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ABSTRACT

With the increase of conventional energy cost, it is becoming increasingly practical to
incorporate renewable (solar) energy sources into distillation and drying processes. However, due
to its intermittent and diluted nature, solar energy makes it impossible to operate the systems
continuously. For several decades, researchers have been making continuous efforts to find other
alternative or collaborative energy sources or thermal energy to run the distillation plant at the
industrial level or the solar still at the domestic level. Though the source of energy at the domestic
level is biomass combustion devices, they have large potential from a practical standpoint
because, practically, it can be implemented in every home using simple, straightforward
techniques. Similarly, in the drying industry today, using biomass as fuel is essentially
synonymous with extending the drying period during cloudy or rainy days (backup heater) and
even throughout the day and at night. This study presents the development of a solar biomass
combined drying and distillation system during off-sunshine hours without altering the actual

phenomenon.

An extensive literature survey highlights different ways of extracting the heat from the
cookstove, and most of them recommend thermoelectric generators, which are not suitable to
fulfil the energy requirements of the drying and distillation systems. Therefore, the concept of
supplying preheating water by using waste heat from cookstove has been proposed in this study
to enhance the performance of the drying and distillation systems while working as a single
system. A two-dimensional axisymmetric computational fluid dynamics (CFD) model of the
conventional cookstove having a water jacket has been created in ANSYS Fluent to analyse the
fluid flow, temperature distribution, and heat gain by the water from the external surface of the

cookstove and validated with the experimental investigations.

During the experimental study, it was found that the modified cookstove model was more



significant than the conventional cookstove. The energy and exergy efficiency vary at different
mass flow rates of water in the water jacket. Further, the impact of using extracted waste heat in
the improved solar dryer system has been investigated, and it was found that waste heat assisted
hybrid solar dryers took less time as compared to conventional solar dryer and open sun drying
for drying the agricultural product (ginger). Furthermore, the use of preheated water in the basin
enhanced the productivity of the waste heat-assisted solar still significantly, over the conventional
still, and reducing the cost of producing distillate. The results of the present work have been
compared with those of previous researchers and found to agree. The above studies are expected

to be useful for the design, development, and application of their commercialization in the market.

Vi



AR

URAR® ol arTd H gfg & T1, TateRulig (@R) ol Al &I e 3R J&™ &t
vfshanaft # AT HRAT Al | SATaRIR 1 36T 5| BIeliich, 3Heb! MRIAD SR YueT Upfa &
BRI, GR Sl RIECH P TR G HRAT SRAHT ST <l & | B3 Gb! 9, Mepd! S
TR TR G T 1 IR TR R 3t 1t TR o) 7= & forg 3 dopfetras a1 Tgantt it rat
1 YA o1l B WieH & g FARER TaT R 38 & | STdlifcs 8RR TR ol &1 A ST &g
UG §, 3% UNY ARG VPV I IST & € Fifes, AMEeTR® FY T, 3Y IR, e
I BT STTNT Heb & TR & AN b1 S Yebell 7 | T TRE, J@H I H T, eF $ T4
H ST BT IUTNT BT a0 Y d1Gel I1 SRETd & i (931U giex) &b GRM 3R Fg
I 6 R o oiR 3a & Q@M 1 31afd 9g &1 Uaia |1 98 g aRdids &1 &l 9ad &1

3HTh-TIRIME °el & SR UR SEHR gad EH 3R Ta- Jomelt & fAbr &l URdd Hral
gl

TS TP TTed Y& pehela J Uiy 7Y ferem & fafir adiep! R Uebr=r STefan &,
3R ITH T WTER YHiSdGed vex Bt RIBIN Hd §, S @m 3R 3{1&a- yunferdr
Sl SATAIH TS DI YR P b [TT IUGH g1 § | ST, Tehel YUTTeh b =0 H HIH HId T
UM 3R SHTIG YOTferdt & UGRH &I g F ot Haeeia I SufRre T &1 Iudi axas Tt
DI ATYfef B B SAURON BT 37 3reqg W URaTfad foban a1 g1 STa-UdTe &1 faRawor s &
foTT TUATHATSTY (ANSYS) UQUC H UM & Sidbe a1 URUR® Hhcld & fg-mar sfefta
HILAA &9 TaRferan (fuwe) Ated w1 fmfor fasar w8, arome vy, iR gawia ot
et Y J U & dToHH H 3ig 3R TN Sfid & 91 7 fsan man g |

