Contents

Certificate . . . . . . . . . e e e e e e e e e e e e e e e iii
BRcldfdion: . oo oo s roomnis S5 0% B S DOOrOniny e S B S8 Sy b v
Bopyrighils o 53 50 Do tmlEnaE 1 0 B D U B U B amrenEn vii
ACKIORRICAEEINETT ., .o v o5 ams 5o sus sy G B For SR SRR ix
Table: GECONIENLS oo so wvmanns By 50 O S0 S @nuuans e w9 U 5 Saeiaeas xi
Listof Figures . . . . . . . . . L o e e e e e e e e e e e e XV
LISEOETADIES . o v co sovammmems o e o 09 v eieserms o5 o7 @9 09 s elems xxi
NOEHCIAEES o oo soosmeaaurs DY 90 B0 50 IRSsUiems B G0 B 59 Beiesms | axiii
N 0 o i
Introduction 1
1.1 Assessmentofenergyresources . .. .. L. oLl oL S S s e e e i 2
1.2 Conventional solar air heater: Anoutlook . . . . . ... ... .. .. .. ........ 3
1.3 Literature review on design modificationof SAHs . . . . .. .. .. ... ....... 5
1.4 Newefficientdesignsof SAH . . .. ... ... . ... ... ... 0., 8
155 OLJECiveolTHesIS. . v os an s s semmivmr s S5 5 For 0 SRRy 12
i GGt OPINERS o v nmarees sn s o B SSoRoREE Be SE B 0N STOReRET | 12

Efficient Design of Curved Solar Air Heater Integrated with Semi-down Turbulators 13

2.1 WEGAUCHOH ... oo o 55 s sue see mspmsE S5 GE Soe s RESLETRRER # 13
22 Numerdcal domam . coawss oa vu o o Saaea s BB e W B ERaaesE . 15
2.2.1 Geometry specification and parametricdetails . ... ... .......... 15
2.2.2 Mesh description and grid independence of numerical model . . . . . ... 17
223 Bondary Conditiongcw »u oo o o8 Sarsisliey oF BY B P PRISTERRY 19
2.2.4 Governing equations and physicalterms . . .. ... .. .. .. ........ 20



xii Contents

2.2.5 Assessment of magnitude of solar radiation received on curved SAH . . .. 22

2.3 Experimental validation of numerical modelof curved SAH . . . . . . .. .. .. .. 22
24 Resultsand discussions . . . . . . . . . . .. e e e 23
25 Pgrgyanalyils . .. o sosaseem e e oes e v RTeeEER G B G AU SoRETR 28
26 DewelopmentofCorrelatlons <o 20 ou v on oo wasien &3 a0 i 8 sawies 35
27 Conclusions . . . . . . 0 it i e e e e e e e e e e e 37
3 Efficient Designs of Double-pass Curved Solar Air Heaters 39
30 Introdiction» su o oy moeTme B B T B SO ETES S BT I DR S 39
3.2 Numericalmodel . . . . . . ... e e e 43
321 Computational flowdomain . . .. ... ... oo im s 43
3.2.2 Mesh generation, grid-independent, and time-independent study . . . . . . . 43
3221 Gridindependentiest .. .. .. w0 cor e e s s e s e 45

3222 Timeindependentstudy . . . . .. .. ...t 45

3.23 Boundarycondition . . .. . . . . .. . e e e e e e 46
324 GOUCrHIRE CQUALION . v v wov srs 5os snm wie s Ew aTE Me SR R 47
3.2.5 Experimental validation of themodel . . . . . . ... ... ... ........ 48

3.3 Resultsand discussions . . . . . . . . . . . . e e e 49
3.3.1 Circular vs. semicircular ribs: which isbetter? . . . . . . .. ... ... .... 49
3.3.2 Theeflectof vibdiameter . . s 0 v §s ol SeRien B B B B Bai 51
3.3.3 Effectofabsorber plate location . . . . . . .. .. ... .. 0o 57

34 Correlation developmient . ..o i e s e e s o oW 6% w0 aeRiaT 59
341 CorrelationforNu . c5io5 o5 5 85 3% Y a@Ees &4 i o6 83 vaass 60
A2 COrmIGHORTOE T o ovmism wmr ws son 500 we mmym s a5e sns sup $9 Soavmis 61

