Contents

Certificate ii
Declaration iii
Copyright iv
Acknowledgement v
Table of content vi
List of figures x
List of tables xviii
Nomenclature xxi
Abstract XXV
1 Introduction 1
1.1 Energy resources: At aglance . . . . . . . ... L e 1
1.2 Conventional solar devices: Anoutlook . . . . . . . . . .. .. . 2
1.3 Novel efficient designs . . . . . . . . . . 3
1.4 Objective of the thesis . . . . . . . . . . . . 5

1.5 Organization of the thesis . . . . . . . . . . . 6

2 Novel designs of bell-mouth-converging collector integrated SCPP 9
2.1 Introduction . . . . . . . . oL 9
2.2 Description of problem . . . . . . . ... 11
2.3 Experimental validation . . . . . . . . . e 13
2.4 Results and discussions . . . . . . . . . . e e e 14
2.4.1 Bell-mouth orientation and design . . . . . . ... L oL oL 14

2.4.2 Effect of 90°down bell-mouth with wedge shaped collector . . . . . .. .. ... ... ... 15

2.4.3 Effect of wedge shape collector on chimney design . . . . ... ... ... ... ...... 16

2.4.4 Combined effect of optimum bell-mouth, collector and chimney . . . . .. ... ... ... 20

2.4.5 Effect of large-scale model . . . . . . . .. Lo 23

2.5 Conclusion . . . . . . .. 23

3 Designs of collector-chimney of PV integrated SCPP 27
3.1 Imtroduction . . . . . . . . L L e e e e e 27
3.2 Hybrid solar chimney model description . . . . . . . . . .. ... ... 28
3.3 Numerical domain: discretization and modelling . . . . . . .. ... ... L 0L 31

vii



viii

CONTENTS
3.3.1 Boundary conditions . . . . . . ... L 31
3.3.2 Grid independence test . . ... L L e e e e 35
3.3.3 Experimental setup and validation . . . . . . . .. ... . L Lo 35
3.4 Results and discussions . . . . . . ..o 36
3.4.1 Effect of divergent solar chimney . . . . . . . . ... ... L oL oo 37
3.4.2 Converging collector passage with divergent chimney . . . . .. .. ... ... ...... 40
3.5 Conclusion . . . . . ... e e 46
Convex and concave collector designs of self-driven SAH 49
4.1 Introduction . . . . . . . . L L 49
4.2  Experimental set-up for validation . . . .. . . . ... . oL 50
4.3 Objective and simulation methodology . . . . . . . . . . . ... ... 52
4.3.1 New SAH designs. . . . . . . . . 0 i e e e 53
4.3.2 Selection of physics models and governing equations . . . . . ... ... 53
4.3.3 Basic design details of geometry and parameters . . . . .. ... ... L 54
4.3.4 Methodology of mesh generation and grid independent test . . . . . ... ... ... ... 56
4.3.5 Boundary conditions and experimental validation . . . . . . . . ... ... ... ... ... 56
4.4 Results and discussions . . . . . . ... e 58
4.4.1 Effect of concave and convex curved designs on thermal performance . . . . . .. ... .. 58
4.5 Correlation development . . . . . . . ..o L 64
4.5.1 Correlation development for concave designs of SAH . . . . ... ... ... ... ..... 64
4.5.2 Correlation development for convex curved design . . . . . . . ... ... ... ...... 66
4.5.3 Percentage error . . . . . ... e e e 66
4.6 Conclusion . . . . . . L e e 67
Bell-mouth integrated SAH for high flow rates 69
5.1 Imtroduction . . . . . . . . . . e e e e 69
5.2 Designs and the computational model . . . . . . . .. ... L oL 73
5.2.1 Design details and geometric parameters . . . . . . . .. ... Lo 74
5.2.2 Mesh generation and grid independence test . . . . . . . ... oL 74
5.2.3 Boundary conditions . . . . ... Lo e 74
5.2.4 Necessary physics models and governing equations . . . . . . . .. .. ... ... ... .. 75
5.2.4.1 Experimental set-up for validation . . . . .. ... ... .. L. 7
5.2.5 Pressure coefficient variation . . . . . .. ... L L 7
5.3 Results and discussions . . . . . . ... L 78
5.3.1 Effect of bell-mouth design (Flat + bellmouth) . . . . . .. ... ... ... ... ..., 78
5.3.2  Effect of bell-mouth design with chimney (Flat + bell-mouth + chimney) . . . . ... .. 79
5.3.3 Why flow rate increases with the integration of bell-mouth design at inlet? . . . ... .. 81
5.3.4 Energy conversion efficiency - Which is better: low-temperature high-flow or high- tem-
perature low-flow SAH? . . . . . . . . 84
5.4 Correlation development . . . . . . ..o 87
5.5 Conclusion . . . . . . . L 89
Bell-mouth with tapered collector for high temperature applications 91
6.1 Introduction . . . . . . . . . . . L e e e e 91
6.2 Description of the problem . . . . . . . . .. 93
6.2.1 Mesh generation and grid independency test . . . . . . .. ... oL 96
6.2.2 Boundary conditions . . . . .. ... 96
6.2.3 Non-dimensionless parameters and governing equations . . . . . . . . . . . . . ... ... 97
6.3 Results and discussions . . . . . . ... 98
6.3.1 Effect of tapered flow channel on thermal performance . . . . . . ... ... ... ... .. 98

6.3.2 Hydraulic performance of tapered SAH with belll-mouth . . . ... .. ... ... ... .. 101



CONTENTS ix

6.4 Correlations development . . . . . . . . .o 103
6.5 Conclusion . . . . . . . . . e e 107
Curved vs. flat collector designs: A comparative analysis 109
7.1 Imtroduction . . . . . . . . . e e e 109
7.2 Description of computational model . . . . . . ..o 110
7.2.1 Basic design details of geometry and parameters . . . . . . ... ... 111

