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Preface

The field of renewable and sustainable energy is changing rapidly worldwide, and
various technologies concerning energy saving and renewable energy utilization
are constantly being reported. Further, the widespread use of solar energy, as an
alternate and nondepletable resource for agriculture and industry as well as other
applications, is dependent on the development of solar systems which possess the
reliability, performance, and economic characteristics that compare favorably
with the conventional systems.

The solar chimney power plant system (SCPPS) or solar updraft power plant
system (SUPPS), which is composed of the solar collector, the chimney, and the
turbine, has been investigated all over the world since the German researcher
Professor Jorg Schlaich made the brainchild in the 1970s. The SCPPS, due to its
attractive advantages of being easier to design, more convenient to draw materials,
higher operational reliability, fewer running components, more convenient
maintenance and overhaul, lower maintenance expense, no environmental
contamination, continuous stable running, and longer operational life span, has
excited many researchers all over the world, especially in countries with plenty of
deserts and arid and “useless” areas. However, the book on SCPPS written by
Professor Jorg Schlaich was published 20 years ago, and now it is necessary to
update the progress made in the state-of-the-art technologies of SCPPS over
recent years worldwide.

In this book we are going to reveal the basic mechanisms of fluid flow, heat
transfer, power output, energy storage, and operation procedure of the turbine of
SCPPS. We hope this book can provide good guidance for developers who are
interested in SCPPS.

The remaining chapters are arranged in the following way. In chapter
“Introduction,” we will present a brief introduction of the background of various
solar energy power plant systems and SCPPS, and we will also introduce the
recent research developments of SCPPS during the past 20 years. In chapter
“Thermodynamic Fundamentals,” basic theory related to thermodynamics and the
efficiency of the SCPPS will be introduced. This covers the basic thermodynamic
process, Brayton cycle, and exergy analysis of various SCPPSs. Chapter
“Helio-Aero-Gravity (HAG) Effect of SC” unveils the Helio-Aero-Gravity (HAG)
effect of the SCPPS. In this chapter, how the SCPPS operates will be analyzed in
detail dealing with the various parameters including the dimensions and ambient.
In chapter “Fluid Flow and Heat Transfer of Solar Chimney Power Plant,” a
mathematical model describing the fluid flow, heat transfer, and power output of
the SCPPS will be presented, validation of the model by comparing the
experimental results of the Spanish prototype will also be presented. Later,
optimization of the dimensions of SCPPS based upon the results of power output
will be performed.
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In chapter “Design and Simulation Method for SC Turbines,” a detailed design
of the turbine used for SCPPS will be presented, accompanied by a mathematical
model and simulation method of the SCPPS coupling the moving part
pressure-based wind turbine. In chapter “Energy Storage of Solar Chimney,” a
detailed discussion on the energy storage characteristic of SCPPS will be
presented. In this chapter, analysis of different materials and layout of energy
storage will be shown. In chapter “The Influence of Ambient Crosswind on the
Performance of Solar Updraft Power Plant System,” we will introduce the effect
of ambient crosswind on the performance of SCPPS. In chapter “Experimental
investigation of a solar chimney prototype,” an experimental investigation of an
SCPPS setup will be briefly introduced. In chapter “Research Prospects,” the
future research development will be discussed.

This book is supported by the Key Research Program of the Chinese Ministry
of Education (Grant No. 104127), the National Natural Science Foundation of
China (Grant No. 51106060), China Postdoctoral Science Foundation Fourth
Special Funded Project (Grant No. 201104460), the Natural Science Foundation
of Hubei Province, China (Grant No. 2012FFB02214), Scientific Research
Foundation of WUT (Grant No. 40120237), and the fundamental research funds
for the Central Universities (WUT Grant No. 2016IVA029). Additionally, several
contributors have helped the authors to create this book.

