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ABSTRACT

A NEW COMPUTER CODE DEVELOPMENT FOR SOLVING FLUID
TRANSIENT PROBLEMS IN PRESSURIZED PIPELINES

Uyanik, Murat Cenk
Master of Science, Civil Engineering
Supervisor : Prof. Dr. Zafer Bozkus

January 2023, 177 pages

The water hammer phenomenon, which occurs as a result of changes in the boundary
conditions of hydraulic systems, can cause major and dangerous problems. Opening
or closing of the valve component, sudden power loss or pump startup, change of
water level in the reservoir, etc. can be examples of these boundary condition
changes. These problems must be considered at the design stage of hydraulic pipeline
systems in order to predict and prevent dangerous results. Since the calculation of
water hammer analysis manually is very long and tiring, various software has been
developed throughout the world. Within the scope of this study, a computer program
has been developed to analyze the time-varying flows in hydraulic systems and to
produce solutions to possible problems with the help of simulation. The program,
which is coded in the C Sharp programming language, is created in the Visual Studio
platform. The primary purpose of the program is to find fast and practical solutions
to reduce the negative impact of water hammer phenomena that may occur in
hydraulic systems. In this program, the characteristics method is used to solve the
equations of time-varying flow. The accuracy and reliability of the program are
provided since the results of the sample studies tested on the program are similar to

the results in the literature. It is hoped that this program, which is ready to use, would



be improved by becoming more comprehensive with new boundary conditions and

additions in the future.

Keywords: Pressurized Pipeline Systems, Fluid Transients, Water Hammer,

Boundary Conditions, Software Development
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BASINCLI BORU SISTEMLERINDE ZAMANA BAGLI DEGISEN AKIM
PROBLEMLERINiI COZMEK ICiN YENI BIR BILGIiSAYAR KODU
GELISTIRILMESI

Uyanik, Murat Cenk
Yiiksek Lisans, insaat Miihendisligi
Tez Yoneticisi: Prof. Dr. Zafer Bozkus

Ocak 2023, 177 sayfa

Hidrolik sistemlerde, sinir kosullarda meydana gelebilecek degisimler sonucunda
ortaya c¢ikan su darbesi olayi, bliylik ve tehlikeli sorunlara yol agabilir. Bu smir
kosullardaki degisikliklere vana elemanmin agilma veya kapanma islemi,
pompalarda yasanabilecek ani giic kaybi, pompalarin devreye alinmasi,
rezervuardaki su seviyesinin degismesi vb. durumlar 6rnek olarak gosterilebilir. Su
darbesi olaymnin yaratabilecegi tehlikeli durumlar1 6ngorebilmek ve onlemek i¢in
hidrolik boru sistemlerinin tasarim agsamasinda bu sorunun dikkate alinmasi gerekir.
Su darbesi analizlerinin el ile hesaplanmasi ¢ok uzun ve yorucu oldugu i¢in diinyada
cesitli yazilimlar gelistirilmistir. Bu ¢alisma kapsaminda da hidrolik sistemlerdeki
zamana bagli degisen akislar1 analiz edebilmek ve simiilasyon yardimiyla olasi
sorunlara ¢6ziim tretebilmek igin bir bilgisayar programi gelistirilmistir. Visual
Studio platformunda olusturulan bu program C Sharp programlama dilinde
kodlanmistir. Programin birincil amaci hidrolik sistemlerde meydana gelebilecek su
darbesi olaymin olumsuz etkisini azaltabilmek icin hizli ve pratik c¢oziimler
bulmaktir. Bu programda zamana bagli degisen akisin denklemlerinin ¢éztimiinde

karakteristikler metodu kullanilmigtir. Programin iizerinde test edilmis olan 6rnek
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caligma sonuglarinin, literatiirdeki sonu¢ degerlerine benzer olmasi programin
dogrulugunu ve giivenilirligini gostermektedir. Kullanima hazir halde olan bu
programin, gelecekte yeni sinir kosullar ve eklemeler ile daha kapsamli bir hale

getirilerek gelistirilebilecegi timit edilmektedir.

Anahtar Kelimeler: Basingli Boru Sistemleri, Zamana Bagli Degisen Akim, Su

Darbesi, Smir Kosullar, Yazilim Gelistirme

viii



To My Niece Beren Temel



ACKNOWLEDGMENTS

I would like to express my deep and sincere gratitude to my thesis supervisor, Prof.
Dr. Zafer Bozkus, for his support, advice, criticism, and encouragement during this

long thesis process. This work could not have been completed without his guidance.

This study is partially funded as a project by Middle East Technical University
Office of Scientific Research Projects Coordination under grant number GAP-303-
2021-10687. | would also like to thank my teammate in this project Saber Habibi
Topraghghaleh for his friendship and support.

In addition, | would like to thank the committee members of this thesis, Prof. Dr. Burcu
Altan Sakarya, Assoc. Prof. Dr. Elif Oguz, Assoc. Prof. Dr. Ali Ercan and Assoc. Prof.

Dr. Kerem Tastan for their contributions to improve the quality of the thesis.

Lastly, | would like to thank my parents Sezer and Afer Uyanik, my lovely sister
Esra Temel, and my brother-in-law Berkay Temel for supporting me throughout my

master’s degree period.



TABLE OF CONTENTS

ABSTRACT ettt sttt e e b et e Y
OZ oottt ettt vii
ACKNOWLEDGMENTS ... X
TABLE OF CONTENTS ... XI
LIST OF TABLES. ...t XV
LIST OF FIGURES ... XVi
LIST OF SYMBOLS ... XXii
CHAPTERS
1 INTRODUCTION ..ottt 1
1.1 General STAtEMENTS.........cviiieieiceees e 1
1.2 Previous Studies in LItErature ..........cccoeieieiineisieseneese e 2
1.3 Objectives 0f the TheSIS ........cccvciiiiiiiesece e 6
1.4 Scope Of the THhESIS ....ccieiiiiece e 8
2 FORMULATION OF TRANSIENT FLOW. ......cooiiiiiiiiiceeeeee e 9
2.1  Concept of Transient FIOW .........ccccoiiiiiieii i 9
2.2 Arithmetic Derivation of the Equations of Transient Flow...................... 10
2.3 Fundamental Differential Equations for Transient Flow ......................... 19
2.4 Method of CharaCteristiCs ...........covuiirieiieieic e 21
2.4.1  CharacteristicsS EQUAtIONS.........ccccuviiieiiirierie e 21
2.4.2  Time Discretization of Compatibility Equations.............c.cccccoeeiinnne 25
2.5 Application of Method of Characteristics in Systems..........ccccccvevervrenenne. 28
2.5.1  Handling SINgle PIPE .....c.cooiiiiiiiece e 28

Xi



2.6 Handling Pipes Connected in Series in a Pipeline..........cccccoeevveieinennn, 29

BOUNDARY CONDITIONS ... 31
3.1 Reservoir at Upstream BOUNCArY..........ccccoveveiieieenesieeseese e 32
3.1.1 Reservoir at Upstream with Constant Head ..............cccccccovvevvinenen, 32
3.1.2  Reservoir at Upstream with Variable Head.............ccccccooeviviiiinnnn, 33
3.2 ValIVE BOUNUAIY ....covieiiiciiecieeie ettt 34
3.2.1  Valve at DOWNSEIEAM ........ooviiiiiiiiiiisiesieie e 35
3.2.2  Valve at Interior POINT ........cooiiiiiiiiiiiiecee e 37
3.3 Downstream Dead End BOUNGANY ........cccooiiiiieiiniiiieienie e 38
3.4 Single Centrifugal Pump Boundary ...........ccccooeiiineienencncscseseeeeen 39
3.4.1  Sequence of Events during Power Failure.............ccccoonnininninnnnnn, 40
3.4.2 Homologous-Dimensionless Turbopump Characteristics................. 41
3.4.3  Transient Equations for PUMP Trip ...c.ccceveiieveiie e 45
3.4.4  Equations for Single Pump Boundary ..........c.ccceoevveveiicieececienn 50
3.5  Air Chamber with Orifice Entrance Boundary ...........c.cccceecvevveiveieenennenn 52
3.6 Surge Tank BOUNArY ........ccccoiiieiieiiiie e 56
3.6.1  Simple Surge Tank for Rapid Transient...........ccccccoeveviveveieereiieennn, 56
3.6.2  Simple Surge Tank for SIOw TranSient ...........ccccocevvienenininnieiennns 58
3.6.3  Surge Tank with StandpPipe ........cccoireririiiieee e 61
THE SOFTWARE PROGRAM .....ooiiiiiiii e 65
4.1 Main USer INTEITACE ......coiiiiiieieie e 65
411  Main User Interface Tabs ......cccoovieiiiiiiiiiiiceee e 66
4.1.2  DeSIGN CANVAS ....ccuiiuiiiiiiieiieieieie ettt 69
4.1.3  MESSAQE BOX ...c.vieiiiiiiieiiiee e 69