7.2.2  Methodology of mesh generation and grid independent test of computational domain . . . 113
7.2.3 Boundary conditions . . . . . ... L e 114
7.2.4  Selection of physics models and governing equations for solution . . . ... ... ... .. 114

7.2.5 Global solar radiation and curved collector performance analysis . . . . . ... ... ... 115

7.3 Thermal efficiency . . . . . . . . L 115
7.4 Selection of turbulence model and validation of CFD model . . . . . . ... ... ... ...... 116
7.5 Results and discussions . . . . . . . . . ... e 117
7.5.1 Effect of different geometries of SAH on heat transfer parameters and thermal efficiency 119
7.5.2 Effect of relative height and pitch ratio of corrugation . . . ... ... ... ... .. ... 122

7.6 Correlation for Nusselt number and friction factor . . . . . . . . . .. ... ... .. ... ... . 127
7.7 Conclusions . . . . . . . . . e e 130
Energy and exergy analysis of curved SAH with semi-down turbulators 133
8.1 Imtroduction . . . . . . . . o L 133
8.2 Numerical domain . . . . . . . .. L 134
8.2.1 Geometry specification and parametric details . . . . . . .. ... L oo 134
8.2.2 Mesh description and grid independence of numerical model . . . . . . . .. ... ... .. 136
8.2.3 Boundary conditions . . . . . .. L 137
8.2.4 Governing equations and physical terms . . . . . .. ... oL L 138
8.2.5  Assessment of magnitude of solar radiation received on curved SAH . . . ... ... ... 139

8.3 Experimental validation of numerical model of curved SAH . . . . . .. ... .. ... ...... 139
8.4 Results and discussions . . . . . . . . . .. e e 140
8.5 Exergy analysis . . . . . . . L 146
8.6 Development of Correlations . . . . . . . . . . . . . . e e 150
8.7 Conclusion . . . . . . . . 151
Curved vs. Flat SAH analysis under diverse ambient conditions 153
9.1 Imtroduction . . . . . . . . . L e e e 153
9.2 The computational model . . . . . . .. L L 156
9.2.1 Design procedure for optimum curvature angle . . . . . . .. ... ... L. 156
9.2.2 Procedure for environmental wind effect study on curved SAH . . . . ... ... ... .. 156
9.2.3 Mesh generation and grid independence study . . . . . . .. ... ..o 156
9.2.4  Grid independent test of a curved SAH for thermal performance . ... ... .. ... .. 158
9.2.5 Grid independent test of a curved SAH for environmental wind condition . . . . ... .. 158
9.2.6 Boundary conditions . . . . . ... e 158
9.2.6.1 Boundary condition to find best curvature angle of a curved SAH . . . ... .. 158

9.2.6.2 Boundary condition to study the effect of environmental wind condition . . . . . 158

9.2.7 Physical models and sets of governing equations . . . . .. ... .. ... ... ... .. 159
9.2.8 Comparative assessment of globally received solar radiation on flat and curved SAH . . . 160

9.3 Thermal efficiency . . . . . . . .. 160
9.4 Validation of numerical model . . . . . . . . ... 161
9.4.1 Validation of curved solar air heater model . . . . . . . ... ... ... ... ....... 161
9.4.2 Validation of computational model of SAH under environmental wind conditions . . . . . 161

9.5 Results and discussions . . . . . . . .. L L 162

9.5.1 Curved Vs. Flat SAH: Thermal performance . . . . .. ... ... ... ... ... .... 162



X CONTENTS
9.5.1.1 Optimum curved angle . . . . . . ... L oL 163

9.5.1.2 Performance comparison: curved vs. flat . . . . ... ... ... ... 163

9.5.2 Curved Vs. Flat SAH: Heat loss characteristics under environmental wind effect . . . . . 166

9.5.2.1 Windward orientation . . . . . . ... . L L 167

9.5.2.2 Leeward orientation . . . . . . . . . ..o 167

9.5.2.3  Performance under natural convection (standstill air environment) . ... ... 169

9.5.3 Curved Vs. Flat SAH: Aerodynamic characteristics . . . . .. ... ... ... .. .... 172

9.5.3.1 Longitudinal pressure distribution . . . . . . .. .. ... ... 0oL, 172

9.6 Conclusion . . . . . . . . L e 177

10 Conclusions and scope for future study 179
10.1 ConclusSions . . . . . . . o o e e 179
10.2 Major contributions from the thesis. . . . . . . . . . ... oo 184
10.3 Limitations of the present investigation . . . . . . . . . . . ... .. ... ... ... ... 184
10.4 Suggestions for future research . . . . . . ... oL oL 185
Bibliography 186
Appendix A 197
A 199
A.1 Grid independent test . . . . ... Lo e 199
A.1.1 Grid independent test of local velocity as parameter at different sections (refer Fig. A.2) 201

A.1.2 Grid independent test of temperature as parameter at different sections (refer Fig. A.3) . 201

A.2 Time independent test . . . . . . . . . . e 201

B 203
Appendix B 202

Author’s biodata 204



List of Figures

1.1

1.2
1.3
1.4
1.5

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

Solar energy in power generation application: (a) Solar chimney power plant [6], (b) SCPP key
elements, (¢) SCPP working. In this thesis, new design of a novel bell-mouth inlet has been
proposed and investigated in detail. This new design has been investigated by integrating it to a
solar chimney power plant and solar air heater. . . . . .. . .. ... ... ... .. ...
Isometric view of high flow solar chimney power plant. . . . . . . . . ... ... ... ... ....
Schematic diagram of convex-concave buoyancy-driven solar air heater. . . . . . . . . . ... ...
Schematic diagram of high flow solar air heater integrated with building. . . . . . . .. . ... ..
Bell-mouth inlet opening retrofitted with converging collector of solar chimney power plant and