TORTIHD 31eq9- & SR, T8 Ul 741 fob INId ppeeld Alsd URURS Hheid B
A H 31T ST AT1 TSI 3R Tagoll G&fd, Ut o fafis o9 UaTe & WR 3 gt 51 3y,
I TR SR JUTTeRt § Saf1y T & IUART & YHIG B! offd &1 T3 ©, 3R I8 Ul 741 fs Sy
JTE (3HEXD) P! F@M P [T TRURS TR SRR 3R G T &1 GO B gar1 J iRy mif &t




TErIdT ¥ TR R MR &1 HH JHT TN 3P 3ard], IRF § uga I 71 ot & IuahT =
3afRry miff ) TETar ¥ URURS A Bt o H SRS AR AT SdTGdHdT B 4t B!
e, 3R IATe &I AN B HH foodll IdAH S P TlRumA o IS Mydbared & gl
& Y AT B TS ¢ SR TgHd UTT T g1 SR S SR H 3% AT &
f&aiTe, faepr ofR Srgurai & forg Sugntt g1 &1 I=fig 8|




CONTENTS

Declaration
Certificate
Acknowledgements
Abstract

Contents

List of Figures

List of Tables

Nomenclature

Chapter-1:  Introduction and Literature Review

1.1 Background: Origin and Importance of Work

1.2 Review of Literature

121
1.2.2
1.2.3
1.2.4

1.2.5
1.2.6
1.2.7
1.2.8
1.2.9
1.2.10
1.2.11
1.2.12
1.2.13

Evolution of cookstoves and its classification
Testing protocol
Thermal efficiency of biomass cookstove

Improvement in thermal efficiency of biomass
cookstove

computational modelling

Preserving food: drying of fruits and vegetables
Factors influencing the drying rate

Open sun and traditional fuel-operated drying
Drying foods in a solar dryer

Solar distillation

Solar distillation techniques

Factors affecting the productivity of solar still

Summary

1.3 Research Gaps Identified
1.4 Objectives of the Proposed Research

1.5 Scope of Work
1.6 Organization of the Thesis

vii

vii
Xi
Xiv

XV

o oA W DN B

10
11
12
15
16
29
29
32
49
50
50
51

55



Chapter-2: Development of Experimental Setup and Methodologies

2.1  Background 59
2.2  Development of Experimental Setup 59
2.3 Measuring Instruments Specifications 61
2.4  Methodologies Adopted 65
2.5 Summary 68

Chapter-3: Computational and Experimental Analysis of Waste Heat
Recovery from Cookstove

3.1 Background 69
3.2 Methodology 70
3.3 Computational Analysis 72
3.4 Experimental Setup 77
3.5 System Performance Parameters 78
3.5.1 Energy and exergy efficiency 79
3.5.2 Thermal power output rating 81
3.6 Performance Results and Discussions 83
3.7 Uncertainty Analysis 94
3.8  Sensitive Analysis 95
3.9 Summary 96
Chapter-4:  performance Investigation of Waste Heat Assisted Solar Drying
System
4.1 Background 98
4.2  Methodologies 99
4.3 Drying Material 99
4.4  Pre-Drying Process and Sample Preparation 101
4.5 Determination of Moisture Content 102
4.5.1 Estimation of equilibrium moisture content 103
4.5.2 Microclimate conditioning 104
4.5.3 Analysis of moisture adsorption data 105
4.5.4 Curve fitting to the sorption isotherm models 105
4.6  Experimental Unit and Testing Procedures 106

4.7 Results and Discussions 107

viii



Chapter-5:

Chapter-6:

4.8
4.9

4.7.1 Fitting of sorption models to equilibrium moisture data

4.7.2 Variation of meteorological parameters during

experiments

4.7.3 Variation of ambient and various surface temperature

with time

4.7.4 Temperature variation in solar waste heat assisted dryer

4.7.5 Relative humidity variation within waste heat assisted

dryer
4.7.6 Variation of moisture content with time
4.7.7 Input energy fractionalisation
Conditioning of the Drying Material
Summary

Performance Investigation of Waste Heat-Assisted Solar
Distillation System

5.1

5.2

5.3
5.4

5.5

5.6

5.7
5.8

Background

Choice of Solar Distillation Systems
Methodologies during Experiment
Experimental Unit and Procedures