A large part of the work of this book was performed when I worked in
Huazhong University of Science and Technology and the rest was accomplished
in Wuhan University of Technology. The contributors of this book include my
two supervisors, Professor Wei Liu from School of Energy and Power
Engineering, Huazhong University of Science and Technology (HUST) and
Professor Yuan Pan from School of Electrical and Electronic Engineering, HUST.
In addition, the contributors also include Professors Shuhong Huang, Suyi Huang,
Guoliang Xu, and Tianhua Wu, Drs Renaud K. de Richter, Xuemin Li, Xiaoming
Huang, Aiwu Fan, and Kun Yang, my students Dr Jun Liu, Mr Xiaoyang Shi,
Yong Zheng, Xinjiang Wang, Fanlong Meng, Yongjia Wu, Wenging Shen, Lixian
Wang, Tao Fang, Zhou Zhou, Jinle Gui, Chao Liu, Tao Pan, and Keyuan Peng,
Ms Xiangfei Yu, Cheng Zhou, Yue Qiu, and so on. Drs Xiaohu Liu, Hui Liu,
Dongyuan Shi, Xinchun Lin, and Xinping Zhou are greatly appreciated for their

kind suggestions on the work of this book.
f?:aazlw Ming

January 20, 2016



Contents

o v 0101 ) 1 T xiii
PIEACE .ooviviiiiieiiirererreeeiecicisirereeressssneeeessesssssssessasssessesessesssssasssesssssnssssssssssssasasesensenss XV
CHAPTER 1 INtroducCtion.........cceemeeeiimemneirermnesrnsensssssnnansennnnsseenes 1

Tingzhen Ming, Wei Liu, Yongjia Wu, Jinle Gui,
Keyuan Peng and Tao Pan

1.1 Energy Background..............cisssismsmasssusssssnsssissasssessassasassssssisss 1
1.1.1 The Energy Issue and the Status QUO........ccccerververeneneencnee 1
1.1.2 China’s Energy Policy and Prospect.........c.cocevurrevrucrucrucnsee 4
1.1.3 Solar Power Generating Technologies and the

StatuS QUO..ceeieeieeiteeiteertee sttt s re e eane s 5

1.2 Solar Chimney Power Plant SYStem.......cccevereereeerererrenernesenenns 11

1.2.1 The Appearance of a Solar Chimney Power Plant

S VBB sosasnssnrassusnmmesors soasnss oo snsms smsrasANES S AU AR SRS 11
1.2.2 Advantages of SCPPS ... 13
1.2.3 Weaknesses of SCPPS........ccooorimeeneerinceeneceeeeeeee 15

1.3 ReSearch PrOZIESS ......c.oeueuererueereriririeieseiseeseseeressessssseesssaeneeses 15
1.3.1 Experiments and Prototypes............coccocerevcrirccninninsnnennens 15
1.3.2 Theory ReSCarch ssmissvissssvnssssisssssasmnrsspenssssssiosiosiesss 25
1.3.3 Economic and Ecological Theory and Feasibility

StUIES ...cevviriiiiiiiir e 30

1.3.4 Potential Application of SCPPS..........ccooeviiiivieiinnencnnnn. 31

1.4 Research Contents of this BOOK........c.coeueeriemruereueresiuereecnreneneans 33

RETCTOIEEE uuosimasrvssissnssesssss ionssnsosisssssssmpesssias saaes SossuAvE AT sns g waFaspssanas 35

CHAPTER 2 Thermodynamic Fundamentals............. NESR—— ....47
Tingzhen Ming, Yong Zheng, Wei Liu and Yuan Pan

2.1 INLrOAUCHON «...evevecvireieueeiesere et e s e e s eresaese e et s nsesasaneneses 47

2.2 ThermodynamiC CYCle.....c.covureirinrerirerireeeeeereeeeeeeseseseaeessenens 51

2.3 Thermal BHACIENCY: iii-cosssisssivissmmsimivsssusssssmsmsaiseitsissismsmsrns ssomsn 53

2:4 Results and AnalysiSieasawsismmmssssisumsomasnamssisisssmnmmss 54
2.4.1 Computation Results for the Spanish Prototype............... 56
2.4.2 Computation Results for Commercial SCPPSs ................ 59