3D ConASIoNS . .o v sa saEedE $E GE EE EROEEIVETR SR IR s W SSRaTR 64

4 Performance Characteristics ofa New Curved Double-pass Counter Flow Solar Air Heater 65

A1 TOGAUCHION. . ..o son son sor s s a8 B Foe s R S AE ML R SRR 65
4.2 Computational fluiddynamicsmodel . . . . . . .. .. ... ... Lo 68
4.2.1 Description of numerical domain and operating parameters . . ... .. .. 68
422 Boundary condition’ ..o m e om ws e s sowess s a0y s 6 a0 T Em 70
4:2.3 ‘GoverningequabiOn: coion s S b S el PERE L S ST G B waiiie 71
424 Performance parameters . . . . . . . . . .. ... e e e 72
4.2.5 Mesh description, grid independence and time independence . . .. .. .. 74
4251 Meshindependencestudy ... ..................... 74

4.2.5.2 Timeindependentstudy . ... ..... ... .. .. ......... 74

4.2.6 Validation with experimentalresults. . . . . ... ... ... .......... 75

43 Resultsand discussion: ; 2. o5ivon o5 i o6 64 De SRiEes &% 9 s 9d va e 77

4.3.1 Performance comparison: counter vs. parallel curved DPSAH . . .. .. .. 77



Contents  xiii

4.3.1.1 Thermal performance of smoothcurved SAHs . . . . ... ... .. 77

4.3.1.2 Thermal performance of roughened curved SAHs . . . . . . .. .. 78

4.3.1.3 Hydraulic performanceofcurved SAHs . . ... ... ... ... .. 82

44 Development of correlationfor Nuand f. . .. .. ... .. ... ... ........ 87
4471 Correlation Tor ML iiv o o W o5 SRR S BN B RN FOETEEIee 87
442 Correlationfor f . ... . .. .. e e 89

45" CODEOIONSE o oo enrnaess ok 0 w5 65 SEaeies we o BN B5 SRR 91

Investigationsfor Efficient Design of a New Counter Flow Double-pass Curved Solar Air

Heater 93
51 INOdUCHOD oo s srvomvis o5 &% b o5 SOORres e S B G5 PSR b 93
5.2 Problem description and numerical methodology . . . . .. .. ... ... ...... 95
5.2.1 Geometry of computationaldomain . . . . . . . . .. .. .. .. ... ... 96
5.2.2 Governing equation and datareduction . . . . . ... ... ... .. ... 96
5.2.3 Grid generation and boundary condition . . . . ... .. ... .. ... 100
5231 IGHALeneIAioN ... .o sov v s S mE e wEe LS 100

5.2.3.2 Boundaryandinitialconditions . . . . ... .. ... ... ... .. 100

5.3 Validation of numericalmodel . .. ... ... ... ... . ... .. ... ... 101
5.4 BRestlts and QiSCUSION. ..o 5 s ime e 55 sov e s ©F S0 e 8 S EeEEE b 102
541 BowvBualizatlon: s o5 s v o Sadipeisd &% o B oo PusiERieg 103
5.4.2 Optimization of arched bafflepitch . . . .. .. ... ... ... .. ... ... 105
5.4.3 Optimization of arched baffleangle . . .. ... ................. 107

5.5 Regression correlation for roughened curve COPSAH with baffle . . . . .. ... .. 110
5.5.1 Regression correlation for Nusseltnumber . . . . . .. ... ... ... ..... 111
5.5.2 Regression correlation for friction factor . . . . . ... .. ... ... . .. ... 114

5.0 Concluslong & oo ien o o s o0 Dd B ien e i 05 % 3 wa e 116

Effect of Channel Designs and Its Optimization for Enhanced Thermo-hydraulic Per-

formance of Solar Air Heater 117
6.1 Introduction . . ... .. . . . . . . e 118
62 Description obproblem . con s ww e en o wovamessrs o5 s 0% 509 ¥ el b 122
6.3 Themmericalmodel. ooy o0 ot 5 o PUSELes &% B Ml 95 PasiFensy 123
6.3.1 Grid generation and independencetest . . . .. ... ... ... .. ...... 123
6:3.2 Boundaryconditions . . .. .« v c5 vovwmn s s on 5 ws 58 wow wieie e s b 124
6.3.3 Governing equations and turbulencemodel . . . .. .. .. .. ... ... .. 124
6.3.4 Performance parameters . . . . . . . . . e e e e e e e e e e e 125
6.3.5 Validation of computationalmodel . . . . . . . ... .. ... ... ... .. 127
6.4 ResultsandDiscussion . o oo o i o0 04 S i@nes i3 65 &% 4 Ba e 128