Xii



4.1.4  PropertieS Panel ........cccoooeiiiiiiiese e 70

4.2 Minor Interface WINOWS ..........ccoiiiiieiiiiieieinenese e 71
4.2.1  Engineering Library Window ..........ccccccvveviiiienieeie e 71
4.2.2  Initial Conditions WINAOW............cceiiiriieiiinieeseseeees s 72
4.2.3  Valve Closure Settings WINCOW ...........ccocovviiniiieieienese e 73
4.2.4  Pump Settings WINAOW.........cccouiiieiiiiiiieniseseeeeee e 74
425 Wave Speed Calculator WINAOW ...........ccovriiiniieieieienc s 75
4.2.6  Reynolds Number Calculator Window .............ccccevvieneniicnininnns 76
4.2.7  Friction Factor Calculator Window ............ccocveveieienenenineseseens 76
4.2.8  Surge Tank Simulator Window ..........c.ccccveiinnninieieienc e 77
4.2.9  Tabular and Graphical Results Window ............ccccooeveieniicnincnns 78

4.3 Objects and Properties WINAOWS .........ccceveeieeieiiese e see e seeie 83
4.3.1  Junction COMPONENT ........ccveiiiieie e 83
4.3.2  Pipe Component and Properties.........ccccevvevreiieeiieeieiie s 84
4.3.3  Reservoir Component and Properties ...........cocceevveveiveeveeiesieeseennens 85
4.3.4  Valve Component and Properties ..........cccevevvveveeiesvieseese e seennas 86
4.3.5 Dead End Component and Properties.........c.ccccevvveveiieeieeiesiesnennens 87
4.3.6  Pump Component and Properties..........ccoouerireniiieienese s 88
4.3.7  Surge Tank Component and Properties ..........cccocevvrververeseeninennnns 89
4.3.8  Air Chamber Component and Properties...........ccccocevereneicsennnnnns 90

5 VERIFICATION OF THE PROGRAM .....cccoiiiiie e 91

5.1 Verification for Single Pipe Computations ...........c.ccoovvveienenencnencnnnns 91
511 Case-1: Single Pipe by Wylie & Streeter (1978) Benchmark........... 91
5.1.2  Case-2: Single Pipe by Wood et al. (2005) Benchmark ................. 100

Xiii



5.2  Verification for Pipes Connected in SEriesS........cccvvvevvivievieveciieseenan, 107
5.2.1  Case-3: Pipes in Series by Chaudhry (1979) Benchmark ............... 107
5.2.2  Case-4: Pipes in Series by Wylie & Streeter (1978) Benchmark....118

5.3  Verification for Surge Tanks .......c.cccoveveiiieiieic s 129
5.3.1 Case-5: Simple Surge Tank by Cofcof (2011) Benchmark............. 129

5.3.2  Case-6: Surge Tank with Standpipe by Cofcof (2011) Benchmark 138

5.4 Verification for Pump Failure..........ccooooiiiiiiiiiie, 145

5.4.1 Case-7: Pump Failure by Wylie et al. (1993) Benchmark............... 145

6 DISCUSSION... .ottt ettt nbee s 155

6.1 Computation Time of the Program ............ccccooeiiniiiiinieneiseee, 155

6.2  Advantages and Limitations of the Program .........ccccccoeeeeveniniinnnnenen, 156

6.3 RECOMMENALIONS. ......cviiiiieieiiiieieeee sttt 160

T CONCLUSION ... 163

REFERENGCES ... 165
APPENDICES

A USER GUIDE ... .ot 169

Xiv



LIST OF TABLES

TABLES

Table 3.1 PUMP OPEratioN ZONES........ccceiieieiieieeiesieesieeie e sie e see e see e 44
Table 5.1 Tabular comparison at the valve-end for Case-1........c.ccccecviververieennnnn. 98
Table 5.2 Tabular valve closure data for Case-2 by Wood et al. (2005) .............. 101
Table 5.3 Tabular comparison at the valve-end for Case-2 .........cccccoeevvivnnnenne. 106
Table 5.4 The known data for the pipes by Chaudhry (1979) in Case-3.............. 109
Table 5.5 Tabular valve closure data by Chaudhry (1979) in Case-3................... 109

Table 5.6 Tabular H comparison at the end of pipes and reservoir of Case-3...... 115
Table 5.7 Tabular Q comparison at the end of pipes and reservoir of Case-3...... 116
Table 5.8 Given data for the pipes by Wylie & Streeter (1978) in Case-4........... 119

Table 5.9 Tabular valve closure data for Case-4 .......ccoueeeeeeeeeeieeeeieeeeeeeeeeeen, 119

CASE-4 bbb b et nne e 126
Table 5.11 Tabular Q value comparison at the end of pipes and the reservoir for

CASE-4 ...t r e 127
Table 5.12 Tabular comparison of Ymax values for Case-5.........cccccovevvviiiiinannns 138
Table 5.13 Tabular comparison of Y1 values for Case-5.........cccccevvvveiverninenne. 138
Table 5.14 Comparison of the results for Case-6 .........ccccccevvvieviveveneneere e, 144
Table 5.15 Given data for Case-7 as used by Wylie et al. (1993) ........ccccecvrvnene 146

Table 5.16 Tabular comparison of H and Q values at the pump and downstream
reservoir for the interval [0 - 4.8] SEC., CaSE 7....ccvcvvveviieiiiiece e 151

Table 5.17 Tabular comparison of the H and Q values at the pump and downstream

reservoir for the interval [7.6 - 10.8] SEC., CaSE-7 ......ceovvreririiieienieneseee e 152
Table 6.1 The run time data of the benchmark studies ...........cccoceviiiiiiinnnne. 156
Table 6.2 Comparison table for features...........cccovveiiiivicie 157
Table 6.3 Comparison table for boundary conditions............ccccooeveienciciiinnnnns 159

XV



LIST OF FIGURES
FIGURES

Figure 2.1 A frictionless hydraulic pipeline system that has a sudden valve closure

case (Wylie & Sreeter, 1978) .....ocivii e 11
Figure 2.2 Application of momentum equation to the control volume at the

transient state (Wylie & Streeter, 1978) ......ccovviieiieie e 11
Figure 2.3 Implementation of continuity in @ PIPe.......ccccvvveiveieciie e 13
Figure 2.4 Forces acting on pipe caused by water hammer ...........cc.ccoovvviveiciennn, 16

Figure 2.5 Transient event in a frictionless system for a period (4L/a) after instant

valve closure (Wylie & Streeter, 1978) ......ccoeiiiieiieieeeseese e 18
Figure 2.6 Control volume for the implementation of equations of motion and

continuity (Wylie & Streeter, 1978) ......covviiieiiiiierierieee e 19
Figure 2.7 Characteristic 1ines in X-t Plane..........cccoooviriiiiine e, 23
Figure 2.8 Notations for a nodal solution and characteristics lines...............c......... 25
Figure 2.9 Notations for interior points of a single pipe example.............ccccovenee.ee. 28
Figure 2.10 Notations for pipes connected iN SEres..........ccovverereneniesinieeeeienes 29
Figure 3.1 Characteristics lines at the endpoints of an example system ................. 31
Figure 3.2 Notations of upstream reservoir boundary with constant head.............. 33
Figure 3.3 Notations of upstream reservoir boundary with variable head .............. 34
Figure 3.4 Downstream valve boundary and notations of the system..................... 35

Figure 3.5 Valve at interior points of the system and notations of the system........ 37

Figure 3.6 Dead-end boundary condition and notations .............cccceeceveniiniicniennn, 39
Figure 3.7 Polar diagram for v and o (Wylie & Streeter, 1978)..........ccccvevvvvrnenenn. 43
Figure 3.8 Pump characteristics curve (Suter curves) for speed Ns=35 rpm........... 45
Figure 3.9 Grids and notation of the pump boundary with a discharge valve......... 46
Figure 3.10 Linear approximation of the WH CUIVe ..o, 47
Figure 3.11 Air chamber with an orifiCe .........ccooiiiiieiii e 53
Figure 3.12 SIMPIe SUIQe taNK .......ccveiieie e 57
Figure 3.13 Notations of a system that includes simple surge tank .............cccccoe.... 59

XVi



Figure 3.14 Free-body diagram for the water in the tunnel (Chaudhry, 1979)....... 59

