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ABSTRACT 

In the present thesis, a model has been developed for heat and mass transfer 

relations by using multiple as well as linear regression analysis for drying of wheat and 

gram under indoor simulation for forced heating and natural cooling conditions unlike 

the semi-empirical relations given by many workers. Also theoretical models have been 

developed for a new design of reverse absorber cabinet dryer (RACD) considering the 

effect of number of air changes and sizing of vent area through coefficient of diffusion 

in natural made of operation for thin layer drying. Further, concentrating parabolic 

collector has been integrated with RACD to enhance the input energy and analysis has 

been extended for deep bed drying under forced circulation. On comparison with normal 

cabinet dryer, performance of RACD has been significantly improved especially with 

proper size of vent. 

In case of cabinet dryer, heating and drying takes place in one unit which limits 

its use for small capacity. In order to have large scale drying, air heating and drying 

units should be separate. Therefore, thermal models have been developed for 

conventional solar air heater, multipass air heater and ground air collector integrated 

with thermal energy storage materials. These systems could be used in off-sunshine 

hours and a phase shift of 10-12 hours has been achieved for useful energy gain, in 

addition to minimisation of fluctuation in outlet air temperature. 

Further, these air heating system have been coupled with dryer and mathematical 

models have been developed for two designs (i) ground air collector coupled with tray 

dryer where periodic analysis has been carried out and (ii) multipass air heater coupled 

with dryer where deep bed drying equations have been solved using finite difference 

technique. 



PREFACE 

With the increasing demand for food, caused by growing population, the 

minimisation of post harvest losses has become an urgent priority. In many developing 

countries, large amount of post harvest losses occur from spoilage, contamination, attack 

by insects, birds and rodents and deterioration in storage. The amount of moisture 

present in the food product is the most important factor in determining the extent of 

deterioration in storage. At the time of harvesting, most agricultural crops have a high 

moisture content. Crops with high moisture content deteriorate for several reasons, such 

as the growth of microflora, particularly aerobic species of mould. The moisture content 

of the product is reduced by various drying techniques which are often improper and 

inadequate and results in heavy losses. For safe, long term storage of agricultural 

produce, maximum moisture contents have been determined (known as safe moisture 

content), below which produce can be stored for definite durations without the possibility 

of spoilage, at ambient temperatures. Thus, drying of agricultural products to achieve 

safe moisture content is the most practical way to preserve crops for a period of about 

a year. There are recommended drying temperature and moisture content for different 

crops to be stored over a year or more. The principle objective in drying operations is 

the supply of required heat in an optimum manner to yield the best quality of product 

with minimum expenditure of energy. 

Drying of agricultural products is an energy-intensive operation. High prices and 

shortage in fossils fuels increase the emphasis on using solar energy as an alternate 

energy source, especially in developing countries. Thus it becomes inevitable to use the 

renewable sources of energy along with conventional sources to meet the growing 



demand of energy for ecologically sustainable development in urban and rural areas 

(Charters, 1994). The techno-economic viability of a number of systems and devices 

based on renewable energy sources have been demonstrated successfully in the domestic, 

commercial and industrial sector. Out of possible option amongst renewable sources, 

solar energy is promising option for meeting the energy demand for crop drying. India 

receives an enormous amount of solar energy on an average of the order of 5kWh/m2  

day for over 300 days/year. This amount of energy could be utilized for thermal 

application especially in crop drying. Solar dryers should be considered, to replace sun 

drying, when a higher quality product is desired, especially when hostile weather 

conditions renders sun drying difficult or impossible to achieve without severe losses in 

quantity and quality. To achieve the proper drying, the study of heat and mass transfer 

processes, occurring simultaneously, becomes important. 