solar air heater. . . . . . . . . e

Schematic diagram of conventional solar chimney power plant: (a) Two-dimensional axisymmetric
model; (b) Three-dimensional view of solar chimney model. . . . . . .. .. ... ... ......
(a) Cross-sectional view of the new design of solar chimney power plant put on an elevated
position. Notice the design of bell-shaped inlet integrated with the wedge shaped (convergent)
collector with divergent chimney. The parametric range bell-mouth design ratio h/R = 0.4 — 1
, taper ratio TR = 1.2 — 3 and CORR = 1 — 5; Cross-section of the three-dimensional view of
SCPP configuration comprises (b) horizontally placed bell-mouth, and (c) 90° downward bell-
mouth inlet- integrated with wedge shape collector-divergent chimney. . . . . . .. ... ... ..
(a) Experimental prototype of solar chimney of the literature Ghalamchi et al., 2016 [52]. Com-
parison of the (b) velocity and (c) temperature profiles using numerical data with the experimental
data of the literature Ghalamchi et al., 2016 [52]. . . . . . . ... ... ... ... .. .. ...
Effect on velocity variation at inlet of the collector when integrated with bell-mouth design inlet
in conventional SCPP. Bell-mouth with 90° down configuration shows flatter profile across the
inlet. Bell-mouth design parameters are: R = 0.14 and h/R = 0.57. Variation was measured in
the marked section 1-1 as shown in inset figure. . . . . . . . . ... ... oo 0oL
Flow velocity variation along collector radius for the taper ratio TR in the range 1 — 3 and the
best TR i.e. 3 with the best performing bell-mouth design. Measured location 1-1 to 2-2 is shown
ininset figure. . . . . .
Temperature variation along collector radius for the taper ratio TR in the range 1 — 3 and the
best TR i.e. 3 with the best performing bell-mouth design. Measured location 1-1 to 2-2 is shown
ininset figure. . . . . . .. L e e e e
Air pressure distribution along chimney height for taper ratio TR in the range 1 — 3 and best TR
= 3 with the optimum bell-mouth. . . . . . . . .. .. ... ..
Velocity at the collector outlet for the combination: the best wedge shape collector having TR = 3
integrated with different divergent chimney for the CORR range 1.5—5. . . . . . . . ... .. ..
Velocity variation along the collector radius of the solar chimney for the combination: the best
wedge shape collector having TR = 3 integrated with different divergent chimney for the CORR
range 1.5 — 5. Measured location 1-1 to 2-2 is shown in inset figure. . . . . .. ... ... .. ..

xi



xii

2.10

2.11

2.12

2.13

2.14

2.15

2.16

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

LIST OF FIGURES

Air temperature distribution along the collector radius of the solar chimney for the combination:
the best wedge shape collector having TR = 3 integrated with different divergent chimney for
the CORR range 1.5 — 5 . Measured location 1-1 to 2-2 is shown in inset figure. . . . . . . . . .. 20

Velocity variation at the chimney outlet of the solar chimney for the combination: the best wedge
shape collector having TR = 3 integrated with different divergent chimney for the CORR range
1.5 — 5. The enlarged value of higher CORR values 4, 4.5, and 5 with velocity contours shows
how velocity fluctuates across the exit length due to recirculation zone formation. . . . . . . . .. 21
(a) Velocity distribution along chimney height from section 3-3 to 4-4 (inset shown) for the
combination: the best wedge shape collector having T'R = 3 integrated with different divergent
chimney for the CORR range 1.5 — 5, (b) Enlarged view of velocity variation at higher CORR
clearly depicting significant fluctuations in velocity magnitude due to adverse pressure gradient
developed along the chimney height. . . . . . .. .. ... . L 22
Air pressure distribution along chimney height for the system with optimum wedge shape collector
(TR = 3) integrated with different divergent chimney having CORR range 1.5 — 5. Note that
TR = 8 an CORR = 2 exhibits higher pressure difference thereby enhancing driving potential. . 23
Velocity variation along the collector radii for the best solar chimney design for each discussed
cases: 1. Only wedge shape collector, 2. Only divergent chimney, 3. Wedge shape collector
integrated with divergent chimney, and 4. Bell-mouth opening at the inlet of wedge shape collector
integrated with divergent chimney. Measured location 1-1 to 2-2 is shown in inset figure. . . . . . 24
Static pressure recovery variation along the chimney height for the best configuration from each
case: 1. Only divergent chimney, 2. Wedge shape collector integrated with divergent chimney, and
3. Bell-mouth opening at the inlet of wedge shape collector integrated with divergent chimney.
Measured location 3-3 to 4-4 is shown in inset figure. Note that the higher static pressure recovery
along the chimney height is observed with the integration of bell-mouth at the inlet. . . . . . . . 24
Contour plot of static pressure recovery have shown to compare the best solar chimney design
comprised of best tapper collector, divergent chimney, and bell-mouth shaped collector inlet i.e.
TR =3, CORR = 2 and optimum BM, respectively, to compare best design results with the
conventional solar chimney design. . . . . . . . . ... oL L 25

Schematic diagram of a new hybrid solar chimney power plant: (a) Two-dimensional axisymmetric
model; (b) Three-dimensional view of computer aided design (CAD) model after 360° rotation.
Enlarged view of the PV panel is shown as inset. Sections are marked with numbers where
performance data is reported. Design changes in flow channel is shown in Fig. 2. . . .. ... .. 31
New designs of the hybrid solar chimney power plant with range of taper ratio TR = 0.34 — 0.83
and CORR = 1—5. (a) Conventional design; (b) Conventional collector with divergent chimney;
(¢) Tapered collector with conventional chimney; (d) Tapered collector with divergent chimney. . 32
Meshed computational domain of HSCPP design with enlarged view of different zones. . . . . . . 33
Grid independence test for different number of elements shown for the conventional design of
solar chimney having dimensions identical to the experimental design of the literature [52]. . . . 35
(a) Solar chimney experimental set-up [18]. Comparison of (b) velocity and (c) temperature
profile obtained from numerical model with the experimental data of the literature [52]. . . . . . 36
Velocity profile along the collector radius for different CORR values of divergent chimney. Vari-
ation is shown between 0-0.6 m where significant difference is seen. Zero radii is located at the
center of chimney. CORR =1 corresponds to conventional chimney. . . . . . . .. ... ... ... 37
Local variation of PV panel efficiency along the collector radius for different CORR range 1-5 of
divergent chimney. CORR =1 corresponds to conventional HSCPP.. . . . . . ... .. ... ... 38
Velocity variation along the height of the chimney for different CORR range 1-5 of divergent
chimney. CORR =1 denote conventional HSCPP. . . . . . . .. ... .. ... ... .. ... ... 38
Static pressure variation along the height of the chimney for different CORR range 1-5 of divergent
chimney. CORR =1 denote conventional HSCPP. . . . . . . .. ... . ... ... ... ...... 39



