant 

around values of 46.2, 17.9, 4.17, 15.1, 14.4 and 32.5% for D5T3, D5T5, 

D8T3, D8T5, PD3 and PD5, respectively from t-10h to t-15h for 

Cylindrical solar drier. The drying efficiencies at the beginning and 

ending of drying process are exceptional cases. The highest drying 
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efficiency is achieved at D5T3 of 46.2% by Cylindrical solar drier 

followed by Quonset solar drier 32.96% and finally by Trapezoidal solar 

drier 20.5%.  

Table 4: Drying rate multiple regression analysis. 

Banana tree wastes Banana peels 

Variables Coefficients p-value R2 Variables Coefficients p-value R2 

Intercept 0.042366 P<0.01 

0.732 

Intercept -0.00985 P<0.01 

0.710 

Drier type -0.00102 P<0.01 Drier type -0.00052 P<0.01 

Drying bed depth -0.00107 P<0.01 Drying bed depth 0.001221 P<0.01 

Chopping length 4.53E-05 P<0.01 Specific enthalpy 0.000658 P<0.01 

Specific enthalpy 0.000418 P<0.01 Drying air capacity 0.000992 P<0.01 

drying air 

capacity 
0.001253 P<5.0 Energy 1.8E-05 P<0.01 

Energy gained 6.96E-06 P<0.01 Exergy 0.000384 P<0.01 

Exergy  -0.00027 P<0.01 M.C wb -0.02978 P<0.01 

M.C wb -0.08575 P<0.01 ------ ------  

The initial pick-up efficiencies of the three solar driers show higher 

values in the first and second drying days is due to banana peels' 

moisture can be easily picked-up at the beginning of the first drying day, 

but banana tree wastes nearly has a determined pick-up efficiency for 

each treatment, while in the second drying day is due to the trapped 

moisture in product's void spaces. Pick-up efficiency ranged from 4.19 to 

14%, from 1.3 to 7.8% and from 1.3 to 10.7% for Trapezoidal, Quonset 

and Cylindrical solar driers respectively. Generally the product with 

chopping length 3cm has the highest pick-up efficiency with both bed 

depths 5 and 8cm. Banana peels with bed depth 3 and 5cm has the 

highest pick-up efficiencies with Trapezoidal solar drier of 13.37 and 

14% respectively is due to smaller chopping length help the drying air to 

pick-up the moisture easily for its higher specific surface area. 



BIOLOGICAL ENGINEERING 

Misr J. Ag. Eng., July 2014 - 1148 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Drying rate as a function of drying time and energy supply for 

each solar drier under different treatments. 

 

Digestion coefficients, chemical composition and in vitro dry matter 

digestibility  

Chemical composition of banana wastes is presented in Table 5. It's 

revealed that banana wastes have close digestibility values (IVDMD) of 

70.1 to concentrate feed of 87.1. The digestion coefficients for all 

components in banana wastes are presented in Table 6 and compared 

with concentrate feed the feed intake as TDN of 45.7 is close to 

concentrate feed of 56.4. 
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Table 5: Chemical composition and In-vitro dry matter digestibility, %.  

Item Dry 

matter 

Organic 

matter 

Crude 

protein 

Either 

extract 

Crude 

fiber 

Nitrogen 

free 

extract 

Ash In-vitro dry 

matter 

digestibility 

Banana wastes 90.60 88.6 8.620 2.40 29.67 38.46 11.40 70.10 

Concentrate feed  90.5 89.1 16.4 3.2 13.66 46.34 10.9 87.1 

Table 6: Digestion coefficients and feeding value (%) of the ingredients. 

Items 
Dry 

matter 

Organic 

matter 

Crude 

protein 

Either 

extract 

Crude 

fiber 

Nitrogen 

free 

extract 

Nutritive value 

TDN DCP 

Banana wastes 50.13 52.07 57.13 45.57 40.56 58.07 45.7 4.95 

Concentrate feed 68.4 77.4 70.2 85.53 45.23 89.17 56.4 11.51 

CONCLUSIONS 

Drying air and drier type were analyzed energetically to show their 

effectiveness on drying process evolution inside drying chambers. The 

drying air characteristics under interest are drying air capacity based on 

absolute humidity difference and on temperature difference and specific 

enthalpy (latent and sensible). Three greenhouse solar driers performance 

was evaluated by calculating the amount of heat energy gained by the 

solar system as a whole and by each component (collector and drying 

chamber), thermal collection efficiency and exergy available inside 

drying chamber. The drying process effectiveness under different 

methods of banana wastes distribution on the drying trays (D5T3, D5T5, 

D8T3, D8T5, PD3 and PD5) was illustrated as product moisture content 

wet basis and dry basis and drying rate. The indicators judging drying 

process inside three different greenhouse solar driers in relation to drying 

air characteristics are energy utilization ratio, drying efficiency and Pick-

up efficiency. Drying air capacity based on absolute humidity difference 

and on temperature difference, the difference is between adiabatic state 

and instantaneous state whether is for absolute humidity or temperature. 