6.4.1 Results of different cross-sectional SAHs . . . . . . .. .. .. .. .. ...... 128



xiv Contents
6.4.2 Results of the best cross-section shape with corrugated SAH . . . . .. .. .. 133
6.4.3 Empirical correlation development for Nuandf . . . .. .. ... ... .... 142
6.5 Conclusions . . . .. . . . . . .. e e 143
7 Conclusions and Recommendations 147
L Conclusions oo o os SO eaein &0 50 5l B S0 Eieit &9 SN B By e 147
7.2 Major contributionsofthesis . . . . . .. ... ... L 151
7.3 Assumptions and limitations of the present investigation . . ... .......... 152
74 Recommendationforfuturework . .. .. ... ... ..o oo 153
Bibliography . . . . . . . . o e e e e e e e 155
APPENdIY A oo e s w S ST e B PR S0 DEEIDEIN i B NE G0 Sreaas 169
AppendixB:: s o s B0 40 vo oRiEEE o I Bl UG PaooniEn S e wn v vmanin 171

Author'’s Personal Profile and Publication List . . . . . . . . . . . . & o i v i i 173



List of Figures

i1

1.2

1.3

1.4

15

1.6

1.7

1.8

1.9

2.1

2.2

2.3

2.4

Projections of global primary energy consumption for 2020 to 2050. . . ... ... 2
Trends in renewable energy from 2000t0 2020. . . . . . .. .. .. .. .. ... 3
Schematic diagram of conventional solarairheater. . . .. ... ... .. ...... 4

Physical representation of the performance improvement methods in the solar air
BEBEEE: « o0 s en wsn@ainrs B S U5 6 DSEaETE BN SR ON Ba ReRakeieTs g 6

Schamatic diagram of curve SAH integrated with semi-down turbulator (i) Half-

traingular, (ii) Half-trapezoidal and (iii) Qauter-circle. . . . ... ... .. ... ... 10
Schematic diagram of parallel carved DPSAH . . . . . . .. ... ... .. ...... 10
Schematic diagram of counter curved DPSAH. . . . . . . .. .. .. .. .. ...... 11

Schematic diagram of counter curved DPSAH with strategic placement of arched
deflectors ik lowerchRannel: ;o oo oo v @5 P P &% S P e BURERET 11

Schematic diagram of 3D view semi-ellipse cross-section with wavy absorber plate 11

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/bottomribs. . . . .. .. .. ... ... oo ... 16
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 investigate thermo-hydraulic performance. . . 17
Mesh of the computational flow domain of curved SAH equipped with half-triangular
SHADETIDE. & oo corsmmmmms o5 aon 5o o sovalmemss S5 S Fo sol s 18
Qutlet air temperature variation (T,) with solar radiation intensity (I) at the mass
flowrate of 0.0172kg/s.m>. . . . . . . . .. 23

XV



xvi List of Figures

2.5 Variation of temperature factor, Eﬁ;—Tf-’ of curved SAH equipped with different
shape of ribs for Re in the range 11000-15000, at g = 1000W/m?2. . . . . ... .. ..
2.6 Shows Nusselt number variation for different shapes of ribs for Re in the range
=150 NI . o ox o o8 SrESCERRES B8 55 0 SEEES
2.7 Flow velocity profiles of (a) curved smooth SAH and (b) flat smooth SAH at dif-

ferent axial locations along the duct height for Re in the range 11000 at g = 1000