2.9 Effect of VArIOUS PATAMEIETS ucvesesssoisssvsssssssiansspasssississssasmsssss 60
2.5.1 Influence of Turbine Efficiency .........coccceveiueenerenrcencnenen 62
2.5.2 Influence of Chimney Height and Diameter..................... 63

vii



viii

Contents
2.5.3 Influence of Collector Diameter..........cccceevvueeevveeriueecnnenns 64
2.5.4 The Influence of the Solar Radiation.............ccceceevveeneennn 65
2.5.5 The Influence of Ambient Temperature...........c.cccceceernene 66
2.6 CONCIUSIONS ....vevevicrieieiecteeieeseeseessesseeseessessessesseseesesessesseenseneenss 67
NOMENCIALUTE........eveeeeeie et e e e e e e e e e ensneeeennnnes 68
SUDSCTIPL ..ttt ettt sr e e n s 68
Greek SYMDBOIS ..o o mmmnestsissonmmmessssmstssisnsrassmossessnissnssnnsnonnss 69
RETCTCICES xinssissisnsmmvsnisssmisasiasiinsisiuomsis sresessosuminios shiss asvinmsosivasss s soas 69
CHAPTER 3 Helio-Aero-Gravity (HAG) Effect of SUPPS.............. 71
Tingzhen Ming, Wei Liu and Guoliang Xu
B T 4T (0 Ta L1 Lot 1 T0) WSRO 71
3.2 Relative Static PIESSUTE..........ceeveereereeereesreseeeseeseeseeseeseessesserenenneas 73
3.3 Driving FOTICE .....oeievenieieiiieieeee e eeseess s esassnennenens 75
3.4 Power Output and Efficiency........cccoeevirievievinreceveienisressennensennens 76
3.5 Results and DiSCUSSIONS ......ccevevevieireeieersiiseseeseesserssssecseessesseeses 77
3.6 CONCIUSIONS ..vveveeiieeicceie it eseeeeseseeeseeeseeaseeaeesaeseeeseessessaeenssennas 91
NOMENCIALUTE......ccviieiieeetieete ettt eae e cae e e iaeeeaeeesae e e e snneeanaaees 92
REFEIEIICES. ....eeoueeerieeetieete e et e eae e e e esae e aeeeaseeeaseeesaseenseenneennsaenes 92

CHAPTER 4 Fluid Flow and Heat Transfer of Solar Chimney

Power Plant.............. SRR — SE— 95
Tingzhen Ming, Guoliang Xu, Yuan Pan, Fanlong Meng
and Cheng Zhou
4.1 INrOAUCHION w..veevieieiecercteieseieae et s es e eene s 96
4.2 Theoretical MOdEIS.......c..oveueriereeeeeeieririeieeeeeeeeeee e 97
4.2.1 Physics MOdel.........ccooviririnineciiiieceeeeceeeeee e 97
4.2.2 Mathematical Model ciiswismsusismisssissmssssssmsssasssisssmsamssnss 98
4.2.3 Boundary Conditions and Solution Method.................... 100
4.3 Results and DiSCUSSION......ccuvueerereirerieieiieeseeee st 102
4.4 Helical Heat-Collecting Solar Chimney Power Plant System..112
4.5 Mathematical and Physical Model .............cccemeeveecrecreeeennennen. 112
4.5.1 Physical MOdel ......ccoovevmirecieeeiieeceeeeeee e 112
4.5.2 Mathematical Model.........ccccooeimiriinicaiineereceeceene 113
4.5.3 Solving Determinant Condition and Solution................. 114
4.6 Valdition.....ccocoviiiieriiiiieirecieisiee st es e sraes 115
4.7 Computation Results and Analysis.........cccoceveeerereerineeenienenees 116

4.7.1 Comparison on Flow and Heat Transfer
CRaraCteriStICS ....oueeveveuerrereeeeeraeeseeeeeseesesaese e s s esasaeneennes 116



Contents ix

4.7.2 Comparison of Output Power for the Two Type

() 8\ [ 76 (=) £ PP 118

4.7.3 Comparison of Different Helical-Wall SC Systems....... 119
4.7.4 Contrast on Collector’s Initial Investment...................... 121

4.8 CONCIUSION....veviieiieeiieeeeiieeeeneeseeeeeeesseeseesssesseessessseesseessesseessenns 122
INOENCIATINE. ... cuisvssisssisvsminmss s rimss 45 s stniss seaeaasgy s aensF AR 5 123
GIEELE ISYITIDOLS cosvesvussssvsunsusmermmanosransssss s muivesssisssssseesemnes s v saasssnss 123
SUDSCIIPL cvcevvireirrenisesreesie sttt st esenesaesas s ens 123
REFEIEINCES. ....eicveecreieeteeeieeceeeteeceereereesaeeeee e s s e s steesbesssneessseesnsneenenasas 124