Figure 3.15 Surge tank with standpipe and NOtations...........c.cccevvevevieereciieseennns 61
Figure 3.16 Free body diagram for Standpipe .........cccceveriiineniinieicicsesc s 63
Figure 4.1 Main USEr INTEITACE ......c.oiviieiiiiiiiee e 65
Figure 4.2 The view Of file tab........cccoooviieii e 66
Figure 4.3 The view Of design tab..........ccceiviieiieiice e 67
Figure 4.4 The view of analysis tah ... 67
Figure 4.5 The view of calculators tab...........ccoooeieiiiiiciieee s 68
Figure 4.6 The View Of VIEW tal ........cccoovieiiiiicee e 68
Figure 4.7 The view of help tah ... 69
Figure 4.8 DESIgN CANVAS VIEW ........oveiuiriiriiriinieeieieie sttt sttt nne et 69
FIgure 4.9 IMESSA0E DOX ......coueiuieiiiieieiie sttt 70
Figure 4.10 The view of the properties panel (example for a valve component) ... 70
Figure 4.11 The view of the material library ............ccooeviiiiiieic e 71
Figure 4.12 The view of the liquid lIDrary ..........ccoooeiiiiiiiiies 72
Figure 4.13 Initial conditions WINAOW ...........ccooviiiiiiiiiiciineee e 73
Figure 4.14 The view of the valve closure setting Window .............c.ccceveiieieennnne 74
Figure 4.15 The view of the pump setting Window ............ccccocvveviiieiiieve e 75
Figure 4.16 The view of the wave speed calculator window.............cccccccoeninnnnne 75
Figure 4.17 Reynolds number calculator Window .............c.ccoovviiiiiiieniininns 76
Figure 4.18 Friction factor calculator Window .............ccccocveveiieie i 77
Figure 4.19 Simple surge tank simulator Window .............ccccceoveveiiciieve e 78
Figure 4.20 The view of the steady-state results Window.............cccccevvrerieninnnnnns 79
Figure 4.21 The view of the tables window (pipe-based tab view) ............c.cc.c...... 80
Figure 4.22 The view of the time chart Window ............c.cccooeiiiiiiciiccc e 81
Figure 4.23 The view of the animation chart Window ............ccccccevviieeiie e, 81
Figure 4.24 The view of the air chamber simulator window ................cc.ccoeevninnn. 82
Figure 4.25 The view of the surge tank solution Window.............cccccevvriicniinnnns 82
Figure 4.26 The view Of COMPONENTS........cceiiiieiiiiiiic e 83
Figure 4.27 The view of the junction properties panel .........c.ccccccoov e, 84

Xvii



Figure 4.28 The view of the pipe properties panel...........cccccovveveiieiicie e 85

Figure 4.29 The view of the reservoir properties panel...........ccccccveviveieiievvennee. 86
Figure 4.30 The view of the valve properties panel ..., 87
Figure 4.31 The view of the dead end properties panel ............c.ccccovniiiicienn, 87
Figure 4.32 The view of the pump properties panel............cccooevviveiieie e, 88
Figure 4.33 The view of the surge tank properties panel ............ccccooevviieivennene. 89
Figure 4.34 The view of the air chamber properties panel...........c.ccccovniiiicienn, 90

Figure 5.1 Configuration of Case-1 and notations by Wylie & Streeter (1978) .....92

Figure 5.2 Visual design of Case-1inthe Canvas ..........ccccocevveveiiiececie e 93
Figure 5.3 Inputs in the reservoir properties panel for Case-1........cccccecvvvvevvenenne. 93
Figure 5.4 Inputs in the pipe properties panel for Case-1 .........c.ccocvvvvriiniviinieiiennn, 94
Figure 5.5 Inputs in the valve properties panel for Case-1..........cccocvvviniiriviiciiennn, 94
Figure 5.6 Inputs in valve closure settings panel for Case-1..........cccccceevvivevvenenne. 95
Figure 5.7 Inputs in the initial conditions panel for Case-1 ...........ccccocevviiievvenenne. 95
Figure 5.8 The view of the tabular results for Case-1 (0-0.3 SEC.) .....cocvvvrvvirinnnn, 96
Figure 5.9 Graphical illustration of obtained results at the valve end for Case-1...97
Figure 5.10 Graphical comparison at the valve-end for Case-1.........c.ccccccevvvennenne. 99
Figure 5.11 Configuration of Case-2 and notations by Wood et al. (2005) .......... 100
Figure 5.12 Visual design of Case-2 iN CanVas ...........ccooveeereneieneneneseeeeeeeen, 101
Figure 5.13 Inputs in the reservoir properties panel for Case-2...........cccceeveeeneee. 102
Figure 5.14 Inputs in the pipe properties panel for Case-2 .........c.ccccoeevvveveieenen, 102
Figure 5.15 Inputs in the valve properties panel for Case-2........c.cccccccevvvevvinennn, 103
Figure 5.16 Inputs in the valve closure settings panel for Case-2...........ccccceunee. 103
Figure 5.17 Inputs in the initial conditions panel for Case-2 ............ccovovvvenennee. 104
Figure 5.18 The view of the tabular results for Case-2...........cccocevveveiiveieinennnn, 105
Figure 5.19 Graphical illustration of the results at the valve-end for Case-2........ 105
Figure 5.20 Graphical comparison at the valve-end section for Case-2................ 106
Figure 5.21 Configuration of Case-3 and notations by Chaudhry (1979)............. 108
Figure 5.22 Visual design of Case-3 iN CANVas .........cccccvevveeiieiie e 110
Figure 5.23 Inputs in the pipe properties panel for the 1% pipe of Case-3 ............ 110

XViil



Figure 5.24 Inputs in the pipe properties panel for the 2" pipe of Case-3........... 111

Figure 5.25 Inputs in the valve properties panel for Case-3.........cccccccvevvevirennnne. 111
Figure 5.26 Inputs in the valve closure settings panel for Case-3 .............ccoce...... 112
Figure 5.27 Inputs in the initial conditions panel for Case-3..........ccccoceeevireninen 112
Figure 5.28 The view of tabular results at the upstream reservoir for Case-3...... 113
Figure 5.29 The view of tabular results at the valve end for Case-3..................... 114
Figure 5.30 Graphical illustration of the results for Case-3..........c.ccccoeverirnnnnnn. 114

Figure 5.31 Graphical comparison for the H values at the valve-end of Case-3.. 117

Figure 5.32 Graphical comparison for the Q values at the reservoir of Case-3.... 117

Figure 5.33 Case-4 as used by Wylie & Streeter (1978) ......ccccocvvvevviieveeiirenn, 118
Figure 5.34 Visual design of Case-4 IN CANVAES.........cccooereririiieienenese e 120
Figure 5.35 Inputs in the pipe properties panel for the 1% pipe of Case-4............ 120
Figure 5.36 Inputs in the pipe properties panel for the 2" pipe of Case-4........... 121
Figure 5.37 Inputs in the pipe properties panel for the 3 pipe of Case-4............ 121
Figure 5.38 Inputs in the valve properties panel for Case-4.........ccccccovvirirnnnnne 121
Figure 5.39 Inputs in valve closure settings panel for Case-4 ..........cccccccecvrennne. 122
Figure 5.40 Inputs in the initial conditions panel for Case-4...........cccccccvvveveennenn. 123

Figure 5.41 The view of tabular results at the upstream reservoir for Case-4...... 124
Figure 5.42 The view of tabular results at the valve end for Case-4 .................... 124
Figure 5.43 Graphical illustration of H and Q values at the valve for Case-4...... 125
Figure 5.44 Graphical comparison for the H values at the valve-end of Case-4.. 128

Figure 5.45 Graphical comparison for the Q values at the reservoir of Case-4.... 128

Figure 5.46 Configuration of Case-5 by Cofcof (2011)........cccvvvvvvvieneniricnieninen 129
Figure 5.47 The view of the results in the surge tank simulator for Case-5
(Quuinel=A0 M3IS) ..o, 131
Figure 5.48 The view of the results in the surge tank simulator for Case-5
(O L 11/ ) [T 131

Figure 5.49 The view of the results in surge tank simulator for Case-5 (Qtnnei=40

M3/s) With frictionless CONAIION ..........c.cvevivvreieesiee et 132

XiX



Figure 5.50 The view of the results in the surge tank simulator for Case-5
(Qunnei=25 m3/s) with frictionless CONAItiON.............cccovvrvreerivereiieeereee e 133
Figure 5.51 The visual design of Case-5 0N CaNVas .........cccccerereneninesineeenen, 133
Figure 5.52 Inputs in the reservoir properties panel for the upstream reservoir of