2.8 Friction factor variation for various shape of ribs for Re in the range 11000 - 15000,
atg=1000 W/, . . . . . e e

&fﬂf f . variation of different shape of ribs for

2.9 Thermohydraulic performance
Rein the range 11000 - 15000,at g = 1000W/m?. . . .. ... .............
2.10 Plot ({%) vs. Reat g = 1000 W/m? for various shape ofribs. . . . .. .........
2.11 Variation of effectiveness of different shape of ribs with Re, at ¢ = 1000 W/m®. . . .
2.12 Demonstrates variation of exergy recovery of curved and flat- SAH devices with
respect to temperature factor of different shape of ribs for the range of Re 11000-
15000, at 4 =T000WHR?. - coviw on v o9 s o ovaien &5 o0 o B3 Saees
2.13 Demonstrates second law efficiency (1,;) variation of curved and flat- SAH devices
with respect to temperature factor of different shape of ribs for the range of Re
1100015000, 8t g=1000 WIS, © o o0 oi o v Gveien 5 &4 im &3 See’s
2.14 (a) Vorticity, (b) turbulent dissipation rate and (c) temperature contours of the

curved SAH equipped with quarter-circle ribs having e-/# = 0.125 and &:/b,=1, half-

trapezoidal ribs having e/ H=0.125and half-triangular ribs having e/ H=0.125andeq/b,=1,

respectively, for the Reynolds number of 11,000, at g = 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,
POSPBOHUBING: = o wos o s opussen sy R 5SS A L SRS Y R B A Sommm

2.15 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 g = 1000 W/m?. Magnified views of velocity contours are also

shown at different axial locations along the duct height. Notice how Nu continu-

ously decrease in both the cases, however, Nu shoots up at the location of ribs.
2.16 Variation of InA, vs. In % ..................................

2.17 Comparison of Nusselt number values obtained numerically and derived correla-

3.1 Schematic diagram of curved DPSAH with variable relative location of the ab-
sorber plates (y/H). Pitch P is kept constant in all thedesigns. . . . .. . ... .. ..

3.2 Two-dimensional unstructured mesh of SAH-11 with semicircular metallic ribs. . .

29
30
31

34

36
37

45



List of Figures  xvii

3.3 (a) Comparison of Nusselt number at various Reynolds number; contour of veloc-

ity magnitude of (b) SAH-II with semicircular ribs and (c) SAH-II with circular ribs
atRe=10,000and d/H =0.25. . .. .. . .. . .. ... e 50

3.4 Aplot of friction factor ( f)versus Reynold number (Re)for a constant value of rel-
ativeroughnessheight (4/H)of0.15. . . . .. . .. ... ..o v v oo, 51

3.5 (a) Variation of Nusselt number with relative roughness height, (b) Variation of
local heat transfer coefficient with positioninSAH-I . ... .. ............ 51

3.6 Variation of local wall shear stress in SAH-II with semicircular and circular ribs at
high Re=10,000and d/H=0.25. . . . . . . . . . . L e 52

3.7 Comparison of experimental results with numerical values of outlet air tempera-
turew; rtsolarradiation: ;. 5 o G0 U8 FREEE SR £ S B e S e 53
3.8 Variation of Nusselt number with Reynolds numberfor SAH-II. . . . . ... ... .. 54

3.9 Contours of turbulent kinetic energy at Re = 5000 for fixed value of P/H and differ-

ent value of relative roughness height (a) 4/n = 0.1, (b) 4/H = 0.15, (c) 4/H = 0.20
aidARN I SU20. . covareserms wn e w5 ©F SOOErEEEEE B3 BN RN 08 SREnereE 55

3.10 Variation of the effectiveness with Reynolds number (a) SAH-I, (b) SAH-1I, and (c)
SAH-IIL L o o e e e e e e e e e 56

3.11 The effect of Reynold number on friction factor for different SAH (a) SAH-II, and
OV SAE-THL ool vngaisiannsy o8 G Vo o8 PRy o By B o BETERGE 57

3.12 Temperature contour at Re = 10,000 at fixed value of 4/# =0.25, P/# = 0.75 and

different relative location of absorber plate (a) SAH-I (i.e., ¥/# =0.25) (b) SAH-II
(ie,¥H=050),and (c) SAH-TI (i.e,, WH=0.75). .. .. v in i imoesiunn, 58

3.13 The variation of mass flow rate with outlet temperature (a) Lower channel (b) Up-
PEECHANNEL: oo s mmeers Y L TR 50 EEIRELLTT R ORI NS a4 59