Heat Transfer Process in Solar Still

5.5.1 Heat transfer inside the solar still
5.5.2 Heat Transfer outside the solar still
Results and Discussions

5.6.1 Hourly variation of solar intensity and ambient air
temperature

5.6.2 Variation in productivity, heat transfer coefficients and
efficiency

5.6.3 Input energy fractionalisation
5.6.5 Comparison of present research with previous research
5.6.6 Model Consistency

Economic Considerations
Summary

Overall Conclusions and Recommendations

6.1
6.2

Overview of the Research Work Conducted

Major Outcome of the Research Work

108
109

112

115

116

117
119
120
120

124

125

126
131
134
135
137
139
139

142

151
152
153

156
162

166
167



6.3 Concluding Remarks

6.4  Scope for Future Work and Recommendations
References
Appendices
About the Author

List of Publications

169
170

171
199
207
209



LIST OF FIGURES

Figure 1.1
Figure 1.2

Figure 1.3
Figure 1.4

Figure 1.5
Figure 1.6
Figure 1.7
Figure 1.8

Figure 1.9
Figure 1.10

Figure 1.11
Figure 1.12
Figure 1.13
Figure 1.14
Figure 1.15

Figure 1.16
Figure 2.1
Figure 2.2

Figure 2.3

Figure 2.4
Figure 2.5
Figure 2.6

Figure 2.7

Figure 2.8

Figure 3.1
Figure 3.2
Figure 3.3

Water-Food-Energy (WEF) Nexus
Classification of biomass cookstove
Classification of cookstove testing protocols

Drying rate curves for phase I, Il and I11

Moisture sorption isotherm

Open sun drying

Classification of dryers based on their operation

Direct type solar dryer

Schematic view of natural convection indirect type solar dryer

Schematic view of forced convection indirect type solar dryer

Mixed mode solar dryer

Experimental hybrid dryer test rig
Schematic of a Conventional basin-type solar still

Share of indirect distillation technologies installed worldwide

Solar distillation technologies with feasible solar energy
conversion device

Factors Affecting Solar Still Productivity

Schematic diagram of experimental testing facility
A pictorial view of experimental testing facilities

Dual DC power regulator and fan for primary and secondary air
supply

Pictorial view of hot air oven with sample bottle

Relative humidity sensor

Rotameter

Schematic representation of the methodology adopted for the
study

Modes of the heat transfer process in a heating and cooking
device

Schematic of methodology adopted for testing for waste heat
recovery-based biomass cookstove

Line diagram forced draft domestic cookstove

Representation of methodology adopted for assessment of
efficiency increment using waste heat recovery method

Xi

12

14
16
17
18

19
22

23
25
30
31
33

34

60
61

63

64
65
65

66

67

71
71
72



Figure 3.4
Figure 3.5

Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16
Figure 3.17

Figure 3.18

Figure 3.19
Figure 3.20

Figure 3.21
Figure 3.22
Figure 3.23

Figure 4.1

Figure 4.2

Figure 4.3
Figure 4.4

Figure 4.5

Thermal image of the FD_IM during different stages of
combustion

Conceptual and sectional view of water jacket fabrication,
boundary conditions and geometrical setup.

Variation in water outlet temperature with change in the number
of mesh elements

Estimation of variation of outlet temperature to that of the
previous case

Hood with dilution tunnel for testing cookstoves

K-type thermocouple arrangements to measure external wall
temperature

Arrangements for collecting hot water with a temperature sensor

Effect of the mass flow rate with respect to width of air gap on
water outlet

Schematic diagram of the modified cookstove model with water
jacket

Different views of cookstove after water jacket fabrication

Comparison of efficiency in different conditions

Overall and cookstove thermal efficiency at a different mass flow
rate

Effective heat delivered to the cooking pot and waste heat
recovered through the water jacket.

Variation in exergy efficiency with a different flow rate

Comparison of energy and exergy efficiencies at different flow
rates

Cookstove power output at various mass flow rates of water
Simulation findings compared with the experimental data

Efficiency comparison of different operating conditions
Air-fuel ratio and equivalence ratio with flame temperature
Temperature gain at different mass flow rate and airgap

Representation of methodology adopted for drying and EMC
investigation

Representation of methodology for EMC investigation

Solar dryer with hot water storage tank and exhaust fan
Adsorption isotherms of ginger slice fitted by four models