CHAPTER 5 Design and Simulation Method for SUPPS

Turbines......... eemmmereeesesmeesessssssseresassesasssssrereeaeees 127
Tingzhen Ming, Wei Liu, Guoliang Xu, Yanbin Xiong,
Xuhu Guan and Yuan Pan

5.1 IntroduCtion .o e 127
5.2 Numerical Models........c.ccvereeriereiniinenenerirrerece et 130
5.3 Mathematical MOdelS.........ccerverirerieererinririnenrenteenereneseece e 131
5.3.1 In the Collector and Chimney Regions...........c.ccuceuuenee. 131
5.3.2, In the: Turbine ReION...cuiswssssssmsissmassrmnsssssmsivssss 132
5.4 Near-Wall Treatments for Turbulent FIows........c.ccccvveerinuennnne. 134
5.5 Numerical Simulation Method.........cccocuveeerirvcrveniercrinnieenenns 135
5.6 Results and DiSCUSSIONS .......ccceveiererrerirreriresreerenrereeessesseeesenes 136
5.6.1 Validity of the Method for the Spanish Prototype.......... 136
5.6.2 Characteristic of 3-Blade Turbine for the Spanish
PrOTOLY P sumssenmnsssssmssisssnsonmmssenssisnsosssamssssssessissss sgonsasnss 138
5.6.3 Results for MW-Graded Solar Chimney...........cccccccueeee. 140
5.7 CONCIUSIONS ....veverereieereierieieniesseteiestestesessessesaesaeeteseeseeseneen 143
REFEIENCES. ...coueiuiiiirieeiieieee ettt e 144
CHAPTER 6 Energy Storage of Solar Chimney .........cccccceeeeennes 147

Tingzhen Ming, Wei Liu, Chao Liu, Zhou Zhou
and Xiangfei Yu

B:1 INtroAUCTION «crusssuimsssmssmsmsamsssismisssamasstsnismsssisss s s s 147
6.2 Numerical MOdels........cccoeeivenenenincircnneecnrcneseeresee s 149
6.2.1 System DeSCrPLion........cccccererrererinrerenririeenincrenresesnenes 149
6.2.2 Theoretical Modeling: . wsucmsnismsswmmsmvammsisas 150
6.2.3 Boundary Conditions and Initial Conditions .................. 152
6.2.4 Solution Method .........cccoceeeiviiiiiiiiiiiiiciiicincece 153
6.3 Reliability of the Simulation Method............cccoceverereereerneccnuennne 153

6.4 Results and DiSCUSSION.......cc.evcuereiveerieerireeseesisreessesesseessasesssess 154



X

Contents

6.5 CONCIUSIONS ....ocvveveerieeieereeeeceeeae e etecseeseeeareesseerseaseeseessennes 160
INOMENCIAUTE ivsis s vmrasivsimsssisssssmmmssim ssmiss s isanrsssssayories 160
GIEEK - SYITBOLS wuusnsssassounsssonmusiessammonsssmmssssims ussesms s s Ry s 161
SUDSCIIPL ..ttt 161
REFEIENCES. ...ccoereeeeeeeee ettt et e et e e et ee e e s nnaaeas 161

CHAPTER 7 The Influence of Ambient Crosswind on the

Performance of Solar Updraft Power Plant

B0 (-] 1 163
Tingzhen Ming, Xinjiang Wang, Jinle Gui, Renaud Kiesgen de
Richter, Wei Liu, Guoliang Xu, Tianhua Wu and Yuan Pan