In studying a thin layer or deep bed drying process, researchers agree that 

both heat and mass transfer are important (Roa and Macedo,1976; Alanis et al. ,1977; 

Khandker and Woods,1987 and Zaman and Bala, 1989). The convective heat transfer 

coefficient is an important property in drying rate simulation since the temperature 

difference between air and grain varies with this coefficient. Boyce (1966) studied the 

convective heat transfer coefficient of a thin layer of barley and he developed a equation 

for volumetric heat transfer coefficient. Alanis et al., (1977) studied heat transfer in rock 

pile, but with lower air flow rates. Wang et al. (1979) measured the convective heat 

transfer coefficient in packed bed of rice. These authors have studied the phenomena of 

mass transfer in drying system by considering randomly empirical relations for heat and 

mass transfer. 
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The heat and mass transfer relations developed by various researchers have been 

used for thermal modelling of air heating, thermal storage and crop.drying systems. Air 

heaters are employed to raise the temperature of inlet air (Tiris et al., 1995 and Yadav 

et al., 1995). Air heaters show, in general, two main disadvantages: the relatively low 

efficiency and limited storage capacity. Due to this fact air heater can only provide hot 

air during sunny hours only. Thus, thermal energy storage units are necessary for 

continuous supply of hot air at a temperature with less fluctuation (Braun et al., 1981; 

Sharma et al., 1991; Tiwari et al., 1994; Abbud et al., 1995 and Choudhury et al., 

1995). These units add cost to the system which, in turn, increase the drying cost. 

Recently, effect of storage in air heating system to utilize thermal energy during off-

sunshine hours is analyzed by Bharadwaj (1985), Nayak (1989), Sawhney and Mahajan 

(1994) and Fath (1995). The performance of conventional air heater is further increased 

by having multipass air heating mode (Chandra et al.. 1990). 	Solar drying can be 

considered as an elaboration of sun drying and is an efficient system of utilizing solar 

energy (Zaman and Bala, 1989 and Sodha and Chandra, 1994). In the direct solar dryers 

mainly cabinet dryer, the solar energy passes through a transparent cover and is 

absorbed by the grain (Lawand,1966; Sharma et al., 1990; Tiwari et al., 1994). Further 

the conventional cabinet dryer has also some disadvantages like (a) that it is suitable for 

small capacity , hence cannot be used for commercial purposes (b) overheating of crop 

may take place as crop is directly exposed to solar radiation (c) transmissivity of the 

glass cover is reduced due to moisture condensation on it (d) absorptivity of absorber 

plate is reduced as part of the solar radiation is reflected from the uneven crop surface 

and part of it absorbed by the crop before it reaches to absorber and lastly (e) rise in 

crop temperature may not be sufficient enough to, especially when sky is not clear. 

allow moisture to evaporate. 
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In order to overcome some of these problems, indirect solar crop dryer could be 

used (Tiris et al., 1994; Bala and Woods, 1994 ; Bala and Woods, 1995). Norton, et al. 

(1991) has given a new design of CPC inverted absorber collector to further enhance the 

concentration of solar energy. Oosthuizen and Bashagur (1992) have evaluated the 

indirect solar crop dryer with thermal energy storage. Chauhan et al. (1996) studied the 

performance of coriander dryer with and without rockbed storage. 

In the present thesis, basic heat and mass transfer relations in a forced and natural 

convection has been first studied under simulated condition which were used for 

computer modelling of solar crop drying and air heating systems integrated with thermal 

energy storage. 

The heat and mass transfer by forced convection is represented by the following 

dimensionless Nusselt Number [Duffie and Beckman, 1991]: 

Nu = CRe 'Pr " 
	

(p-1) 

where C, m and n are the constant for a given type of flow and geometry. In case 

of natural circulation mode Reynolds number is replaced by Grashoff number and it 

becomes Nu = C(Gr.Pr)", 

Forced convective heat transfer of fluid flow through a duct is given as: 

Nu.K, 
h - 	 

L 

With the help of Eq.(p-1)., Eq.(p-2) reduces to, 

h = 	v .CRe mPr n  
L 

(p-2)  

(p-3)  
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where, 

C 
-- 	 Re 	

pvVDh 
and Pr - 	 

Kv  

The rate of heat utilized to evaporate the moisture is given as : 

Q. = 0.016h[P(Te)-yP(Tch)] 	 (P-4) 

Putting the value of h from Eq.(p-3), it becomes: 

K 
= 0.016 	 CRe 'Pr "[P(T,)-YP(Tch)] (P-5) 

Moisture evaporated is determined using the following relation, 

Q, 	 (p-6) 
A 

Using Eqs. (p-5 & p-6), moisture evaporated will be, 

= 0.016(  LA'  )CRe 'Pr "-P(Tc)-yP(Tch)1 	 (P-7) 