Case-5 (Qunnel=40 M3/S) ..vvreeeieeieiieeeee ettt en s 134
Figure 5.53 Inputs in the pipe properties panel for the first pipe of Case-5
(Qunnel=80 MZIS) ...ttt sttt 134
Figure 5.54 Inputs in the pipe properties panel for the second pipe of Case-5
(Quuinel=A0 MBIS) ..ottt 135
Figure 5.55 Inputs in the surge tank properties panel for the surge tank of Case-5
(Quunnel=A0 MBIS) ...ttt 135

Figure 5.56 Inputs in the initial conditions panel for Case-5 (Qunnei=40 m3/s).....136
Figure 5.57 Graphical illustration of water oscillations in the surge tank for Case-5
(Quunel=20 MB/S) ..ottt 136
Figure 5.58 Graphical illustration of water oscillations in the surge tank for Case-5

(Qtunnei=40 m3/s) for frictionless CONItion..............ccoceveveverricrerieeeeee e 137
Figure 5.59 Case-6 as used by Cofcof (2011) ......cccoeviiieeiiiie e 139
Figure 5.60 Visual design of Case-6 iN CANVas ..........cccceeveveeiieieeieeieese e 140
Figure 5.61 Inputs in the reservoir properties panel for the upstream reservoir of
CASE-6 ..ottt b e b bttt et e naeeabeenree s 141
Figure 5.62 Inputs in the pipe properties panel for the 1% pipe of Case-6 ............ 141
Figure 5.63 Inputs in the pipe properties panel for the 2" pipe of Case-6............ 142
Figure 5.64 Inputs in the surge tank properties panel for Case-6............cc.cccuue.. 142
Figure 5.65 Inputs in the initial conditions panel for Case-6 ............cc.ccocvevveneneee. 143
Figure 5.66 Graphical illustration of water oscillations in the surge tank for Case-6
............................................................................................................................... 143
Figure 5.67 The pump failure scenario presented by Wylie et al. (1993).............. 145
Figure 5.68 Visual design of Case-7 iN CANVAS .........cccooerveerereieneneeeseeeeenns 146
Figure 5.69 The entered inputs in the pump settings panel for Case-7................. 147
Figure 5.70 Inputs in valve closure settings panel for Case-7..........ccccoceevvevvenne. 148

XX



Figure 5.71 The view of the tabular results at the pump for Case-7..................... 149

Figure 5.72 Graphical illustration of H and Q values at the downstream side of the

PUMP TOF CASE-7 ...t 149
Figure 5.73 Graphical comparison of H values at the pump for [0-4.8] sec., Case-7
............................................................................................................................... 153
Figure 5.74 Graphical comparison of H values at the pump for [7.6-10.8] sec.,

LG8 L TP U R UPTOTRTPPRPR 153
Figure 5.75 Graphical comparison of Q values at the pump for [0-4.8] sec., Case-7
............................................................................................................................... 154
Figure 5.76 Graphical comparison of Q values at the pump for [7.6-10.8] sec.,

O L PO RTPP PR 154
Figure A.1 New project dialog WINAOW............ccueieiiieiineniseseeeee e 169
Figure A.2 The design component BUttONS ...........ccceevviieieeie e 169
Figure A.3 A sample system drawn in the program ..........c.cccccecevveviviicieeieennn, 170
Figure A.4 Properties of the downstream reServoir...........cocoevveeeienenesesenienns 171
Figure A.5 Properties of the 2" PIPe ........c.cueveveceeieeee e, 171
Figure A.6 Pump Setting WiNAOW ..........cccueiiiiiiiieiiece e 172
Figure A.7 Properties of the pump component..........cccccevvveieciecieece s, 173
Figure A.8 Initial conditions window and selected time options for the case ...... 173
Figure A.9 The steady-state results WiNndOW ...........cccccoveriiiniininieienec e 174
Figure A.10 The informative pop-up WiNdOW ...........ccccoeiieieiieieece e 174
Figure A.11 An example for the results of the case in the tables window............ 175
Figure A.12 An example for the results of the case in the time chart window..... 176
Figure A.13 Animation chart for the case Study ..........ccccovririvinieienne 177

XXi



LIST OF SYMBOLS

SYMBOLS

A Pipe Area (m?)

Ag Valve Opening Area (m?)

a Acoustic Wave Speed (m/s)

B Pipeline Constant (Allievi Constant)

Cp Orifice Discharge Coefficient

Corf Orifice Head Loss Coefficient

ct,Cc- Positive and Negative Characteristics Equations
D Pipe Diameter (m)

E Modulus of Elasticity of Pipe Material (GPa)
e Pipe Wall Thickness (mm)

En Valve Closure Constant

f Darcy- Weisbach Friction Factor

g Gravitational Acceleration (m/s?)

H Piezometric Head (m)

Hy, Barometric Pressure Head (m)

Hyr Rated Head of Pump (m)

K Bulk Modulus of Elasticity of Fluid (GPa)
k Loss Coefficient for Entrance

L Pipe Length (m)

m Polytropic Gas Equation Exponent

xXii



Nr

Qr

Tr

te

WB, WH

WR?

01,073

El) EZ

Rated Rotational Speed of Pump (rpm)
Pressure (kPa)

Discharge (m3/s)

Rated Discharge of Pump (m?3/s)

Resistance Coefficient

Rated Torque for Pump (Nm)

Time (sec)

Closure Time of Valve (sec)

Velocity (m/s)

Control Volume (m?3)

Dimensionless pump Characteristics
Moment of Inertia of Rotating Parts of Pump (Nm?)
Elevation above Datum (m)

Specific Weight (N/m®)

Poisson’s Ratio

Fluid Density (kg/mq)

Axial Unit Stress and Lateral Unit Stress (Pa)
Axial Unit Strain and Lateral Unit Strain
Dimensionless Valve Opening

Angular Velocity (rad/sec)

XXiii



XXiV



CHAPTER 1

INTRODUCTION

1.1 General Statements

The water hammer phenomenon is an important unsteady problem that is generally
observed in hydraulic systems such as pipeline systems used to distribute the water
or penstocks used in hydroelectric power plants (HPP), and it is caused by transient
flow. The transient flow is a flow type that occurs with a disturbance in the steady
flow because of changes that may occur in the components used in a hydraulic
system. In other words, it is caused by changes in boundary conditions. The sudden
closure of hydraulic system components such as valve or gate, load rejection, pump
trips, power failure for the turbine or pump, a malfunction in turbine flow regulation
equipment or valves, sudden changes in the water level of the reservoir, etc. can be
counted as the changes at boundary conditions that cause the transient event. These
changes can create pressure waves that fluctuate back and forth in the system. These
fluctuations may produce extremely high or low pressures on the system, which may
be dangerous. These possible situations must be considered at the design stage of
systems in order to predict and prevent dangerous results that can be created by a

water hammer event. Otherwise, this problem may cause great loss of life and
property.

There are many examples of accidents that have caused loss of life and finance in
the past resulting from the water hammer phenomenon. According to Adamkowski
(2001), a major accident occurred due to the improper operation of valves used for a
turbine at the Bartlett Dam and Oneida Hydroelectric Power Plant in the United
States, resulting in five deaths. Another example can be given as the Oigawa HPP
accident that occurred in Japan. The accident, which occurred in 1950, was a

penstock burst. This accident was caused by sudden butterfly valve closure and



resulted in three lives lost and $500 million in damage, according to Lupa et al.
(2022).

Moreover, a severe accident occurred in Sayano-Shushenkaya HPP in Russia in
2009. The accident was caused by a sudden closure of a turbine. Severe damages

occurred, and 75 people died as a result of this accident (Seleznev et al., 2014).

1.2 Previous Studies in Literature

Transient event and its effects on hydraulic pipeline systems have been a challenging
and vital research topic from the past to the present. Historically, various methods
have been developed and used to observe the flow and simulation of the transient
event or water hammer. These methods can be counted as graphical, arithmetic,
characteristics, algebraic, implicit, linear analysis, and other methods. It may be

observed that these methods are used in the literature, especially in the last century.

Joukowski (1900, as cited in Ismaier & Schliicker, 2009, and Chaudhry, 2014)
published a report that introduced the basic theory of water hammer after he observed
the results of extensive experiments started in 1897. This report also includes the
formulation of the wave speed considering the elasticity of water and walls of the
pipe, a discussion about pressure wave propagation, and its reflection. In addition,
he discovered that the maximum pressure rise could be observed when closure time
is equal to or smaller than the ‘2L/a’ value where ‘L’ and ‘a’ represent the pipe length

and wave speed, respectively (Chaudhry, 2014).