3.14 Variation of temperature with position (along with the duct height) at the central

location of different SAH with semicircular rib at a fixed value of Re = 10,000 and
d{f = 0.25. The location along the duct height is shown in theinset . .. ... ... 60
3.15 Variation of In (Nu) asa functionofln(Dn). .. ..... .. .. ... ......... 62
3.16 Variadon of In (G With In{D,). . . . v i it i i i e s e s vm it v m v e 62
3.17 Comparison of numerical and predicted values of Nusselt number. . . . ... ... 63
3.18 Comparison of numerical and predicted values of the friction factor. . . ... ... 63

4.1 Aschematic of 2D numerical domain of (a) roughened counter curved DPSAH and
(b) roughened parallelcurved DPSAH. . ... .......... ... ..., 67

4.2 Mesh of a curve roughened counter DPSAH equipped with asymmetric semicir-
CUIE tIEDUIaNONE. & covnnors o on B3 o5 PRSI B SRR RS SRR 75

4.3 Comparison of experimental and CFD results of outlet air temperature w.r.t solar
radiation. . . . . . .. L L e e e e e e e e 78



xviii  List of Figures

44 Aplotof Nuwithrespectto Reataconstantheatflux. . ... ... ..........
4.5 Airtemperature distribution along the duct height at mid-section of smooth counter
and smooth parallel curved DPSAH at Re=10000.. . . . . . .. .. ... ... ....
4.6 Effect of d/H on Nu for counter and parallel curved DPSAH for a constant value of
Reand PTH: = i o0 o so e 3 60 i 0 o O & B i BR sees
4.7 Contours of TKE of roughened counter and parallel curved DPSAH at Re = 10000
for a constant value P/ H and distinct values of relative roughness height (a) d/H =
0.1, (b) d/H=0.1, (c) d/H =0.15, (d) d/H =0.15, (e) d/H = 0.20, (f) d/H = 0.20,
(g d/H=0.25and (h)d/H=0.25,flowisfromlefttoright. . ... ..........
4.8 A contour plot of temperature for a constant value of Re and d/H of 10000 and
0.25 roughened (a) counter (b) parallel curved DPSAH. . . . . . .. ... ... ....
4.9 A plot of thermal effectiveness versus relative roughness height. . . . . ... .. ..
4.10 Contour of velocity magnitude at constant value of Re and d/H of roughened (a)
Counter (b) Parallel curved DPSAH. . . . ... ... ... ... ... ... .. ...,
4.11 Effect of relative roughness height on thermal hydraulic efficiency for fixed value
of Reand PIH of 10000asd Q.75 o & a5 o0 b @5 o0 @is i &5 B4 & 8 #ds
414 Aplotofin(Ag) vsIn(d/H) . . . . . . . . e e e e
4.12 Variation of wall shear stresses with longitudinal length of absorber plate in rough-
ened SANIE: o s Gl B e R BV b W PR A B B s
413 AplotofIn(Nu)vsIn(Re) . . . . . . . o e e e e e
LIS ADIOEOEMTPAVEINTREG) soovmmmaa e o ws S0 SIS omses Gy OF S0 W SRR
AdG:AplotofMCalwaddE) o s o @8 3 88 P SEESE O B8 B un g
4.17 Comparison of predicted vs numerical values of Nusselt number . ... ... ...

4.18 Comparison of predicted and numerical values of frictionfactor . . . .. .. .. ..

5.1 Schematic diagram of longitudinal cross section of a double-pass counter flow
SAH. (a) Note the strategic placement of arched deflectors in lower channel that
directs the fluid towards absorber plate. In second row, left figure show the geo-
metric parameters of the curved SAH. The right figure shows the geometric param-
eters of the curved baffles, (b) roughened counter DPSAH (i.e., P/d = 0) without
baffles. Computational model is developed for both thesystem . ... ..... ..

5.2 Generated mesh onroughened curve COPSAH . . . . .. ... ... ... .. ....

5.3 Boundary condition used in the numerical simulation . . . . . ... ... .. ....

5.4 Observation of difference between temperature of air at inlet and outlet obtained
from CFD and experimental results in a curved SAH. Note that better agreement is
observed athighersolarradiation. . . . ... .... ... ... ...