After rewriting Eq.(p-7), one gets, 

/■,4 = R.CRe 'Pr " ev 

where, 

K 
R = 0.016  

LX  
v [P(T

e 
 )-yP(Tch)] 

After simplification, Eq.(p-8) becomes, 

(P-8) 



M 
	 CRe 'Pr " 
R 

(p-9) 

Taking logarithm of both sides of Eq.(p-9) to reduce it into a equation of straight 

line 

• \ 

In 
MC V - 1nC + mlnRe + nlnPr (p-10)  
R 

It has a analogy of a equation represented by 

y-mx /  +nx2 +Co  (p-11)  

where, y = ln(MedR), m=m, xl  =ln(Re), x2  = In(pr) and CO =InC, thus C = e" 

Multiple regression technique has been used in solving Eq.(p-10) for different set of 

observations. With the help of Eq. (p-11), the constants C, m and n used in the heat and 

mass transfer relations have been determined. 

After calculating the heat transfer coefficient from Eq.(p-3), convective mass 

transfer coefficient is determined using the expression given below (Dunkle,1961) : 

h - 
0.016h[P(T)-YP(rth)] (p-12)  ec 	 (Tc-Ten) 

These coefficients were further used in the basic energy balance equations for 

drying as well as for air heating systems. In the present study, experimental set-up 

designed for determination of convective heat and mass transfer coefficient during drying 

under simulated condition. Multiple as well as linear regression techniques are used in 

finding the values of C, m and n and C and n under forced and natural mode of drying 

respectively . These values are, further, used in crop drying system. A mathematical 

model for reverse absorber cabinet crop dryer is proposed to ensure better quality of 
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product. Thermal models are also proposed for air heaters with built-in storage with and 

without drying system. Based on work reported above, the thesis has been divided into 

seven chapters. Chapter-wise summary is mentioned below : 

Chapter-I includes the importance and historical background of drying and utility 

of solar and other renewable sources of energy. It also includes the work of many 

researchers on solar drying, heat and mass transfer, conventional and multipass air 

heater with and without thermal storage. Classification of solar drying system along with 

working principles is also included. Basic heat transfer coefficients, energy balance 

equations and thermal efficiencies are also discussed. 

In chapter-II, details about the experimental set up and instruments used in the 

process are described. Procedure for experimentation is discussed. The observation have 

been recorded for grain temperature, vapour temperature ( chamber air temperature), 

relative humidity, air flow rate and moisture removal etc. 

Chapter-III describes regression analysis techniques used in determining the 

convective mass transfer in crop drying system. The rate of moisture removal as a 

function of product of Reynolds number and Prandlt number has been used to generate 

number of simultaneous linear equations. These equation are, further, solved by multiple 

and linear regression technique to determine the values of C, m and n and C and n. 

The chapter-IV presents the thermal modelling of three different configurations 

of reverse absorber cabinet dryer. The energy balance equations have been written for 
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each configuration. These are named as mentioned below: 

(1) Reverse absorber cabinet dryer with natural convection. In this effect of number 

of air changes is considered. 

(2) Reverse absorber cabinet dryer with natural convection where the effect of 

diffusion coefficient for moisture transport from drying chamber to ambient is 

studied. An attempt is also made to size the vent area for optimum performance. 

(3) CPC cum reverse absorber cabinet dryer under forced circulation mode to 

achieve more energy is discussed. Energy balance equations are solved 

numerically by explicit finite difference approach. 

In chapter-V, single as well as multipass air heaters with and without built-in 

thermal energy storage unit are discussed. Materials namely, water (in case of multipass) 

and concrete, brick, clay and PCM (in case of ground air collector) are used for thermal 

energy storage. Periodic analysis was carried out for ground air collector and finite 

difference approach was compared with analytical one for conventional solar air heater. 

In addition, effect of reflector was also studied. 

Chapter-VI includes the thermal modelling of drying system as a whole. 