7.1 INErOAUCHION c.vveeiiiete ettt 164
7.2 Model DESCIIPLON......coveveereeeeeiereeeeteieneeneeneseeseeese st esesae s 169
T.2.1 GeomMettic MOAeL ussunmsmmsssnsnsmssimismssssmssssmmansss 169
7.2.2 Mathematical Model........c.cooeevirieiiiiniiiiiienircnenanene 170
7.2.3 Boundary Conditions ..........ccceeererevieenienncninniiininenneenens 171
7.2.4 Meshing SKillS ......ccoceereiirienriiiinecieeeeneceecie s 174
7.2.5 Computational Procedure ..........ccccoeeeiniriiiniciccinnnn. 175
7.2.6 Selection of Ambient Geometrical Dimensions.............. 175
7.3 Results and DiSCUSSION.......couevrririrrieririireereniesieesiennee e 177
7.3.1 Comparison of Flow Performances........c..ccccoecveeveenuennen. 177
7.3.2 Comparison of Relative Static Pressure Contours.......... 182
7.3.3 Comparison of Temperature COntours...........c.ccecereeneene 183
7.3.4 Comparison of System Temperature Increase,
Driving Force, and Updraft Velocity ........c.ccocceeevirnennene 185
7.3.5 Influence of Crosswind With Turbine Pressure Drop .... 188
7.3.6 Main FINdings .......cccoeveeiriveninininiecrcicseeeeieeeeeens 190
7.4 SC Model with Blockage.........cccourueuerirrcrenunueriniccrrinceecneeeeaens 191
7,9 Results and DISCTRRION swomummssomemmpssvmssasmaos assmsmses 192
7.5.1 Comparison of Flow Performances...........cccccocevennnenns 192
7.5.2 Comparison of Relative Static Pressure Contours.......... 192
7.5.3 Flow Characteristics Near the Collector Inlet................. 194
7.5.4 Comparison of System Temperature Increase
and Driving FOTCe........cccovviviniiiiiiiiiiiirincceccceenee 196
7.5.5 Comparison of System Output POwer........c...cccccecveeuneene 198
7.5.6 Main FINdings.....c.cccoovvrmeiuieiiieieiienienie e 200
NOMENCIATUTE....c...eiutiiieriieeiiertee ettt s 201
STIDSOIIPES. «.enni o mscn sassmmessnnnsisn cbias buii Vi veassmasins SRRRRFNRIEF FESTIBTS SHRRANFSOREIRAS 201

RS (S5 (5 1 (012 202



Contents

CHAPTER 8 Experimental Investigation of a Solar Chimney

Prototype.......... U PR 209
Tingzhen Ming, Wei Liu, Yuan Pan and Zhou Zhou

8.1 INtrOQUCHION ....oovvrieiieieieieieeeee e esesesenes 209

8.2 Experimental SEtUD . ssssssssnsssmessivimssmssisisissmssssssamsrsionsoss 210

8.3 Disposal of Measurement POINtS ............ccovueveemeecnerurnunsenennnes 211

8.4 Results and DiSCUSSION.......c.ceveeerereeerereeereeeearseseseseeseseseeaeaens 212

8.4.1 Variations of Temperature with Time..........cccccceverenene. 212
8.4.2 Variations of Air Temperature and Velocity in the

CRIMAEY o vsssesssmsmmussmamsmsmsrissimessmissamsresmras i 215

8.4.3 Temperature Distributions of the System ..........c.ccce..... 217

8.5 CONCIUSIONS ....eouvvereeierrrerireiirseeeeesesresesesae e ss s s eesssseeessasenans 219

REFEIENCES.....cueviiciirieiiciicrecte st st 219

CHAPTER 9 Research Prospects ..........cccccevruerncneessnnes sesusinss 82 §

Tingzhen Ming, Wei Liu, Tingrui Gong, Wei Yang,
Dong Chen and Zhengtong Li

9.1 Thermodynamic Theory for the Large-Scale SCPP.................. 221
9.2 External Fluid Flow and Heat Transfer in Large-Scale
ChANDEIS .....veieeiecieiteic ettt e 222
9.3 Turbine Running Theory for the Large-Scale SCPPS .............. 223
9.4 The Impacts of Environmental Factors on of Large-Scale
SCPPS icisissssssnessorsvssmnssssmssssisssissasseasessssivesvsvessas sioiinsssmasesinissms 223
9.5 New-Type Large-Scale SCPPS.........cccoccveeeereieiererereeisiensnnns 224
................................................................................................................. 225

Xi



I RAREE, 7 B SE BEPDFIE Ui M) : www. ertongbook. com