5.5 Velocity streamline and direction of vortices in curve CDPSAH with baffle (P/d =6
and a/90=0.5) atfixed Re of 10000. . . . . . ... ... ... ...

a3

84

85



List of Figures  xix

5.6 A plot of Nu with P/d for different range of Reynolds numbers. Increase and de-
crease in Nusselt number variation signifies there lies a optimum relative pitch
where thermal performance is optimum. Note that lines connecting the values

are not a curve fit. It is drawn just to show the trend. This is true for all the figures

InvihiggectOn oo v sy o8 S v B PSIERGSE S BN B BN ReSTERGEE 106
5.7 The variation of thermal effectiveness (&) with relative baffle pitch (P/d). . . . . . . 107
5.8 wvariation along the longitudinal length of absorber plate in lower channel of CDP-

SAH At Re=10000 . pos gy o8 G B8 008 DS sy & o0 B 99 Daisiseiess ; 108
5.9 Variation of friction factor ratio (f,, 5/ fies) vs relative baffle pitch (P/d). . .. ... 109
5.10 Variation of Nu with baffleanglea/90. . ... ... ... .. ... ... ........ 110
5.11 Plot of friction factor ratio ( fi,s/ fisop) with relative baffle angle (@/90). .. ... .. 111

5.12 Contour plots of turbulent kinetic energy at Re = 6000 and P/d =6 for (a) /90 =1,
(b) @/90 =0.83, (c)a/90 = 0.67, (d) a/90 = 0.5, (e) «/90 = 0.33 and (f) for P/d =0
i.e.withoutbaffles. . . . . .. . . .. e 112
5.13 Variation of local velocity along the duct height (along aa’ line) at a longitudinal
distance of 1515 mm at Re = 6000 and P/d = 6. Zones are marked in the right

panel schematicfigure.. . . . . . .. .. . . L e e 113
5.14 Variationof In(Nw) withIn(Re). .. ... ... .. o i it ittt e 114
5.15 Variation of predicted and numericalvalueof Nu. . . . . .. ... ........... 115
5.16 Comparison of numerical and forecasted values of friction factor. . . ... ... .. 115

6.1 Schematic diagram of (a) Cross-sectional view (b) 3D view with wavy absorber plate.123
6.2 View of mesh generated for the rectangular cross-section SAH. . . .. .. ... ... 124
6.3 Comparison among numerical, experimental and predicted results of Nusselt num-

DEE IO SOOI ONEE: cnmars ol s o0 &5 PERRRES Be OF B UH PRk 128
6.4 Comparison among numerical, experimental and predicted results of friction fac-

tor for smoothduct. . . . . . . ... 129
6.5 Variation of temperature factor, [@] of various cross-sections of SAH duct for

the rangeof Re 1100019000, . . .0 26 04 v ieien im ca i 44 mm dmimein b 130

6.6 Variation of local heat transfer coefficient along the length of absorber plate of

different cross-sectional SAHs for givenvaluesofRe. . . . . . . .. .. .. ... ... 131
6.7 Central turbulent intensity distribution along the length of SAH with different cross-

section for given values Reynolds number. . . . . . .. ... ... ... .. ... 132
6.8 Variation in effectiveness (¢£) with respect to temperature fal:tDr,[ T“; .t ] for various

cross-sections of SAH duct for the range of Re 11000—-19000. . . . ... ... .. .. 133

6.9 Variation of Nu with respect to Re in the range of 11000 — 19000, at the fixed value
bheat Bux of SOOW IS, iy a5 a5 Siaimmiany &9 o Vi o Paiiiesiesy . 134



xx List of Figures

6.10 Wall y+ distribution along the length of absorber plate for different cross-sectional

solar air heater at given values of Reynolds number . . . . . .. .. ... ... .. .. 135
6.11 Variation of AP for the range of Re 11000-19000 for different cross-sections of SAH

G cnommm ey s wos 0 e GSESSRnHS A B AU YR GROGSVIRGESE A B AN TUoEmds 136
6.12 Variation of Nu vs Re for different values of A/Dyand A/Dy, . . . . . ... .. .. .. 137
6.13 VariationNu/Nu, vsReoffor different values of A/Dpand A/Dy, . . . .. .. .. .. .. 138
6.14 Variation of thermal effectiveness with temperature factor for different values of