Allievi (1902, 1903, as cited in Saikia & Sarma, 2006, and Chaudhry, 2014)
presented the general theory for the water hammer, and he developed analytical and
graphical solutions. Similarly, Bergeron (1935, as cited in Saikia & Sarma, 2006)
developed a solution by graphical method. The graphical solution method was a
useful and practical technique for designing pipeline systems when computers were

not in use.



In the final report of the Boulder Canyon Projects (1940), a comparison was made
between the obtained test results for water hammer surges occurred in the penstocks

and the theoretical information current at that time (Wood, 1970).

Wylie and Streeter (1967, 1978) developed an approach to solve and simplify the
transient flow equations, which contain unsteady flow equations. The name of this
approach is the characteristics method which is widely used in this research area
today. In their published studies, they described the algebraic and graphical solution
methods besides the explanation of the principles and application of the
characteristics method. In addition, the equations of boundary conditions and
protection devices used in the transient solution were presented. Then, they
developed computer codes, which are written in FORTRAN programming language,
containing the application of the method of characteristics for systems with various

boundary conditions.

The main theory of the method of characteristics and applications in hydraulic
systems are also explained in the Applied Hydraulic Transients Textbook by
Chaudhry (1979). In addition, explanations of various boundary conditions and
developed FORTRAN codes were presented. The developed codes can be used to
simulate transient events caused by the closure or opening of a valve, power failure

for a pump, and to determine water level oscillations in simple surge tanks.

Karney (1984) developed a computer program to observe rapid transient conditions
for large water distribution networks by using the method of characteristics. He
provided the reliability of the network program by using numerical experiments data.
In addition, the network program can simulate transients in hydraulic systems with

various boundary conditions.

Thorley (1991, 2004) presented guidance for preventing the harmful effects of a fluid
transient event in a closed conduit, and he gave suggestions to control this
undesirable transient event with practical methods. He described a variety of
protection or control devices. The usage of these devices is recommended according

to problem types. These recommendations vary depending on where the transient



event begins and whether there is an increase or decrease in the initial pressure

change.

Izquierdo and Iglesias (2002) developed a computer program to analyze and simulate
water hammer phenomena in simple water systems by using mathematical modeling.
The name of the developed program is ‘DYAGATS’. The characteristics method
was used to solve partial differential equations, which are continuity and momentum

equations.

Kog (2007) developed a computer code to simulate the transient events in hydraulic
pipeline systems by using MATLAB 7.1 programming language. Then he converted
the developed code to C# programming language to present a program which has a
graphical interface for users. In this program, the characteristics method is used for
the solution of momentum and continuity equations. The program can also simulate
the transient events in pipeline systems which have various boundary conditions. The
program has a mechanism to warn the user in case of incorrect operation which

makes it user-friendly.

Afshar and Rohani (2008) proposed an implicit characteristics method to observe the
hydraulic transient event in pipeline systems. The aim of this study was to find a
solution to the limitations and deficiencies of the traditional characteristics method.
Element-wise definition is used for the reservoir, valve, pump equipment, and
derivation of corresponding equations. As a result, the study validated the accuracy

of the method in valve closure and pump failure cases.

Bozkus (2008) conducted a water hammer analysis for pipelines between Camlidere
Dam and Ivedik Treatment Plant by using the characteristics method. These pipelines
are formed by a series of connected pipes which have different properties. For this
reason, characteristics method equations that include interpolation features were
used in this analysis. A modified FORTRAN code is used for the simulations of
transient events which may occur by valve closure scenarios in the pipeline systems.

As a result, proper valve closure times were determined for safe operations.



Calamak and Bozkus (2012) studied protective measures and precautions to prevent
the undesired effects of water hammer occurring in the penstock of run-of-river
hydropower plants. In this study, a water hammer case in a small hydropower plant
caused by instant load rejection was analyzed. In order to compare the results, the
case was simulated without protection measurements and with a flywheel, pressure-
reduced valve (PRV), and safety membrane separately. A computer program
developed by Bentley, named HAMMER, was used for the simulation of the cases
in this study which applies the characteristics method to solve the transient flow

equations.

Dinger (2013) studied the water hammer problem in pumped-storage hydropower
plants. He simulated different water hammer cases such as transients caused by load
rejections of turbine and start-up or shut down of pumps for Yahyali Hybrit Plant.
He investigated these cases with and without surge tank protection devices to
compare results. In this study, HAMMER software is used for simulations which use
the characteristics method to solve nonlinear partial differential equations. In
addition, the obtained results are also given for Yahyali1 Hybrit Plant in another study

presented by Dinger and Bozkus (2016).

Dursun (2013) examined the protection measures that can be used against the water
hammer phenomenon that may occur in Yesilvadi Hydroelectric Power Plant
(HEPP). HAMMER Software was used for simulations for various scenarios. He
also presented a comparison between the obtained results and the values observed

during the operation at Yesilvadi HEPP.

Dalgi¢ (2017) developed a code called H-Hammer that can simulate transient flow
and water hammer phenomenon. This program uses the characteristics method as the
solution method for nonlinear partial differential equations of transient flows. H-
Hammer program, which can simulate cases including various boundary conditions
and protection devices, runs with some system requirements, such as the support of

AutoCAD, Visual Basic, and MS Excel programs. The validation of the program



was provided with comparisons between the obtained results and results in the

literature

Topraghghaleh (2020) also developed a software computer program called S-
Hammer to be used for the simulation of the transient event. The codes of this
program were developed in the Visual Studio platform and written in C#
programming language. In this software, the method of characteristics is used to
solve transient flow equations. This software can analyze case studies involving
various boundary conditions. The validation of the program was provided with

comparisons between the obtained results and results in the literature.

1.3  Objectives of the Thesis

This study aims to develop a new computer code that can solve time-varying flow
problems in pressurized pipeline systems. The computer program created with these
codes is developed to simulate the pressure and flow varieties in the hydraulic
pipeline systems designed by the users in a time-dependent manner. In this way, it is
aimed that the users or engineers can detect and take precautions against possible
problems and damages resulting from the water hammer phenomenon. In the
developed program, the characteristics method is selected to use for the solution of
the transient flow equations. Also, various boundary conditions are added to this
program so that the solution for different scenarios can be observed.

There is a large number of computer programs or created codes that were developed
to solve transient problems. One of the objectives of the study is to develop new
software which is more user-friendly and has more features compared to previous
studies such as Dalgi¢ (2017) and Topraghghaleh (2020). The comparison between
the developed program and recent studies is explained in detail in related sections.
The developed program has several advantages and disadvantages compared to the

programs or codes developed in previous studies.



The drawing area used in hydraulic system design and fields such as tables and text
boxes, where related data can be entered, are available in the program. Accordingly,
it is ensured that the program is independent and practical without the need for
different external programs. This feature provides great convenience for users. The
program is designed to display the simulation results as tables, graphs, and

animations.

In the program, the steady-state solution of the system, which is analyzed before the
transient state, is also presented to users. This feature is not provided in recent
studies, so it is added to the program as a novelty. In addition, wave speed, friction
factor, Reynolds number calculator windows, and a library window containing
specific properties of commonly used fluid or pipe material types in the literature are
added to this program. If the mentioned features and contents are considered, it can

be inferred that the program is developed as user-friendly and practical as intended.

This study also aims that the developed program can easily detect the order of the
components in the drawn hydraulic system. In other words, if the user adds a new
object to any point of the system or deletes an existing object from the system, the
program will sort the components and provide a solution, taking this into account.
This feature is presented as a novelty not found in recent studies in the literature,
such as Dalgi¢ (2017) and Topraghghaleh (2020).

The limitations and deficiencies of the thesis are as follows: The program is
developed for only pressurized hydraulic pipeline systems with a single pipe or pipes
connected in series. This study does not provide solutions for complex pipe
networks, branch pipe connections, and pipes connected in parallel. Quasi-steady
friction model is used to solve unsteady flow equations. Horizontal pipeline systems

with the same elevation are generally used as benchmarks.

The main goal of this study is to create cheap, reliable domestic software that may
be considered as an alternative to the existing commercial programs that may be
costly. Wanda Transient and Bentley Hammer software can be examples of these

commercial programs.



1.4 Scope of the Thesis

This thesis consists of seven chapters, which are the introduction, formulation of the
transient flow, boundary conditions, the software program, verification of the

program, discussion, and conclusion.

In Chapter 1, the introduction part, the summary and the importance of the thesis
subject were explained. The previous studies about the topic, purpose and scope of

this thesis were also mentioned.

Chapter 2 provides the derivation of unsteady pipe flow equations for a compressible
fluid and their solution by the method of characteristics (MOC), and applications.