Multipass air heaters with built-in water storage is coupled to drying unit. Energy 

balance equations are written for each component and solved analytically and 

numerically for deep bed drying. Whereas, studies on ground air collector coupled to 

drying unit is analyzed using periodic analysis for a dryer having two trays. Parametric 

studies have also been conducted to consider the effect of thermal storage on deep bed 

drying system. 
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Based on the results of the studies carried out in above chapters, certain 

conclusions have been drawn and accordingly recommendations have been made in 

chapter-VII. 

The above mentioned work has been reported in the form of following 

publication/communications. 

1. Goyal, R.K. and Tiwari, G.N. (1997) Parametric study of a reverse flat plate 
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2. Goyal, R.K. and Tiwari, G.N. (1997) Thermal Modelling of a multipass air 

heater. International Journal of Solar Energy 18, 271-278. 

3. Goyal, R.K.; Tiwari, G.N. and Garg, H.P. (1996) Effect of thermal storage on 

the performance of a air heater : A periodic Analysis. Energy Conversion and 
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4. Goyal, R.K. and Tiwari, G.N. (1997) Heat and mass transfer relations for crop 

drying : Indoor simulation. Drying Technology (Revised). 

5. Goyal, R.K. and Tiwari, G.N.(1997) Effect of thermal storage on crop drying 

system : A periodic analysis. Int. J.Solar Energy (Revised). 

6. Goyal, R.K. and Tiwari, G.N.(1997) A finite difference method to optimize duct 

geometry of a solar air heater. Energy Conversion and Management (Revised). 

ix 



Goyal, R.K. and Tiwari, G.N.(1997) Thermal modelling of a CPC reverse 

absorber cabinet dryer : A finite difference approach. Int. J. Solar Energy 

(Communicated). 

8. Goyal, R.K. and Tiwari,G.N. (1997) Effect of thermal storage on the 

performance of a deep bed drying system. 	Int. J. Ambient Energy 

(Communicated). 

9. Goyal, R.K. and Tiwari, G.N. (1997) Performance of a Reverse flat plate 

absorber cabinet dryer : A new concept. Energy Conversion and Management 

(Revised). 

In addition to above publications reported in this thesis, other publication is as 

follows :- 

1. 

	

	Tiwari, G.N.;Bhatia, P.S.; Singh, A.K. and Goyal, R.K. (1995) Analytical 

Study of Crop Drying cum Water Heating System. Energy Conversion and 

Management 38 (8), 751-759. 



CONTENTS 

Page 

PREFACE 

Chapter -1 INTRODUCTION 

	

1.1 	Importance 	 1 

	

1.2 	Need of Solar Energy 	 2 

	

1.3 	Working Principle 	 3 

1.3.1 Open Sun Drying 	 4 

1.3.2 Direct Solar Drying 	 4 

1.3.3 Indirect Solar Drying 	 4 

	

1.4 	Review of Literature 	 7 

1.4.1 Open Sun Drying 	 7 

1.4.2 Solar Drying 	 7 

1.4.2.1 Direct mode 	 8 

1.4.2.2 Indirect mode 	 10 

	

1.5 	Basic Heat And Mass Transfer 	 12 

1.5.1. Radiative heat transfer coefficient 	 12 

1.5.2. Convective heat transfer coefficient 	 13 

1.5.3 Conductive Heat Transfer Coefficients 	 17 

1.5.4 Evaporative Heat Transfer Coefficient 	 17 

	

1.6 	Pressure Drop and Net Energy Gain 	 19 

1.6.1 Pressure drop in multipass air heater 	 19 

1.6.2 Net energy gain 	 20 



	

1.7 	Thermal Efficiencies in air heating and crop drying systems 	20 

1.7.1 Instantaneous Thermal/Drying Efficiency 	 20 

1.7.2 Daily thermal efficiency 	 21 

1.7.3 Overall Daily System Efficiency 	 21 

	

1.8 	Basic Energy Balance Equations 	 22 

1.8.1 Conventional air heater 	 22 

1.8.2 Drying Equations 	 22 

	

1.9 	Scope of Present Studies 	 24 

Chapter -2 EXPERIMENTAL SET-UP AND OBSERVATIONS 

	

2.1 	Introduction 	 25 

	

2.2 	Experimental Set-up 	 25 

	

2.3 	Working Principle 	 27 

	