Al Dy, and fixed value of A/ Dy, for arange of Re 11000-19000. . . ... ... .. .. 139
6.15 Contour plots of temperature at Re = 19000 and A/Dy, =0.12 for (a) A/D, =16,

() A/Dp=12and (€) A/Dy=08. . . . o e 140
6.16 The contour of TKE at Re = 11000 and A/Dj, = 0.8 for (a) A/D;, =0.04 (b) A/Dy, =

0.08and (€) A/D; =0.12. .« . o o e e e e 140
6.17 The contour plots of velocity magnitude at Re = 11000 and A/Dj, = 0.8 for (a)

AlD,=0.04(b) AID;, =0.08and (c) AID, =012, . . . .. .o 141
6.18 Plots of fwith Re for distinct values of A/Dy and A/Dy, in corrugated SAH with

gemi-ellipse CrO8S-8eCtot . wagisn ow By b S TR B B U BN e 142
6.19 Plots of f/ f; with Refor distinct values of A/ Dy, and A/ Dy, in corrugated SAH with

gl cllipae CROss-S0CRI0RY « wovovmn oo o wos 0% e BUmCEE A T B G0 AUE §ORETRGs 143
6.20 Plots of Nu/f with Re for distinct values of 4/p, and 4/p, in corrugated SAH with

semi-ellipse Cross-Section. . . . . . . . . . . i it e e e e e 144
6.21 The contour plots of static pressure at Re = 11000 and A/Dy, = 0.8 for (a) A/Dy =

0.04 (b) A/D,=008and () AIDyE =012, 5. i oaimnns it sn sn 56 5 im0 145
6.22 Variation of local wall shear stress along the length of duct of SAH with dissimilar

values of A/ Dy, for fixed value of Re and A/ Dy 0f 11000 and 0.8 respectively. . . . . 146

Al Trend variation of In(Nu) versus In(Re) for SAH having curved design equipped
with quarter-circleribs. . . . . . . . . L e 170
A2 Variationof In(A;)vs. In {'3—’} ................................. 170

I



List of Tables

2.1
2.2
2.3

3.1

3.1

3.1

3.2
3.3
3.4
3.5

4.1

4.2
4.3
4.4
4.5
4.6
4.7

a.1

Description of design and flow parameters.. . . . . .. ... ... ... .. ...... 18
Grididependeiee tost-orans oo s B S5 SDUNOREN e S B S5 SOaRRaE b 19
AirpropetHesat 300K cis Py 68 50 U9 D0 s i S B v o 19
List of the relevant literature of double-pass solar air heater having various rough-

ness geometry and flow arrangement. Notice that rectangular designs of DPSAHs. 40
List of the relevant literature of double-pass solar air heater having various rough-
ness geometry and flow arrangement. Notice that rectangular designs of DPSAHs. 41
List of the relevant literature of double-pass solar air heater having various rough-

ness geometry and flow arrangement. Notice that rectangular designs of DPSAHs. 42

Range of parameters for numericalmodeling. . . ... ... .............. 44
Grid independent SHIAY . oon a sw v sa csdawss B wT oR B EaEREETE 46
Time independentstudy. . . .. .. .. . .. @ e 46
Constant thermo-physical properties of working fluid and absorber plate employed

fornumerical simulation. . . . . . . . . 0 ot i i e e e e e e e e e e 46

Relevant literature on double pass solar air heater have various shapes of absorber

plate, extended surfaceand flowpattern. . . . . .. .. ... ... ... .. .. .... 69
Range of geometrical and operating parameters. . . . ... ... ... .. ...... 70
Properties of materials for numerical simulation [6,74]. .. ... ........... 71
Gridindependent SHdY . o5 wn en wn o wvemeerE B S e TR R TRl 75
Time indepeadentiost ¢ owies on S v @3 PSETET oW BY B P BULIERETE ¢ 76
Experimental validation of pressure drop across thecurve SAHs . . . . . ... ... 76
Thermal hydraulic efficiency comparison among smooth curved designs SAHs. . . 79