Chapter 3 includes general information and equations for the boundary conditions

used in this study.

Chapter 4 includes the main contents and abilities of the developed program. In this
chapter, the program is presented with the help of figures containing various

windows and panel images.

Chapter 5 contains the verification of the program by using proper case studies in

the literature as benchmarks.

Chapter 6, the discussion part, contains a discussion about the calculation time of the
program for each benchmark. In addition, this section includes the advantages and

limitations of the program, along with recommendations for future studies.

Chapter 7, which is the conclusion part of the thesis, includes the summary of this

thesis study in general.

Lastly, the user manual is presented in the appendices section, which is Appendix A.



CHAPTER 2

FORMULATION OF TRANSIENT FLOW

In this section, the transient flow expression, the related differential equations with
their derivations, and the method of characteristics (MOC), which is the solution

technique used for the equations in this study, will be discussed in general.

2.1  Concept of Transient Flow

Flows may be considered steady or unsteady according to the flow state. In steady
flows, conditions of the flow such as velocity, discharge, and pressure observed at a
certain point, are always constant; in other words, they are not time-dependent. On
the other hand, in unsteady flows, these properties at a certain point may vary
depending on time. In addition, steady flow can also be classified as a special state
of unsteady flow. It means that unsteady flow equations must also satisfy a steady

flow.

The transient flow expression is generally used to represent the intermediate-stage
flow of fluids in pipelines. In other words, the transient flow is the flow that has
occurred during the time period observed between the initial steady-state flow and
another steady-state flow. It is also known that this transition, which is an unsteady

state, is caused by the change in boundary conditions and disturbance of steady flow.

The data obtained from steady-state are important to solve transient flow equations.
Because in the calculation and analyzing stage of a transient flow, the data known
from the steady-state condition of the system are used as initial values. The following
sections will describe more details about the formulation of transient flow and the

solution technique of related equations.



2.2 Arithmetic Derivation of the Equations of Transient Flow

Two fundamental laws of nature are valid for all types of flows. These laws are
conservation of mass and conservation of momentum. Based on this information, it
can be inferred that transient flow, which shows unsteady flow characteristics, has
two basic equations: momentum and continuity. This study focuses on a one-
dimensional solution, so the continuity and conservation of momentum equations are
derived just for the x-direction. Egs. (2.1) and (2.2) represent the continuity and

conservation of momentum equations for the x-direction, respectively.

d —
o pdVv + j p(V.MdA =0 (2.2)
cv cs

The mass conservation equation represents the summation of the rate of mass change
within the control volume, and the net mass flux across the control surface gives a

‘0’ value.

ZFX =% J VpdVv + JVp(V.ﬁ’)dA (2.2)

Ccv CS
The conservation of momentum represents that the summation of the forces which

act on the control volume equals the summation of the time rate of change of the
momentum within the control volume and the net momentum flux across the control

surface.

Wylie & Streeter (1978) applied Eg. (2.2) to a control volume in a simple frictionless
reservoir-pipe-valve case which is illustrated in Figure 2.1 and Figure 2.2. In this
simple idealized scenario, the hydraulic pipeline system includes a constant head
upstream reservoir and a downstream valve which is instantly closed. A flow towards
the downstream is observed in the system with a velocity of Vo, then a pressure wave
generated by this sudden closure of the valve travels towards the upstream direction.
The propagated pressure wave is also called as acoustic wave. The speed of this wave

is represented by ‘a’.
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Figure 2.1 A frictionless hydraulic pipeline system that has a sudden valve closure
case (Wylie & Streeter, 1978)
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Figure 2.2 Application of momentum equation to the control volume at the
transient state (Wylie & Streeter, 1978)

As shown in Figure 2.2, the first term of the momentum equation, which is the

change in internal momentum, can be written as;

d A(a—V,)

_ =—g— 7 - 2.3

g f Vpdv = p———=At(Vo + AV = Vo) (2.3)
cv

After the simplification, the final form is written as;

d
o VpdV = pA(a — V,)AV (2.4)
cv
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Then, from Figure 2.2, the second term of the momentum equation which is the

difference between the momentum in and out fluxes (net efflux), can be written as;

f Vp(V.1)dA = pA(V, — AV)2 — pAVZ (2.5)
CS
If Egs. (2.4) and (2.5) are combined, the general momentum equation can be written

as follows.

z F, = —yAAH = pA(a — Vp)AV + pA(V, — AV)? — pAVZ  (2.6)

where;

A = Area of the pipe (m?)

y = Specific weight of the fluid (N/m?)
p = Fluid density (kg/m®)

g = Gravitational acceleration (m/s?)
Vo = Initial velocity of the fluid (m/s)
AV = Change in the velocity (m/s)

a = Acoustic wave speed (m/s)

AH = Change in the head (m)

In Eq. (2.6), pA(a — V,) term represents the fluid mass, and AV refers to the change
in velocity at one second. It means that the AV? term, which has a small value, can

be neglected. So, the equation can be simplified as;

M= ——= (4D~ —— 2.7)
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As shown in Eq. (2.7), the value of Vo/a can be ignored since the wave speed has a
much higher value than the initial velocity. Moreover, the equation below can be

written if there is a condition such that the downstream valve is closed by increments.

a) Av
g
Eq. (2.8) is used for the downstream valve. In order to also consider the upstream

AH =

(2.8)

gate and make the expression more general, Eq. (2.8) can be rewritten as follows.

a),Av
AH = + 2
g
If Eq. (2.9) is used for pressure waves moving toward the downstream end, the plus

(2.9)

sign must be selected in the equation, and if the equation is used for pressure waves

moving toward the upstream end, the minus sign must be chosen in the equation.

Egs. (2.8) and (2.9) are valid for rapid valve operations, that is, as long as the time
duration for the pressure wave to reach the other end of the pipe and come back to

the origin of the pressure wave is less than 2L/a.

(VoL)/a

77 O_;yAHA
>

< L

Figure 2.3 Implementation of continuity in a pipe

Next, the pressure wave speed, a can be calculated using Eq. (2.9) and the continuity
concept given in Eqg. (2.1). It can be observed in Figure 2.3 that the continuity
equation is applied to the pipeline system in Figure 2.1 where the downstream valve
is suddenly closed. High pressure changes in the system due to an instant closure of

the valve can cause a stretch of As in the pipe length. This amount of stretching may

13



vary depending on the support type of the pipe. If the wave is assumed to travel in
L/a seconds on the pipe of length L or the velocity is assumed to be (aAs)/L, then the
change in velocity is expressed as AV=(aAs/L) —Vo. The entered mass during L/a
time is observed as pAV,L/A. This expression is equal to the summation of three
mass contributions, which are mass stored in increased cross-sectional area, mass
occupying the volume expansion caused by the stretch As, and mass increase due to
compression of the fluid caused by higher pressure. This continuity equation can be

expressed mathematically as;

L
pAV, e pLAA + pAAs + LAAp (2.10)

Then, the equation is simplified, and the expression of AV = (Asa/L) —V, is used

to eliminate the Vo term.

AV AA N Ap 211
Now, Eqg. (2.9) is used for the elimination of the AV in Eq. (2.11).
) gAH
a° =
AA + Ap (2.12)
A p

To rearrange Eg. (2.12), the bulk modulus of elasticity for the fluid is defined as;

K = AP _ AP
“h W 2.13)
p v

Then Eq. (2.12) can be rewritten with the combination of Eq. (2.13) as follow;

K
2 _ P
2’ = —— R AR\ (2.14)
1+(z) (35)
If the wall thickness of the pipe is large enough, the change in pipe area will be quite

small, and AA/AP can be neglected, so the wave speed can be calculated as follows,

14



a::\FE (2.15)
p

On the other hand, if the pipe walls are very flexible, the value of 1 in the

denominator part of Eq. (2.14) can be neglected, and the expression is written as;

an ﬁ_ﬁ (2.16)
p AA

If the pipe wall is thin, three different support situation cases can be observed. Then,
the determination of wave speed or AA/(AAP) changes according to the preferred
support condition. According to Wylie and Streeter (1978), these support conditions

are stated as;

e Case a: pipe anchored at the upstream end only

e Case b: pipe anchored throughout against axial movements

e Case c: pipe anchored with expansion joints throughout (Wylie & Streeter,
1978)

At first, Poisson’s ratio, which is the negative ratio of lateral unit strain to axial unit

strain, is expressed mathematically as below.

_%
3

The change in area is caused by the total change in strains, which are circumferential

= (2.17)

or lateral, A&r. The mathematical expression is shown in Eq. (2.18).