Residuals plot fits of the four models of a ginger slice

xii

73

75

76

7

78

82
82
83

84

85

86

87

88

89

89

90
91

92
94
96

100

104
107
110
111



Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9

Figure 4.10
Figure 4.11
Figure 4.12
Figure 4.13
Figure 4.14

Figure 4.15
Figure 4.16

Figure 4.17

Figure 5.1

Figure 5.2
Figure 5.3
Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8
Figure 5.9

Figure 5.10
Figure 5.11

Figure 5.12

Variation in solar radiation and wind speed
Variation in relative humidity and ambient temperature
Variation in dryer and ambient temperature with time

Variation in plate temperature with time

Variation in glass temperature with time
Temperature variation at a different location
Relative humidity variation at a different location
Reduction in moisture level with time

Energy contribution in percentage for cookstove based waste heat
assisted solar dryer

Comparison of gingers condition before and after drying in
modified drier

Comparison of dried gingers condition in open sun drying and
conventional solar dryer without HWST

Comparison of dried gingers condition in open sun drying and
modified solar dryer with hot water storage tank

Schematic representation of the approach used for the
investigation

Single slope solar still

Schematic of energy transfer in basin-type solar still

Hourly variation of solar intensity and ambient air temperature on
a (7:00 a.m. to 19:00) typical summer day

Variation in distilled output with different water depths in (a)
May, (b) June, and (c) July

Comparison of daytime and nocturnal distilled output of waste
heat-assisted solar still for May, June, and July

Variation in heat transfer coefficient of waste heat assisted solar
still

Variation in heat transfer coefficient of conventional solar still

Efficiency Comparison of waste heat-assisted and conventional
solar still for May, June, and July

Energy contribution in percentage for cookstove based waste heat
assisted solar still.

Heat transfer trend in conventional (a, b, and c¢) and waste heat
assisted solar still (d, e, and f)

Effect of selling price of the product water on payback periods of
the investment made on (a)waste heat assisted solar still and (b)
conventional solar still

xiii

112
112
114

115

116
117
117
119

120

121

123

123

127

133
135

141

144

145

146
148

151

152

156

161



LIST OF TABLES

Table 1.1

Table 1.2

Table 1.3
Table 1.4
Table 1.5

Table 1.6
Table 2.1
Table 4.1
Table 4.2

Table 4.3

Table 5.1

Table 5.2
Table 5.3

Summary of some natural convection indirect type solar dryer
having different type of collectors

Summary of mixed mode solar drying studies done by previous
researchers

Summary of hybrid dryer with a biomass-fired heater
Advantages and disadvantages of the four types of solar food driers

Summary of various parameters affecting the productivity of solar
still

Optimum tilt angle
Required microclimate using different salt
Four most used isotherm equations for the calculation of EMC

Equilibrium moisture content (EMC) of ginger obtained by
adsorption at different relative humidity and temperature

Parameters estimation Ri, MRE and SEE of the four equations
fitted to the adsorption isotherms.

Hourly variation of global solar radiation (Experimental) for
typical day of summer season for May, June, and July

Comparison of present work with earlier research works

Cost analysis of conventional and waste heat-assisted solar still

Xiv

21

23

26
28

37

48
64
105

108

109

140

153
160



NOMENCLATURE

Cruel
Coellet
Cp
Cob
Cop pot
df

E

Ein
Eo
EXin
EXo
hrg
hebg
R, g-a
hr, b-g
he, b-g
hr, g-a
1(t)
Mc

Mi

Mi exp
Mi pre
Mm
Mt
Mw

Area of still basin (m?)

Area of glass cover (m?)

Thermal conductivity (W/m°C)

Calorific value of petrol (kJ/kg)

Calorific value of petrol (kJ/kg)

Calorific value of pellets (kJ/kg)

Specific heat of water (kJ/kg°C)

Specific heat of basin water (kJ/kg°C)

Specific heat of the pot (aluminium vessel) (kJ/kg°C)

Number of degrees of freedom of regression model

Amount of energy needed for the drying process (kJ)

Energy produced by the fuelwood and the igniting fuel (kJ)

Energy required to boil the water (kJ)

Exergy input (kJ)

Exergy output (kJ)

Latent heat of evaporation for water (kJ/kg)

Convective heat transfer coefficient between water and glass (W/m? °C)
Convective heat transfer coefficient from glass to ambient (W m?°C)
Radiative heat transfer coefficient from water to glass (W/m?°C)
Evaporative heat transfer coefficient between water and glass (W/m?°C)
Radiative heat transfer coefficient from glass to ambient (W/ m?°C)
Total solar radiation (W/m?)