The operating and geometrical parameters considered for the numerical analysis: 97

xxl



xxii  List of Tables

5.2 Properties of materials for numerical simulation [6, 74]. . . . ... .. .. .. .... 101

6.1 The list of previous studies to augment thermal performance using different cross-
sectional shape and corrugated shape of absorber surface in the flow channel. . . 118
6.1 The list of previous studies to augment thermal performance using different cross-
sectional shape and corrugated shape of absorber surface in the flow channel. . . 119
6.1 The list of previous studies to augment thermal performance using different cross-
sectional shape and corrugated shape of absorber surface in the flow channel. . . 120
6.1 The list of previous studies to augment thermal performance using different cross-
sectional shape and corrugated shape of absorber surface in the flow channel. . . 121

6.2 Range of geometrical and flowparameters. . . . . . . .. .. ... Lo ... 122



Nomenclature

a Absorption coefficient (m™')
A Amplitude of wavy surface (m)
Ag Cross-sectional area of duct (m?)
Agfy Effective area of absorber plate (m?)
Alpy, Relative roughness amplitude
b, Width of quarter-circle groove(m)
by Width of half-triangular groove(m)
bep Top width of half-trapezoidal groove(m)
btpa Bottom width of half-trapezoidal groove(m)
C Perimeter of duct (m)
Cp Specific heat at constant pressure (J/kgK)
d Rib diameter (m)
dfH Relative roughness height
Dy, Hydraulic diameter (m)
D, Dean number
er Quarter-circle groove height(m)
er{H Relative quarter-circle groove height ratio
e Half-triangular groove height(m)
eilH Relative half-triangular groove height ratio
€tp Half-trapezoidal groove height (m)
epl H Relative half-trapezoidal groove height ratio
f Friction factor
iy Friction factor enhancement ratio
g Acceleration due to gravity (m/s”)
Gp Turbulent kinetic energy due to buoyancy [ I/ Icg]
Gi Turbulent kinetic energy due to mean velocity gradient (J/ kg]
h Convective heat transfer coefficient (W /m”K)
H Height of duct (m)
1 Solar irradiance {W.f mz]
Kk, Thermal conductivity of air(fW/mK)
kg Thermal conductivity of glass(W/mK)
k; Thermal conductivity of insulation(W /mK)
L Length of absorber plate (m)
m Mass flow rate (kg/s)
n Refractive index of medium
Nu Nusselt Number
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xxiv  Nomenclature

Nuf Ny, Nusselt number enhancement ratio
P Pitch of groove or rib or baffle(m)
Ple, Relative pitch ratio of quarter-circle groove
Pfg, Relative pitch ratio of half-triangular groove
Pley, Relative pitch ratio of half- trapezoidal groove
Plg Relative arched baffle pitch
PlH Relative roughness of pitch
AP Pressure drop (N/m?)
Pr Prandtl number
q Heat flux (W/m?*)
Qu Useful heat rate gain (W)
R Curvature radius (m)
R; Inner radius of arched baffle (m1)
Ry Outer radius of arched baffle ()
Re Reynolds number
TF Temperature factor
TI Turbulent intensity
T; Inlet temperature (K)
T Outlet air temperature (K)
Tm Mean bulk temperature (K)
T, Absorber plate temperature (K)
Tsky Sky temperature (K)
u Mean velocity of fluid (7/s)
Vv Wind velocity (m/s)
w Width of SAH (m)
Wiy Aspect ratio of SAH
Greek symbols
afap Relative baffle angle
a Absorptivity
p Curvature angle of SAH
£ Thermal effectiveness
€ Emissivity
A The wavelength of the wavy absorber (m)
I Dynamic viscosity (Vs/m?)
n Efficiency
p Density of air (k&/m*)
T Transmissivity of glass

g

Solid angle



Nomenclature

XXV

Subscripts

0 o E

Abbreviations
SAH
TKE
SPSAH
DPSAH
CDPSAH

Air

Curvature

Bulk mean temperature
Free stream condition
glass cover

Inlet section

Lower channel

upper channel

Outlet section

absorber plate

Solar air heater

Turbulent kinetic energy

Single-pass solar air heater
Double pass solar air heater

Counter double -pass solar air heater