LIST OF FIGURES

3.10

3.11

3.12

3.13
3.14
3.15

3.16
3.17

4.1

4.2
4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

Velocity variation at the chimney outlet i.e. at section 4-4 for different CORR range 1-5 of
the divergent chimney. At higher CORR, reverse flow is seen (see inset). CORR =1 denote
conventional HSCPP. . . . . . . . . . .
Total pressure variation at the chimney outlet i.e. section 4-4 for different CORR range 1-5 of
divergent chimmney. . . . . . . . . . L e
Velocity variation along the collector radii for different taper ratio (TR) range 0.34-1 with con-
ventional cylindrical and divergent chimney. In all cases, the opening inlet height Hy has been
kept constant. . . . . . .. L L e e e e
Efficiency variation of the PV panel along the collector radii for different taper ratio (TR) range
0.34-1 combined with divergent chimney. . . . . . . . . . . ... .. L o
Velocity contours for various designs of HSCPP. . . . . . ... .. ... ... ... ... .. ...
Pressure contours for various designs of HSCPP. . . . . . . . . ... ... ... ... .......
Turbulent kinetic energy for various designs of HSCPP. . . . . . ... ... ... .. ... ....
HSCPP designs categorization based on percentage gain in photovoltaic electrical conversion
efficiency compared to the conventional HSCPP design. . . . . . . ... ... ... ... .....

Experimental set up of a conventional flat plate natural convection solar air heater (Gilani et
al., 2017): (a) chimney, solar air heater and data collection unit, (b) side view showing the flow
direction and location of measuring instruments (1- chimney, 2- double glaze glass top cover,
3- wind protector, 4- probe thermocouple, 5- wire thermocouple, 6- absorber plate, 7- hot wire
anemometer, 8- solarimeter). . . . . ... L. e
The natural convective flat SAH at an angle (6 ) of 45°with respect to horizontal. . . . . .. ..
The natural convective concave curved SAH inclined at an angle (6 ) of 45° with respect to
horizontal plane, connected to a vertical chimney. Effect of curvature angle on thermo-hydraulic
performance has been investigated. . . . . . . . . . . ...
The natural convective convex curved SAH inclined at an angle (6 ) of 45°with respect to hor-
izontal plane, connected to a vertical chimney. Effect of curvature angle on thermo-hydraulic
performance has been investigated. . . . . . . ... oL oL
Computational mesh domain of the flat natural convective SAH. Boundary layer mesh is shown
in the magnified views. . . . . . . . . L L
Validation of computation flow model with the experimental data of the literature (Gilani et al.,
2017). o
Variation of TER of: (a) concave curved natural convective SAH; (b) convex curved natural
convective SAH, for six different curvature angle in the range of 25°-50°. . . . . . . .. ... ...
variation of HTEF of: (a) concave curved natural convective SAH; (b) convex curved natural
convective SAH, for six different curvature angle in the range of 25°-50°. . . . . . . ... ... ..
(T”—;T"') , of flat and different curvature angle (30°, 40°
and 50° ) of: (a) concave curved natural convective SAH; (b) convex curved natural convective
SAH, at different values of constant absorber heat flux in the range 500-1100 W/m?2. . . . . . . .

The plot shows effectiveness of concave and convex curved and flat- flow passage of natural

Variation of Nu w.r.t. temperature factor,

convective SAH with respect to different values of constant absorber heat flux. . . ... ... ..
Shows the variation of Nu vs. Ra of concave and convex curved- SAH at all value of heat flux in
the range of 500-800 W/m?. . . . . . . . ...
The temperature and velocity contours have been shown for convex SAH having best curvature
angle 30° at constant absorber heat flux of 800 W/m?. (a) Temperature contours; Velocity
contours at (b) chimney outlet, (¢) SAH exit and (d) SAH inlet section. Similar contours were
observed for other curvature angles. . . . . . . . ... L oL
The temperature and velocity contours have been shown for concave SAH having best curvature
angle 40° at constant absorber heat flux of 800 W/m2. (a) Temperature contours; Velocity
contours at (b) chimney outlet, (¢) SAH exit and (d) SAH inlet section. Similar contours were

observed for other curvature angles. . . . . . . . ... L oL

xiii

42



Xiv

4.14
4.15
4.16

4.17

5.1

5.2

5.3

5.4

5.5

_Cﬂ
[=p}

9.7

5.8

5.9

5.10

5.11
5.12

5.13

5.14

5.15
5.16

6.1
6.2

6.3

LIST OF FIGURES

Plot of In (Nu) versus In (Ra cos®) of concave curved natural convective SAH. . . . .. ... .. 65
Variation of In(A,) versus In(¢) of concave curved natural convective SAH. . . . ... ... ... 65
Comparison between values of Nusselt number correlation (Nucorr) and Nusselt number CFD
(Nucrp) of concave curved natural convective SAH. . . . . . . . . ... ... ... ... ... 66
Comparison between values of Nusselt number correlation (Nucor-) and Nusselt number CFD
(Nucrp) of convex curved natural convective SAH. . . . . . . . ... ... ... 66