Drying air capacity was measured at four locations (for ambient as initial 

conditions, solar collector, drying chamber and at fan outlet). The 

Cylindrical solar collector has the highest effect on drying air capacity 

that can increases drying air capacity rapidly, but the other two driers 
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need some additional time to achieve the required level. While the 

Quonset solar drier is adding the highest amount of specific enthalpy if 

compared to the two others. Both Quonset and Cylindrical solar driers 

have nearly the same heat energy gained of 4932 and 4894.8kJ in the 

second drying day. The same trend about thermal collection efficiency, 

both Quonset and Cylindrical solar driers have the highest efficiency of 

28.46 and 27.44% respectively. Exergy analysis was used in this study to 

ensure that solar driers' volumes are suitable for meeting drying air 

requirements achieving minimum entropy generated. Exergy resultant 

inside drying chamber for each solar drier indicates that the driers have 

sufficient volumes meeting drying process guaranteeing the greenhouse 

drying chamber with forced drying need their solar collectors for drying 

process completeness at times from 10:00AM to 12:00PM in the first 

drying day and the drying chamber can work independently afterwards. 

The Cylindrical drying chamber needs the highest exergy of 1.5kJ/kg 

drying air from its collector in the second drying day especially at last 

three hours due to evaporation is progressive gradually obtaining the 

lowest final moisture content of 0.9kg H2O/kg dry basis. It was observed 

for the Cylindrical solar drier, the moisture content decreases 

dramatically in the second drying day, ensuring the highest drying rate 

0.0302kg H2O for D5T3. Drying rate is a resultant factor of specific 

enthalpy, drying air capacity, heat energy gained by solar collectors, 

exergy, waste distributions on drying trays and wastes moisture content. 

These variables have a significant effect on drying rate p<0.01.  

 

 
R2=0.732 

 
R2=0.710 

Where DT is drier type, dep is drying depth, Se is specific enthalpy, AC 

drying air capacity, Eng is energy gained, Exg is exergy available and 

MC is wastes moisture content. Energy utilization ratio for Cylindrical, 

Quonset and Trapezoidal solar driers is 48.77, 52.06 and 55.58% 

respectively. Mean energy utilization ratio in the second drying day is 

higher than that of the first drying day due to latent specific enthalpy of 



BIOLOGICAL ENGINEERING 

Misr J. Ag. Eng., July 2014 - 1151 - 

drying air in the second drying day is higher than that of the first drying 

day. The drying efficiency for D5T3, D5T5, D8T3, D8T5, PD3 and PD5 

is of 46.2, 17.9, 4.17, 15.1, 14.4 and 32.5%, respectively from t-10h to t-

15h for Cylindrical solar drier. D5T3 and PD5 are the most suitable 

waste distribution on drying trays and the highest drying efficiency with 

all driers' type. The product with chopping length 3cm has the highest 

pick-up efficiency with both bed depths 5 and 8cm due to its highest 

specific surface area. Pick-up efficiency ranged from 4.19 to 14%, from 

1.3 to 7.8% and from 1.3 to 10.7% for Trapezoidal, Quonset and 

Cylindrical solar driers respectively. 
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 الملخص العربي

استغلال الطاقة الشمسية المجمعة بواسطة الصوب البلاستيكية لتجفيف 
 المخلفات الزراعية والصناعية للموز

 4أسماء جمال الدريني و  3علي بدوي النجار ، 2وائل محمد المسيري  ،1سعيد الشحات عبدالله

الحيواني بالزيادة لتلبية أصبحت مصادر العلف الحيواني محدودة لدرجة أنها لا تسمح للإنتاج 

الاحتياجات البشرية من البروتين. إتاحة هذه الأعلاف غير متساو بين موسمي الصيف والشتاء. 