Product's moisture content (kg)

Product's mass after drying (kg)

Product's mass before drying (kg)

ith experimental equilibrium moisture content

ith predicted equilibrium moisture content

Quantity of moisture that must be removed (kg)

Mass of the product at any time (kg)

Mass of the dried product by wet percentage basis (kg)

Xv



Me,b-g
M
Mihwj
Mpellet

Mpot

Qc,g—a
Qc,w—g
Qew—g
Qr,w—g

Qr,w—a

Qp
Qp

Ra
Ri

T1
T2
T3
Ta

Trw
Tflame
Tiwj

Mass of water evaporated from basin to glass (kg)

Mass flow rate of water (kg/sec)

Final mass of hot water received from the without jacket (kg)
Mass of pellets consumed (kg)

Mass of vessel along with lid (kg)

Mass of water in the vessel (kg)

Mass of hot water received from the jacket (kg)

Total number of pots used (always n >1)

Number of observations

Nusselt number

Partial saturated vapor pressure at a basin water temperature (N/m?)
Partial saturated vapor pressures at glass cover temperature (N/m?)
Partial pressure (N/m?)

Convective heat loss from cover to ambient (W/m?)

Convective heat transfer between water and glass (W/m?)

Heat transfer by evaporation from water to glass cover (W/m?)
Heat transfer by radiation from water to glass cover (W/ m?)
Radiative heat loss from glass cover to ambient (W/m?)

Heat supplied by the biomass (W/m?)

Heat supplied to the heat exchanger (W/m?)

Rayleigh number

Coefficient of determination

Time (hr, sec)

Glass cover thickness (mm)

First vessel final temperature of water ("C)
Second vessel final temperature of water (*C)
Last vessel final temperature of water ("C)
Ambient/room temperature ("C)

Glass cover temperature (°C)

Final temperature of water ("C)

Flame temperature (°C)

Initial temperature of water entering the jacket (°C)

XVi



Tws

Twi

Uiz, U2, U3, ...., Un
\'

X

X

21, 22,23, ....,Zn

Greek symbols

p
pf

T

&g
Ew

Eeff

Temperature of hot water received from the water jacket (°C)
Temperature of burning fuel (°C)

Final temperature of the pot (°C)

Pot initial temperature (°C)

Sky Temperature (°C)

Temperature of steel basin ("C)

Basin water temperature (°C)

Water final temperature without water jacket (°C)
Water initial temperature ("C)

Uncertainties in z1, 22, Z3, ...., Zn
Air velocity (m/s)

Volume of oil used (ml)

Mass content of water per kilogram of dry material

Independent variables

Density (kg/cm?)

Density of fuel (kg/cm?)

Transmissivity

Cookstove efficiency (%)

Absorptivity

Absorbtivity by the cover

Coefficient of thermal expansion of the fluid
Absorbtivity of basin

Kinematic viscosity (m?/s)

Thermal conductivity (W/m-K)
Stefan—Boltzmann constant (W/m2K%)
Inclination angle (degree, °)

Emissivity of glass cover

Emissivity of basin liner

Effective emissivity between water surface and glass cover

Exergy efficiency (%)

XVii



Abbreviations
AB&C
AMI
BIS
CF
CPC
CSS
DSSS
DC
EMC
EMC?
ERH
ETC
FD_IM
FD_WHRS
FD B
FPC
HPC
HWST
MED
MEB
MRE
MSF
NCV
OoSD
PTC
RE
SAC
SEE
SS
SSP
SSSS
TSS

Constant in the model
Advanced motic image
Bureau of Indian Standard
Cah flow

Concentrated parabolic collector
Conventional solar still
Double slope solar still

Dish collector

Equilibrium moisture content
Monolayer moisture content
Equilibrium relative humidity
Evacuated tube collector
Forced draft initial model
Forced draft waste heat recovery system
Forced draft base model

Flat plate collector

Heat pipe collector

Hot water storage tank

Multi effect distillation
Multi-effect boiling

Mean relative error
Membrane stage flash

Net calorific value

Open air sun drying
Parabolic trough collector
Renewable energy

Solar air collector

Standard error of estimation
Single slope

Shallow solar pond

Single slope solar still

Tubular solar still

XViii



VC
WEF
WHO
WHSS
WHSS

Vapour compression

Water energy food

World health organization
Waste heat recovery system

Waste heat assisted solar still

XiX



	Thesis of Sandeep K Singh.pdf