Solar dryer integrated with conventional flat plate natural convection solar air heater having
rectangular cross-sectional inlet design [121].. . . . . . . . . . ... .o L Lo 70
(a) Flat plate natural convection SAH integrated with bell-mouth at the SAH inlet and chimney
at the SAH exit; (b) Enlarged view of inlet section. . . . . . . . .. .. .. ... .. ... 74
Computational mesh domain of the natural convection SAH integrated with bell-mouth and
chimney. Boundary layer mesh is shown in the magnified views. . . . . . . .. ... .. ... ... 75
Validation of the present numerical model with experimental and numerical results of the litera-
ture [34]. The temperature profiles across the channel width at H=7.8 m have been compared. . 77
Variation of local air flow velocity at the inlet integrated with different shapes of bell-mouth (h/R
in the range 0.1-0.6) at absorber heat flux of 1000 W/m?. Measured location (0 mm -102 mm)
has been marked in the inset. . . . . . . . . .. L 79
Variation of local pressure coefficient (Cp) at the inlet integrated with different shape of bell-
mouth (h/R in the range 0.1-0.6) at absorber heat flux of 1000 W/m?. Measured location (0 mm

-102 mm) has been marked in the inset. . . . . . .. ... L 80
Variation of Nusselt number of SAH integrated with different shape of bell-mouth (h/R in the
range 0.1 — 0.6) with Rayleigh number. . . . . . . . . .. .. ... L 80
Variation of mass flow rate when integrated with different shape of bell-mouth (see legend) with
chimney at different solar insolation. . . . . . . . . ... Lo 81
Variation of pressure coefficient (Cp) at the inlet of SAH integrated with different shape of bell-
mouth with chimney, at absorber heat flux of 1000 W/m?2. . . . . . . ... .. ... ... ..... 82
Variation of local air flow velocity at the inlet of SAH integrated with different shape of bell-mouth
with chimney at absorber heat flux of 1000 W/m?. . . . . . .. ... ... ... . ......... 82
Variation of Nusselt number with Rayleigh numbers for various designs (see legend). . . . . . . . 83

Schematic diagram of flow patterns when fluid flows at the inlet of SAH duct with two different
inlet designs: (a) Flat rectangular inlet, (b) bell-mouth shape inlet. Notice how the size of
vena contracta are different for flat and bell-mouth shape inlet. The vorticity contours when air
flows through the SAH duct having: (c) flat rectangular inlet, (d) bell-mouth shape (h/R = 0.6,
R = 50mm) inlet. The velocity contours when air flows through the SAH duct having: (e) flat
rectangular inlet, (f) bell-mouth shape (h/R = 0.6, R =50mm) inlet. . . . ... ... ... ... 85

High flow SAH integrated with a space having dimensions L = 10m, W = 10m and H = 10m
for heating in cold climatic condition. . . . . . . . . . . ... ... 86
Schematic representation of various naturally driven solar air heaters configuration based on their
mass flow rates. The mass flow rate values mentioned are for the heat flux 500-1100 W/m?. . . . 87
Plot of In (Nu) versus in (Ra cosf) of flat natural convection SAH having bell-mouth shape inlet. 88
Comparison between values of Nugy- and Nucpp of flat natural convection SAH having bell-
mouth shape inlet. . . . . . . . . 89
Tapered SAH with bell-mouth integrated with building for space heating and ventilation. . . .. 92

Conventional design of natural convection SAH having parallel flow passage at an inclination
angle (0 ) of 45° .. . . L L 93
Natural convection tapered SAH inclined at 8 = 45° | integrated with a vertical chimney. Note
that while the dimension of inlet passage is kept constant, outlet width of SAH and chimney was
varied. The dimensions are: (a) Hy = 102mm , Hy = 50mm & t. = 60mm (b) H; = 102mm ,
Hy = 60mm & t. = 7T0mm , (¢c) Hy = 102mm , Hy = 7T0mm & t. = 80mm , (d) H; = 102mm ,
Hy = 80mm & t. = 90mm , (e) Hy = 102mm , Hy = 90mm & t. =100mm. . . . . . . . .. ... 94



LIST OF FIGURES Xv

6.4 Natural convective tapered SAH united with bell-mouth shape inlet. The enlarged view of bell-
mouth inlet opening is shown on the right. Each design of tapered SAH shown in Fig. 6.3 are
individually analysed to understand the influence of bell shape opening on the performance of
the device. . . . . . . L e e e e 95

6.5 Meshed geometry of the numerical domain of tapered natural convection solar air heater. Mag-
nified view shows boundary layer mesh near the heated absorber plate and chimney. . . . . . .. 96

6.6 Variation of thermal enhancement ratio (TER) with heat flux (¢) for tapered flow passage natural
convection SAH. . . . . . L L 99

6.7 Variation of Nusselt number, Nu with Rayleigh number, Ra for tapered flow passage natural
convective SAH of rectangular cross-sectional shape inlet. . . . . .. ... ... ... ....... 100

6.8 Variation of mass flow rate for tapered flow passage SAH with rectangular cross-sectional shape

inlet for solar insolation range 500-1100 W/m?. . . . . . .. .. ... 100
6.9 Variation of thermal effectiveness of flat tapered natural convection SAH vs. Rayleigh number

for the range of ¢ =500 — 1100 W/m?2. . . . . . . . .. .. 102
6.10 Mass flow rate variation for various bell-mouth shape inlet designs integrated with conventional

SAH for the range of absorber heat flux 500 — 1100 W/m?. . . . ... ... ... ... . ..... 102
6.11 Mass flow rate variation with Rayleigh number for tapered SAH integrated with bell-mouth design

inlet. . . . . 103

6.12 Variation of mass enhancement ratio (MER) of tapered SAH with bell-mouth shape inlet com-

pared to the rectangular cross-sectional inlet of conventional SAH for the heat flux range 500 —