المشكلة الرئيسية هي في فصل الصيف حيث لا يوجد المزيد من الأعلاف الحيوانية البديلة 

 الزراعية المحاصيل لمخلفات الغذائي المحتوى للبحث عن التغذية خبراء للبرسيم. لذا اتجه

كغذاء للحيوان. التحليل الكيميائي لأوراق وسيقان وقشر الموز  استخدامه وإمكانية والصناعية

على مقربة من البرسيم ويمكن أن تلعب دوراً هاماً لتغطية الاحتياجات الغذائية للحيوانات )عبد 

لغذائي مع الموز ( وقد تحقق أعلى وزن حي عندما استكمل النظام ا4991الجواد وآخرون، 

(. إضافة إلى ذلك نفايات الموز متوفرة على مدار العام وتصل 0222)إبراهيم وآخرون، 

فدان. وتعتبر مصر لتكون ثالث دولة في  5109246المساحة الكلية لمزارع الموز في مصر 

 إنتاج الموز بعد نيجيريا وأستراليا. تعتبر مزارع الموز من أكبر المزارع التي ينشأ عنها

(. لذلك تعتبر 0242طن مخلفات )وزارة الزراعة،  12مخلفات حيث ينتج الفدان الواحد 

عمليات إعادة استخدام مخلفات الموز كغذاء للحيوان من أسهل وأبسط العمليات من بين 

المخلفات الزراعية الأخرى نظراً لتوافرها على مدار السنة وارتفاع القيمة الغذائية بها وكذلك 

شكلة التخلص على هذه المخلفات للحفاظ على البيئة. تعتبر عملية التجفيف هي العمل على م

المعاملة الأولى والضرورية لتخفيض المحتوى الرطوبي للمخلفات إلى الحد الذي يسهل من 

التعامل مع هذه المخلفات سواء من عمليات سحق أو فرم لخلطها مع مركزات علفية أخرى أو 

من بين التصاميم المتاحة للمجففات الشمسية تم اختيار  لحيوان.تقديمها في صورة مناسبة ل

المجفف الشمسي من النوع المختلط لمدى فعاليته وكذلك لسعة إنتاجه حيث أنها تشتمل على 

على المنتج الغذائي المراد تجفيفه مباشرة في حجرة  فائدة استغلال الإشعاع الشمسي الساقط

 والمسحوب من المجمع الشمسي. التجفيف إضافة إلى الهواء الساخن

 

 ـ مصر 33513أستاذ مساعد ـ قسم الهندسة الزراعية ـ كلية الزراعة ـ جامعة كفرالشيخ ـ كفرالشيخ  1
 ـ مصر 33513مدرس ـ قسم الهندسة الزراعية ـ كلية الزراعة ـ جامعة كفرالشيخ ـ كفرالشيخ  2
 لزراعية ـ وزارة الزراعة واستصلاح الأراضي ـ مصرباحث ـ معهد بحوث الهندسة الزراعية ـ مركز البحوث ا 3
 ـ مصر 33513طالبة ماجستير ـ قسم الهندسة الزراعية ـ كلية الزراعة ـ جامعة كفرالشيخ ـ كفرالشيخ  4

http://www.daytonashrae.org/psychrometrics_si.html
http://www.daytonashrae.org/psychrometrics_si.html
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متر مكعب  24226ثلاث أشكال هندسية مختلفة من المجمعات الشمسية ذات حيز فراغي واحد 

كذلك دراسة أربع طرق توزيع لمخلفات شجرة الموز تم وضعها تحت الدراسة وتقييم أداؤها و

سم وعمق فرشة 6و  2على صواني التجفيف داخل غرفة التجفيف وهى مخلفات بأطوال تقطيع 

سم. تم دراسة فعالية عملية التجفيف وكذلك أداء 6و  2سم ولقشر الموز عمق فرشة 8و  6

المكتسبة والمفقودة الشغالة المجففات الشمسية الثلاثة بالتركيز على الطاقة الحرارية 

(Exergy) . 

 :خواص هواء التجفيف تحت الدراسة هي كالآتي 

 سعة هواء التجفيف على أساس رطوبة مطلقة و فرق درجات حرارة. (4)

 الإنثالبيا النوعية الكامنة والمحسوسة. (0)

 تم تقييم أداء الثلاث مجففات الشمسية بحساب 

 جمع وكذلك غرفة التجفيف.كمية الطاقة الحرارية المجمعة بواسطة الم  (1)

 كفاءة التجميع الحراري.  (2)

 الطاقة الشغالة المتاحة  (3)

  تم تقييم أداء عملية التجفيف لجميع صواني التجفيف ذات طرق توزيع فرشة مختلفة

 بحساب.

 المحتوى الرطوبي على أساس رطب وعلى أساس جاف.  (1)

 معدل التجفيف.  (2)

 .المؤشرات اللاتي تحكم أداء عملية التجفيف منسوبة إلى خواص هواء التجفيف 

 نسبة استخدام الطاقة.    (1)

 كفاءة التجفيف.  (2)

 كفاءة نزع الرطوبة من المخلفات.  (3)

سعة هواء التجفيف )الفرق بين الرطوبة المطلقة أو درجة الحرارة الحالية والرطوبة 

دياباتيكي( تم قياسه عند أربع مناطق )للوسط المحيط المطلقة أو درجة الحرارة عند التشبع الأ

 كظروف أولية، داخل المجمع الشمسي، غرفة التجفيف، وعند مخرج مروحة السحب(.