2.4 	Temperature Measuring Instruments 	 28 

2.4.1 Thermocouple 	 28 

2.4.2 Thermometer 	 29 

2.4.3 Digital Temperature Indicator 	 30 

2.4.4 Calibration of Thermocouple 	 30 

2.4.5 Procedure of Calibration 	 30 

	

2.5 	Other Measuring Instruments 	 33 

2.5.1 Hygrometer 	 33 

2.5.2 Anemometer 	 33 

2.5.3 Heat Convector 	 37 

2.5.4 Weighing Scale 	 37 

	

2.6 	Experimental Procedure and Observation 	 37 



	

2.7 	Experimental Uncertainty 	 53 

2.7.1 Internal Uncertainty 	 53 

2.7.2 External Uncertainty 	 54 

Chapter -3 EVALUATION OF CONVECTIVE MASS TRANSFER IN 

CROP DRYING SYSTEM BY REGRESSION ANALYSIS 

	

3.1 	Introduction 	 55 

	

3.2 	Properties of Drying Air 	 56 

	

3.3 	Heat and Mass Transfer 	 56 

3.3.1 Forced Convection 	 56 

3.3.2 Mass Transfer Coefficient 	 59 

3.3.3 Natural Cooling 	 60 

	

3.4 	Determination of Per cent Uncertainty 	 61 

3.4.1 Internal Uncertainty 	 61 

3.4.2 External Uncertainty 	 62 

	

3.5 	Experimental Results and Discussion 	 67 

3.6 Conclusion 	 69 

Chapter -4 REVERSE ABSORBER CABINET DRYER (RACD) 

	

4.1 	Introduction 	 70 

	

4.2 	Working Principle 	 71 

	

4.3 	Identification of Problem 	 73 

	

4.4 	Thermal Modelling 	 73 

4.4.1 Assumptions 	 73 



4.4.2 Effect of Number of Air Change on Thin 

Layer Drying (Case-I) 	 73 

4.4.3 Effect of Coefficient of Diffusion on Thin 

Layer Drying (Case-II) 	 76 

4.4.4 Concentrating Parabolic Collector (CPC) cum Reverse 

Absorber Cabinet Dryer (Case-III) 	 79 

	

4.5 	Numerical Results 	 86 

	

4.6 	Discussion and Conclusions 	 89 

Chapter -5 AIR HEATING SYSTEMS 

	

5.1 	Introduction 	 114 

	

5.2 	Identification of Problem 	 118 

	

5.3 	Conventional Solar Air Heater 	 118 

5.3.1 Thermal Modelling 	 118 

5.3.2 Pressure Drop, Useful Energy Gain and Efficiencies 	121 

5.3.3 Numerical Results and Discussion 	 121 

	

5.4 	Multipass Air Heater with Built-in-Thermal Storage 	 126 

5.4.1 Thermal Modelling 	 126 

5.4.2 Pressure Drop, Useful Energy Gain and Efficiencies 	136 

5.4.3 Numerical Results and Discussion 	 137 

	

5.5 	Ground Air Collector 	 149 

5.5.1 Working Principle 	 149 

5.5.2 Thermal Modelling 	 153 

5.5.3 Pressure Drop, Useful Energy Gain and Efficiencies 	158 

5.5.4 Numerical Results and Discussion 	 158 



Chapter -6 THERMAL MODELLING OF CROP DRYING SYSTEMS 

COUPLED WITH SOLAR AIR HEATERS 

	

6.1 	Introduction 

	

6.2 	Identification of Problem 

6.3 Assumptions 

	

6.4 	Ground Air Collector Coupled with Dryer 

6.4.1 Thermal Modelling 

6.4.2 Overall Efficiency 

6.4.3 Numerical Results and Discussion 

6.5 	Multipass Air Heater with Built-in Thermal Storage 

Coupled to Dryer 

6.5.1 Thermal Modelling 

6.5.2 Overall Daily Efficiency 

6.5.3 Numerical Results and Discussion 

Chapter -7 CONCLUSION AND RECOMMENDATIONS 

NOMENCLATURE 

REFERENCES 

APPENDIX 

REPRINT/PREPRINT 

BRIEF BIO-DATA OF THE AUTHOR 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21