D
AA = Afp— D = 2ANE (2.18)

where;

Er =8 +&=8 —u&; (2.19)

There is a relation between the stress and strain with Young’s modulus of elasticity

which is E as shown in Eq. (2.20).

15



& =— & = f (2.20)

where;
o, = Axial unit stress
o, = Lateral unit stress

To determine the expressions for the stresses generated by the transient flow, the
circumferential pipe stress forces as shown in Figure 2.4 are used.

Figure 2.4 Forces acting on pipe caused by water hammer

In Figure 2.4, Tr and e represent the circumferential tensile force acting on per unit
length of pipe and the thickness of the pipe wall, respectively.

The lateral unit stress expression can be written as;

T yHD
= =— 2.21
2 e 2e ( )

Then the below equation can be inferred.

_ YAHD _ DAP

AG, = =— 2.22
%z Ze Ze ( )
The axial unit stress expression can be written as;
F Pmnr? DP
=—= =— 2.23
1 A 2mre 4e ( )
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Then, the change in the determination of AA/(AAP) for all three support situation

cases can be observed.
e Casea;

YHA is the force acting on the valve which is closed. Then axial tensile stress is

determined as;

YHA
= — 2.24
%1 miDe ( )
Then, the below equation can be written.
DAP
Ao, = — 2.25
01 4o ( )
As a result;
AA  20AE 2 D m
— — — =—_(1-= 2.26
AAP - AP - apE A0z THAoY) = g2 (1=3) (2.26)
o Caseb;
¢,=0 and o, = po, . Then, simplifications are applied.
AA 2 D
— = — (Ao, — U?A0,) = —(1 — p? 2.27
AAP APE( 0, — u*Aoy) Ee( ue) ( )
e Casec;
0, = Ho,. Then;
AA _ZRo; _D (2.28)
AAP APE Ee
So, the final expression of the wave speed can be rearranged as:
_ V&
KD (2.29)
1+ (ge) e

where c1 is an expression that will change according to the support condition of the

pipe in the system. c; expressions are listed below accordingly for the above cases;
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Forcasea;cy =1 —u/2
Forcaseb;c; =1 — p?

Forcasec;c; =1

Figure 2.5 represents a sequence of events of a system which has an upstream

reservoir at a constant head, a suddenly closed downstream valve, and a single pipe

with the length L. In addition, friction and minor losses are neglected in this pipeline

system. After the sudden valve closure, a wave is propagated toward the upstream

end of the pipe. The time required for the wave to reach the upstream end of the

system is L/a second, and the wave can reach the downstream valve again in total

2L /a seconds. At time 0 and 4L/a, the conditions of the system are similar. Then it

can be said that the process shown in Figure 2.5 is repeated every 4L/a (Wylie &
Streeter, 1978).
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;
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©
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Vo FP»a V=0 {)
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)

3L/a<t<4L/a
(d)

Figure 2.5 Transient event in a frictionless system for a period (4L/a) after instant
valve closure (Wylie & Streeter, 1978)
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2.3  Fundamental Differential Equations for Transient Flow

The main purpose of the transient flow or water hammer analysis is to be able to
observe the fluid behavior during the transition event at a certain point and in a
certain time interval. In order to achieve the stated purpose, the conservation of mass
and momentum laws must first be applied to a defined control volume. These laws
and their equations are represented in Section 2.2. This process is important for
deriving partial differential equations that can be used in water hammer solutions.
The parameters and forces which are used for the derivation of continuity and

momentum equations are illustrated in Figure 2.6.

Control Volume

YASX

Figure 2.6 Control volume for the implementation of equations of motion and
continuity (Wylie & Streeter, 1978)

Before applying the continuity and momentum equations, four assumptions are made

for the system. These assumptions are:

e Flow and wave movements are one dimensional
e Control volume is fixed
e Cross section of the conduit is constant, and the conduit wall is elastic

e The fluid in the conduit is slightly compressible
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After the application of the conservation of momentum and mass laws, and
simplifications, the continuity equation and momentum equation are derived in terms
of partial differential equations as expressed in Egs. (2.30) and (2.31), respectively.
Here, P and V are the dependent variables, x and t are the independent variables.

JdP dP av

e 4 V—+pa— = 2.30

gtV TP =0 (2:30)
av+av+1ap+< '6+4TW)—0 2.31
ox 0t pox gsin pD/ (2:31)

where;

D = Pipe diameter (m)

P = Pressure (N/m?)

p = Fluid density (kg/m?)

g = Gravitational acceleration (m/s?)
V = Velocity of the fluid (m/s)

a = Acoustic wave speed (m/s)

1., = Wall shear stress (N/m?)

In the solution process of momentum and continuity equations, velocity and pressure
values must be obtained at each time step and distance interval. Therefore, it is quite
difficult to solve the equations which are given in the closed form. In order to solve
the equations, different types of solution techniques such as arithmetic, graphical,
algebraic, and linear analysis can be used. In this study, the characteristics method is

used to solve the transient flow equations and perform water hammer analyses.
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2.4 Method of Characteristics

Method of Characteristics is a widely used mathematical method which is employed
to transform partial differential equations into ordinary differential equations. These
equations can then be integrated to obtain the finite difference equations (Wylie &
Streeter, 1978).

This section includes the transforming of the transient flow equations into solvable
form by using the method of characteristics.

24.1 Characteristics Equations

The momentum and continuity equations, which are derived in Section 2.3, are
nonlinear, hyperbolic, partial differential equations. As shown in Egs. (2.30) and
(2.31), these equations have two dependent variables, which are pressure (P) and
velocity (V), and two independent variables, which are the distance (x) along the

pipe and time (t).

Momentum and continuity equations can be transformed into four ordinary
differential equations by the method of characteristics. At first, ‘L1’ and ‘L,” are used

as labels for Egs. (2.30) and (2.31), respectively, as shown below.

opP opP , 0V

- _ 2.32
L, = 0 Va + pa? I =0 (2.32)
V. avV 19P 41, (2.33)
L = B — —_—— _—
2 Va 6t+p6 +gsm9+pD 0

Since Egs. (2.32) and (2.33) are both equal to zero; linear combinations of L1 and L
must be equal to zero. Then the combination of these equations with an unknown
multiplier A is provided as expressed in Eqg. (2.34), where F refers to
(gsin® + 41, /pD).

dP dP 6V v odv 10P
L1+7\L2—(6 +Va— pa &)‘F)\( &+E+—6—+F>_O (234)

Then, the equation is rearranged as follows;
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+(v+7\) aP]H v PV M e (23s)
p/ 0x A Jox ot B '

It is known that velocity (V) and pressure (P) terms are functions dependent on

[aP
ot

distance (x) and time (t). Then, the chain rule from calculus is used to rearrange the

terms.
v _ov , ovidx (2.36)
dt ot o0Jxdt
where;
dx pa?
v+ 2.37
<=Vt (2.37)
and
dP 0P 0JPdx
-4 - 2.38
dt at * ox dt (2.38)
where;
dx_ (v + }\) (2.39)
dt p '
Then, Eq. (2.35) can be rearranged as;
dPp _dv
—+A—+AF=0 2.40
Tt At (2.40)

To provide the validation of the chain rule, dx/dt values, which are in Egs. (2.37) and

(2.39), must be the same. Then, this expression can be written as;
OlX—(V+A>—v+paz (2.41)
dt p/ A '

From Eq 2.41, the unknown multiplier A can be determined with the cancelation of

V parameters. So,

A= tpa (2.42)
Then, Eq. (2.41) is expressed as in Eqg. (2.43) by substituting A. When the

magnitudes of the acoustic wave speed (a) and the flow velocity (V) are compared,
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it is observed that the magnitude of the flow velocity is negligible compared to the

wave speed. Therefore, the V term can be dropped from the equation.

dx
—=V+a =+ 2.43
It V+a +a ( )

Now that value of A is known, Egs. (2.40) and (2.41) take the following forms:

( 1dP dv
+-—+a—+aF=0

+ _J T pdt dt 2 44
CTorC i dx~+ (2.44)
dt_—a

In this equation set, if A value is +pa, the equation set is named as C* equation.
Similarly, if A value is —pa, the equation set is called as C™ equation. So, it can be
observed that two partial differential equations turned into four ordinary differential
equations along with Eq. (2.43), which are expressed together in Eq. (2.44). The
upper part of these equations is called compatibility equations, and they are valid
along the corresponding lower part of the equations called characteristic lines. A

visualization of the characteristic lines on the x-t plane is shown in Figure 2.7.

t —— C' Characteristic Lines
A C Characteristic Lines
\\\ 1 \\ . 3 ¥C+
T E 5 \ i ke . : " /_C-
At L g S » 2 \\\ /
% \\\ N \. b X

Figure 2.7 Characteristic lines in x-t plane
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In addition, Courant condition must be checked and satisfied to obtain accurate

results and to ensure convergence. Courant condition is expressed as;

Ax

< 2.45

s (2.45)
If it is assumed that the system has quasi-steady friction, the shear stress defined by

Darcy - Weisbach can be applied to the compatibility equations.