المجمع الشمسي الأسطواني أكثر المجمعات الشمسية تأثيراً على زيادة سعة هواء التجفيف. 

المجففان النصف اسطواني  ية.بينما النصف اسطواني هواء التجفيف به أعلى إنثالبيا نوع

 189148، 1920والاسطواني لديهما تقريباً نفس كمية الطاقة المجمعة على مدار يوم التجفيف 

كيلو جول خلال اليوم الثاني من التجفيف. المجففان الاسطواني والنصف اسطواني لديهما أعلى 

قة الشغالة للثلاثة على الترتيب. تم دراسة وتحليل الطا ٪02411و  08415كفاءة تجميع 

مجففات لمعرفة ما إذا كانت أحجام المجمعات الشمسية مناسبة وملائمة لتفي باحتياجات غرفة 

التجفيف من الطاقة أم لا. محصلة الطاقة الشغالة داخل غرفة التجفيف لكل مجفف تدل على 

كيلو  446ة مدى ملائمة المجمع الشمسي. المجفف الاسطواني يحتاج إلى أعلى كمية طاقة شغال

ً في أخر ثلاثة ساعات لتقدم  جول/كج من مجمعه الشمسي خلال يوم التجفيف الثاني خصوصا

تم ملاحظة كجم ماء/كجم مادة جافة.  249بي عملية التجفيف والحصول على أقل محتوى رطو

أن المحتوى الرطوبي للمجفف الاسطواني ينخفض كثيراً في اليوم الثاني متحصله على أعلى 
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معدل التجفيف ما  سم. 2سم وطول قطع  6كجم ماء/دقيقة لعمق فرشة  242220جفيف معدل ت

هو إلا محصلة لـ الإنثالبيا النوعية، سعة هواء التجفيف، كمية الحرارة المكتسبة، الطاقة 

الشغالة، طريقة توزيع المخلفات على صواني التجفيف، نوع المجفف و أخيراً المحتوى 

. تم استخدام ٪99لها تأثير معنوي على معدل التجفيف على مستوى  الرطوبي. كل هذه العوامل

التحليل الإحصائي المتعدد الانحدار فتم الحصول على المعادلات الآتية معبرة على معدل 

 التجفيف لمخلفات شجرة الموز وكذلك لقشر ثمار الموز. 

 
=0.7322R 

 
=0.7102R 

 حيث أن 

DT نوع المجفف 

Dep ى صواني التجفيفعمق الفرشة عل 

Se الإنثالبيا النوعية 

AC  سعة هواء التجفيف 

Eng كمية الطاقة المكتسبة 

Exg الطاقة الشغالة المتاحة 

MC المحتوى الرطوبي على أساس رطب للمخلفات 

،  18422نسبة الطاقة المستغلة للمجفف الاسطواني والنصف اسطواني والشبه المنحرف هو 

 الترتيب.على  66468٪،  60425

متوسط نسب الطاقة المستغلة في يوم التجفيف الثاني يكون أكبر منه عن اليوم الأول نتيجة إلى 

 أن الإنثالبيا النوعية لهواء التجفيف في اليوم الثاني أعلى من اليوم الأول.

كفاءات التجفيف لطرق توزيع المخلفات على صواني التجفيف للمجفف الاسطواني من ساعة 

 ساعة موضحة في الجدول الآتي: 46-42تجفيف 

 ٪1540 سم6سم مع عمق فرشة  2طول قطع المخلفات 

 ٪4249 سم6سم مع عمق فرشة  6طول قطع المخلفات 

 ٪1442 سم8سم مع عمق فرشة  2طول قطع المخلفات 

 ٪4644 سم8سم مع عمق فرشة  6طول قطع المخلفات 

 ٪4141 سم لقشر الموز2عمق فرشة 

 ٪2046 قشر الموزسم ل6عمق فرشة 

سم 6سم و عمق فرشة 6سم مع عمق فرشة  2أعلى كفاءة تجفيف كانت لطول قطع المخلفات 

كفاءة نزع  لقشر الموز. لذلك تم اعتبارهما على أنهما أنسب طريقتان لتوزيع مخلفات الموز.

للمجفف الشبه منحرف، أما  ٪41إلى  1449الرطوبة من المخلفات كانت تتراوح ما بين 

على  ٪4242إلى  442و ٪248إلى  442سطواني والشبه اسطواني فكانت تتراوح ما بين الا

 الترتيب. 