1100 W/M2. . o o oo e e 104
6.13 Plot of Nu vs. Ra variation for tapered SAH having bell-mouth design integrated at the inlet for

the range of heat flux 500-1100 W/m?2. . . . . . . . ... ... 104
6.14 Velocity contour plot at heat flux 800 W/m?: (a) tapered SAH (taper ratio = 0.69) integrated

with bell-mouth (A/R = 0.3); (b) conventional SAH (parallel flow passage). . . ... .. ... .. 105
6.15 In(Nu) vs. In(Ra cos?9) of tapered natural convection solar air heater.. . . . . ... ... ... .. 106
6.16 Plot of In(A,) vs.In(Hz/H,) of tapered natural convection SAH. . . . ... ... ... ... ... 106
6.17 Variation of Nusselt number obtained by correlation (Ntucer) and simulation (Nucgp) of tapered

natural convection SAH. . . . . . . .o 107
7.1 (a) Experimental setup [1]; (b) Solid geometry of curved plate SAH. . . . . ... ... ... ... 111

7.2 (i) Two-dimensional solid geometry of various curved SAH design. (a) FPSP, (b) FPDP, (c)
CPSP, (d) CPDP, (e) CPSCSP (P=15 mm), (f) CPSCSP (P=10 mm) and its magnified view of
corrugation, (g) CPVCSP (P=15 mm), and (h) CPVCSP (P=10 mm) and its magnified view of
corrugation; (ii) Air flow passage in the duct of curved SAH. (a) Partial side view of single pass
flow of curved SAH, (b) Partial side view of double pass flow of curved SAH, (c) Partial side

view of semicircular corrugation, (d) Partial side view of V-groove corrugation, (¢) Front view of

curved SAH. . . . . . L 112
7.3 Partial view of mesh refinement region near the absorber surface and bottom wall: (a) CPVCSP-

SAH and (b) CPSCSP-SAH. . . . . . . . . 113
7.4  Comparison of outlet air temperature (7},) of different turbulence models with experimental data

at different values of mass flow rate i.e. 0.0172, 0.029, 0.0472 kg/sm?. . . . ... ... ... ... 117
7.5 Variation in thermal efficiency at mass flow rate of 0.0172, 0.029 and 0.0472 kg/sm? under constant

absorber heat flux of 800 W/m?. . . . . . . .. ... 118
7.6 Variation in thermal efficiency at mass flow rate of 0.0172, 0.029 and 0.0472 kg/sm? under constant

absorber heat flux of 800 W/m?2. . . . . . . ... 118
7.7 Air outlet temperature (To) variation of FPSP, FPDP, CPSP & CPDP SAH w.r.t. absorber heat

flux at constant mass flow rate of 0.0472 kg/sm?. . . . . .. ... 119

7.8 Thermal efficiency of FPSP, FPDP, CPSP & CPDP SAH w.r.t. mass flow rate at constant
absorber heat flux of 800 W/m?. . . . . . . . ... 120



xvi

LIST OF FIGURES

7.9 Thermal efficiency variation for different geometries of SAH at different mass flow rate values of
0.0172, 0.029, and 0.0472 kg/sm?2. . . . . . . .
7.10 Percentage variation of air outlet temperature (T,) for different geometries of SAH w.r.t. FPSP
and CPSP at different values of absorber heat flux. . . . . . ... ... ... ... ... .. ....
7.11 Percentage variation of thermal efficiency for different geometries of SAH w.r.t. temperature
parameter(T"—;T"). ............................................
7.12 Nusselt number variation for different geometries of SAH at ecach value of mass flow rate i.e.
0.0172, 0.029 and 0.0472 kg/sm2, respectively. . . . . . . . . L
7.13 Percentage variation of Nusselt number for different geometries of SAH w.r.t. FPSP and CPSP
at different values of absorber heat flux. . . . . . .. . .. ...
7.14 Pressure drop variation for different geometries of SAH at each value of mass flow rate i.e. 0.0172,
0.029 and 0.0472 kg/sm?2, respectively. . . . . . . ... Lo
7.15 Friction factor (f) variation w.r.t. mass flow rate values of 0.0172, 0.029, and 0.0472 kg/sm2.
7.16 (a) and (b) Partial side view of secondary flow vortices formation near the sharp edge of V-
grooves having different pitch values of the absorber plate. (a) Velocity contour at the sharp
vortex of V-grooves having 10 mm pitch of curved SAH, (b) Velocity contour at the sharp vortex
of V-grooves having 15 mm pitch of curved SAH. . . . . . . .. ... .. L.
7.17 (a), (b) and (c) Total pressure coefficient for different geometries of curved SAH at mass flow
rate of 0.0472 kg/sm?2. (a) Total pressure coefficient of CPSP SAH, (b) Total pressure coefficient
of CPVCSP SAH (P/e = 1.25), (c) Total pressure coefficient of CPVCSP SAH (P/e = 0.834). . .
7.18 Turbulent kinetic energy contours of V-corrugated SAH at mass flow rate of 0.0472 kg/sm?2. (a)
Turbulent kinetic energy of CPVCSP SAH (P/e = 1.25), (b) Turbulent kinetic energy of CPVCSP
SAH (P/e = 0.834). . .« o o
7.19 Plot of In(Nu) verses In(Re) of curved SAH having corrugated absorber plate. . . . . . . ... ..
7.20 Plot of In(Ao) verses In(P/e) of curved SAH having corrugated absorber plate. . . . . .. .. ..
7.21 Plot of In(Bo) verses In(e/H) of curved SAH having corrugated absorber plate. . . . . ... ...
7.22 Comparison between values of Nusselt number correlation (Nu.,.) and Nusselt number CFD
(Nucpp) of curved SAH having corrugated absorber plate. . . . . .. . ... ... .. ... ...
7.23 Comparison between values of friction factor correlation (f.or) and friction factor CFD (fecrp)

of curved SAH having corrugated absorber plate. . . . . . . . .. .. .. ... ... ... ...

8.1 Previous investigations based on solar air heater straight flow channel equipped with various
shape of ribs in two different arrangements of ribbed absorber plate: (a) down ribs and (b)
up/bottom ribs. . . . ..

8.2 Geometry of a curved SAH having 25° curvature angle with the half-triangular (i.e. (i)) grooved
absorber plate. The three different shape of ribs have been considered in the study are shown:
(i) half-triangular, (ii) half-trapezoidal and (iii) quarter-circle, and analyzed individually to in-
vestigate thermo-hydraulic performance. . . . . . . . . . . . ... ...

8.3 Mesh of the computational flow domain of curved SAH equipped with half-triangular shape ribs.

8.4 Outlet air temperature variation (T,) with solar radiation intensity (I) at the mass flow rate of
0.0172 kg/sm2. . . . . o

8.5 Variation of temperature factor, w, of curved SAH equipped with different shape of ribs for
Re in the range 11000-15000, at ¢ = 1000 W/m?2. . . . . . . . . ... ...

8.6 Shows Nusselt number variation for different shapes of ribs for Re in the range 11000 — 15000, at
g=1000 W/m>. . . . .

8.7 Flow velocity profiles of (a) curved smooth SAH and (b) flat smooth SAH at different axial
locations along the duct height for Re in the range 11000 at ¢ = 1000 W/m2. . . . . ... .. ..

8.8 Friction factor variation for various shape of ribs for Re in the range 11000 — 15000, at ¢ = 1000

8.9 Thermohydraulic performance (T"—;T’) /f , variation of different shape of ribs for Re in the range
11000 — 15000, at ¢ = 1000 W/m?2. . . . . . . .

123

124

. 124

126

143



LIST OF FIGURES xvii

8.10
8.11
8.12

8.13

8.14

8.15

8.16
8.17

9.1
9.2

9.3

94
9.5

9.6

9.7

9.8

9.9

9.10

9.11

9.12

9.13

Plot (%) vs. Re at ¢ = 1000 W/m? for various shape of ribs. . . . . . .. ... .. ... .... 145
Variation of effectiveness of different shape of ribs with Re, at ¢ = 1000 W/m?. . . . . . ... .. 145

Demonstrates variation of exergy recovery of curved and flat- SAH devices with respect to tem-
perature factor of different shape of ribs for the range of Re 11000-15000, at ¢ = 1000 W/m?. . . 147
Demonstrates second law efficiency ( nry ) variation of curved and flat- SAH devices with respect
to temperature factor of different shape of ribs for the range of Re 11000 — 15000, at ¢ = 1000

(a) Vorticity, (b) turbulent dissipation rate and (c) temperature contours of the curved SAH
equipped with quarter-circle ribs having e,/H = 0.125 and ¢, /b,=1, half-trapezoidal ribs having
eyp/H= 0.125 and half-triangular ribs having e, /H = 0.125 and e;/b, =1, respectively, for the
Reynolds number of 11000, at ¢ = 1000 W/m?; (d) and (e) showing the Nusselt number and
temperature contours at various regions for the best performing half-trapezoidal ribs at the middle
section of curved and flat SAH, respectively. . . . . . . . ... 149
Plot of Nusselt number along the absorber length of best performing curved half-trapezoidal
ribbed SAH having e, /H= 0.125 and smooth curved SAH for the Reynolds number 11000, at ¢
= 1000 W/m?2. Magnified views of velocity contours are also shown at different axial locations

along the duct height. Notice how Nu continuously decrease in both the cases, however, Nu

shoots up at the location of ribs. . . . . . .. .. Lo 150
Variation of InAg vs. In S, . . . . L 151
Comparison of Nusselt number values obtained numerically and derived correlation. . . . . . .. 151
(a) Experimental set up [102]; (b) Experimental set up [158]. . . . . . . ... . ... ... .. .. 154

Design description of the curved SAH model. (a) solar insolation on a curved SAH at different
angles, (b) dimensions of the curved SAH geometry, (¢) wind direction representation w.r.t. tilt
angle (0 ) of SAH. . . . . . . . 155
Design description of various geometric parameters to determine the effects of environmental wind
conditions on SAH. (a) wind tunnel design specification, (b) windward orientation, (c) leeward
orientation. . . . .. ..o 157
Mesh of computational flow domain of the curved SAH in a wind tunnel. . . . .. ... ... .. 157
(a) Variation of outlet air temperature (T,) of a curved plate SAH w.r.t. constant value of
absorber heat flux (W/m?) at mass flow rate m = 0.0172 kg/s.m?; (b) Variation in thermal
efficiency at mass flow rate in the range of 0.0172-0.0472 kg/s.m? at constant heat flux of 800

Nusselt number variation of CFD model (designed dimensionally same as the experimental set
up [13]) and literature [13] (see Fig. 9.1(b)) w.r.t. different tilt angles (3) of the flat solar collector.162
Major variation of T, of curved SAH for different curvature angle when the absorber surface
exposed to constant heat flux of 800 W/m?, at fixed value of mass flow rate i.e. 0.0472 kg/sm?. . 163
(a), (b), (c), and (d) shows the variation of outlet air temperature with time when solar radiation
inclination angle in range of 6 ;=0° -60° of curved SAH (25° curvature angle) at different values
of mass flow rate (i.e. 0.0172, 0.029 and 0.0472 kg/sm?). . . . . . . . . ... 164
(a), (b), (c¢), and (d) shows the variation of heat transfer enhancement factor (EF) with time
when solar radiation inclination angle in range of §; = 0° — 60° of curved SAH (25° curvature
angle) at different values of mass flow rate (i.e. 0.0172, 0.029 and 0.0472 kg/sm?). . . ... ... 165
Nu variation for the tilt angle @ = 0° of curved and flat SAH at wind velocity of 3 m/s. . . . . . 166
Nusselt number variation for tilt angle § = 15°0f curved and flat SAH at wind velocity of 3 m/s
in windward position. . . . . ... 167
Nusselt number variation for tilt angle 8 = 30°0f curved and flat SAH at wind velocity of 3 m/s
in windward position. . . . . ... L 168
Nusselt number variation for tilt angle 8 = 45°0f curved and flat SAH at wind velocity of 3 m/s

in windward position. . . . . ... L e e 168



xviii

9.14

9.15

9.16

9.17

9.18

9.19

9.20

9.21

Al

A2

A3

B.1

LIST OF FIGURES

Nusselt number variation for tilt angle § = 60°0of curved and flat SAH at wind velocity of 3 m/s
in windward position. . . . . . . . L L e e e 169
Velocity contours: (a) curved and (b) flat SAH. (¢) Nusselt number variation for tilt angle § = 15°
of curved and flat SAH at wind velocity of 3 m/s in leeward position. . . ... ... .. ... .. 170
Velocity contours: (a) curved and (b) flat SAH. (¢) Nusselt number variation for tilt angle 8 = 30°
of curved and flat SAH at wind velocity of 3 m/s in leeward position. . . . .. ... .. ... .. 170
Velocity contours: (a) curved and (b) flat SAH. (¢) Nusselt number variation for tilt angle § = 45°
of curved and flat SAH at wind velocity of 3 m/s in leeward position. . . .. ... ... ... .. 171
Velocity contours: (a) curved and (b) flat SAH. (c) Nusselt number variation for tilt angle
0 = 60°0f curved and flat SAH at wind velocity of 3 m/s in leeward position. . . . . .. ... .. 171
Average Nusselt number variation of curved and flat SAH at constant absorber heat flux for
various tilt angle under natural convection condition. . . . . . ... ..o o000 172
Velocity contours of curved and flat SAH at various tilt angle (§ = 15°, 30°, 45°and 60°) under
natural convection condition. . . . . . ... oL 173

Pressure coefficient (Cp) variation at the top and bottom surface of flat and curved SAH for
various SAH tilt angle at wind velocity (v) of 4 m/s: (a) flat SAH at windward position (b)
curved SAH at windward position; (c¢) flat SAH at leeward position; (d) curved SAH at leeward
position. Insert in the figures shows wind direction and net force acting on the SAH, Fy denotes

net lift force and Fp denotes net downward force. . . . . . . .. . ... L. 174

Flat natural convection SAH with four different sections placed longitudinally one after the other
across the flow channel. . . . . . . . . . . . 199
The velocity profiles at four different sections have been shown for flat natural convection SAH
for different number of mesh elements. . . . . . . . . ... ... L L 200
The temperature profiles at four different sections have been shown for flat natural convection
SAH for different number of mesh elements. . . . . . . . . . ... ... ... .. 200

Trend variation of In(Nu) versus In(Re) for SAH having curved design equipped with quarter-
circle ribs. . . . L oL 203



List of Tables

2.1
2.2

3.2
3.3
3.4
3.5
3.6

4.1
4.2
4.3
4.4

4.5

5.2
5.3

6.1
6.2
6.3

7.1
7.2
7.3
7.4

8.1
8.2
8.3

9.1
9.2
9.3
9.4
9.5

Design parameters of solar chimney [52]. . . . . . . ... ... .. L L 11
Performance data of various SCPP designs. Note that TR=1 and CORR = 1 represent conven-

tional solar chimney power plant. . . . . . . . . . . . ... 18
Design parameters of solar chimney [52]. . . . . . . . . ... L 30
Polycrystalline silicon PV module characteristics [60]. . . . . .. ... .. ... ... ... ..., 31
Boundary conditions . . . . . ... 34
Ambient fluid properties at the collector inlet of HSCPP at ambient temperature of 300 K. . . . 34
Performance data of various HSCPP designs. Note that TR = 1 and CORR = 1 represent

conventional hybrid solar chimney power plant. . . . . . . . .. ... . Lo oL 43
Curvature angle and boundary conditions. . . . . . . . .. ... o oL 55
Details of grid independent test. . . . . . . . . . ... 56
Thermo-physical properties of air at 298 K at the inlet of SAH. . . . . . ... ... ... ..... 57
Average effectiveness values for convex, concave and flat natural convective SAH at constant

absorber heat flux for range 500-1100 W/m?2. . . . . .. . .. ... 60
(AP) and (NuP) values for convex and concave curved- natural convection SAH at constant

absorber heat flux of 800 W/m?2. . . . . . . . ... 64
Range of geometric and operating parameters. . . . . . . . . ... ... 73
Air properties at the inlet of SAH at ambient temperature of 300 K. . . . . .. ... .. ... .. 75
Operating and geometrical parameters. . . . . . . . . . . . ... 95
At the SAH inlet ambient air properties at 298 K are: . . . . . . . .. .. ... ... ... .... 97

an uP) values for tapered - natural convective without bell-mouth at q = m-.
(AP) d(N P) 1 £ pered 1 ive SAH with bell h at ¢ 8OOW/ 2.101

Range of parameters. . . . . . . . .. L e 111
Detail of grid independent test. . . . . . . . . . . ... 114
Thermo-physical properties of air at 300 K. . . . . . . . . . .. ... .. 114
EAF efficiency augmentation factor. . . . . . . . . ... 121
Description of design and flow parameters. . . . . . . . . . ... Lo 136
Grid independence test. . . . . . . . L L 137
Air properties at 300 K. . . . . .. L e 138
Range of parameters. . . . . . . . . . . . 156
Grid independent test of a curved SAH. . . . . . . . . . . .. ... 158
Grid independent test of environmental wind effect on the curved SAH. . . . .. ... ... ... 158
Thermo-physical properties of air at 300 K. . . . . . . ... ... o oL 159
Range of CP for curved and flat SAH in windward position. . . . . . . . .. .. ... ... .... 175

Xix



XX

LIST OF TABLES

9.6 Range of Cp for curved and flat SAH in leeward position. . . . . . . . .. ... ... ... .. .. 176
A.1 Grid independent test details . . . . . . . . ... L 200
........ 201

A.2 Time step test details. Three times steps has been considered: time t, t/2 and 2t.