4t,,  VIV|
W 2.46
pD f 2D (2.46)

Then;
VIV]|
= gsi — 2.47
F = gsin0 + f °D (2.47)
Finally, Eq. (2.44) can be rearranged in terms of velocity (V) and head (H) as

expressed in Egs. (2.48) and (2.49).

gdH dv VIV _
\ ac
gdH dv V|V

e e

_e 0

dx_
dt

a

—a

In the differential equations, which are stated in Egs. (2.48) and (2.49), piezometric
head (H=z+P/y) and flow velocity (V) are the unknown parameters. According to
Woylie and Streeter (1978), first order finite difference approximation can be used to
solve these differential equations simultaneously due to the selected time increments
has generally small values. But in the cases, which have considerably large friction
losses, usage of a second order finite difference approximation is more proper to
prevent instability of the finite-difference scheme. It is also known that the selection
of a small value for time increment makes the transient analysis more computational

but more accurate.
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24.2 Time Discretization of Compatibility Equations

In this subsection, the compatibility equations mentioned in Eqgs. (2.48) and (2.49)
will be discretized in x-t plate with the finite difference approximation. The main
purpose is to solve the characteristics equations for each node and time in the
pipeline. At first, the pipeline in the hydraulic system must be divided into N
sections, and the length of these sections is symbolized as Ax with a proper time-step
value, At, as shown in Figure 2.8. Therefore, the node number of the pipeline is
represented as N+1. The time increment value can be determined with the
consideration of Courant condition, i.e. Eq. (2.45). It is generally preferred to set

equal to At = Ax/a.

t A
—Ax—>»
t+ At T
At
. ’
O ’ X
i-1 i i+1 NS= N+1

Figure 2.8 Notations for a nodal solution and characteristics lines

According to Figure 2.8, AP and BP lines represent the C* and C" characteristics
lines, respectively. If the head (H) and velocity (V) values, which are dependent
variables, are known at point A, the compatibility equation expressed in Eq. (2.48)
can be integrated along the AP line. In this equation, there are 2 unknown variables

which are H and V values at point P.

As it is mentioned in Eq. (2.45), the equality adt=dx can be written. Then, Eqgs. (2.48)
and (2.49) are multiplied by the ‘adt’ term and divided by the ‘g’ term to simplify
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and convert the equations to integration form. Lastly, the expression is written in

terms of flow discharge (Q) instead of V as;

f a2 f ® a0t f " QlQldx = 0 (2.50)
+ 2 + X = -
H, gA Joy, 2gDA? XA

Similarly, if head and velocity values are known at point B, the compatibility
equation that is expressed in Eq. (2.49) can be integrated along the BP line. In the
second equation, the unknown variables are exactly the same in Eq. (2.50) which are
the H and Q variables at point P. So the same procedure is applied to the second

equation.

fH dH—— pr - DAzf QIQldx = 0 (2.51)

As a result, two equations with two unknowns were obtained. The integrals which
have the variation of flow discharge (Q) with x in the last term of Eqgs. (2.50) and
(2.51) are unknowns a priori. So, first order approximation, which is satisfying most
problems except the problems dominated by friction, is introduced in these
evaluations (Wylie & Streeter, 1978). Then, the following equations are obtained for
C" and C respectively as follows;

a

HP—HA+gA( QA)+2 DAZ QalQal =0 (2.52)
a fAx _

Hp —Hp — oA (Qp —Qg) — 2gDA? QglQgl =0 (2.53)

Egs. (2.52) and (2.53) represent the basic mathematical relations which describe the

discharge and head propagation in a pipeline in transient phenomena.
B and R variables are defined to simplify and shorten these equations as;

a fAx

Then, these compatibility equations are rewritten as follows, which are solved for
Hp.
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C*:Hp = Hy — B(Qp — Qa) — RQ4|Q4 (2.55)
C™:Hp = Hp + B(Qp — Qp) + RQ5|Qs] (2.56)
Then, Egs. (2.55) and (2.56) are expressed in nodal notation form with some

simplifications by defining Cp and Cw terms as follows.

C+: HPi = Cp - BQPi (257)
C™: HPi = CM + BQPi (258)
where;
Cp = Hij_; + BQj—; — RQ;_1]|Qj_1| (2.59)
Cm = Hiy1 — BQis1 + RQi41]Qi41] (2.60)

It should be noted that these equations and procedures are also proper to apply in the
steady-state condition, which is a special case of unsteady-state.

For each interior node in the pipeline, these compatibility equations can be solved
simultaneously to find unknown H and Q values at the node. The H variable at point
P can be determined by the elimination of Q parameters from Egs. (2.57) and (2.58)

as,;

Then, the unknown discharge value at point P can be calculated by using the
calculated H value in Egs. (2.57) or (2.58).

This procedure can be repeated for each interior node in a pipeline. If the initial time
has the notation of t = t,,, in the next step, the calculated H and Q values at t, are

used as new initial inputs for the next iteration, which is t + At.

In addition, for some points, such as the upstream end and downstream end of the
system, only one characteristic line may be valid. Also, additional equations may be
needed at some interior junctions where include extra components in the pipeline

system. This situation and boundary conditions are explained in the next chapter.
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2.5  Application of Method of Characteristics in Systems

Pipelines may contain more than one pipe with different or same properties. These
pipeline systems are called complex systems. Series pipe connection, branch
connection, and parallel pipelines can be given as examples of these systems. In this

thesis, single pipe and pipe connected in series systems are focused and studied.

251 Handling Single Pipe

In pipe segment, the head and flow rate values can be obtained for each interior node
in the pipe by using characteristic equations, which are Eqgs. (2.57) and (2.58). If we
consider a single constant diameter pipe which has same properties along the pipe,
the pressure wave speed has a constant value for each point in the pipe. Then, the
characteristic equations can be simplified by considering the notations of the pipe
shown in Figure 2.9 as follows;

o=t . = (2.62)
_ Cp—Hp, Hp —Cy
Qp, = T = (2.63)
P
t+At
c* C
t — L
i-1 i 1+1

Figure 2.9 Notations for interior points of a single pipe example

Egs. (2.62) and (2.63) can be used to calculate head and discharge values in interior

points of the pipe, respectively, as also mentioned in subsection 2.4.2.
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2.6 Handling Pipes Connected in Series in a Pipeline

If the hydraulic system contains a series of pipes connected with each other one after
another and having different properties such as diameter, thickness, and material
type, they should be handled carefully. The difference in properties of pipes causes
a difference in the magnitude of pressure wave speed for each pipe. Then, the
transient solution must be calculated separately. For this reason, a double
subscription, which includes the pipe name and node number, is used in the
equations. The notations in pipes connected in series boundaries, such as the name

and node number of pipes, are illustrated in Figure 2.10.

A e N — i

I Axy L g T
! ' Ax !

N l L L
Pipe 1 e 2

—--\

Figure 2.10 Notations for pipes connected in series

As shown in Figure 2.10, the last node of Pipe 1 and the first node of Pipe 2 are
connected. If minor losses at this junction are neglected, two equations can be written
by using continuity expression and the logic of common piezometric head existence

at the junction as follows;

I_II:’LNS = HP2,1 (2-64)
Qp,ns = Qp,, (2.65)

where;

The first and second subscripts represent the pipe and node numbers, respectively.
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Then, the characteristic equations, which are Egs. (2.57) and (2.58) can be solved

simultaneously by using Egs. (2.64) and (2.65). The new equation is expressed as;

Qrss = Qryps = 2 (2.66)
where;
B, = —L and B, = —> (2.67)
gA, gA,

Finally, the unknown piezometric head, Hp can be obtained by Egs. (2.57) and (2.58)
by using the calculated value of Qp, , in Eqg. (2.66).
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CHAPTER 3

BOUNDARY CONDITIONS

In Chapter 2, details and the formulation of transient equations were explained. In
the simulation of a transient event, the head and discharge values can be calculated
by using two compatibility equations for each nodal point in the pipeline with respect

to specific time and space in the interior domain.

= |

i i+1 NS-1 NS

Figure 3.1 Characteristics lines at the endpoints of an example system

At the endpoints of the system, there exists only one characteristic line, either C or
C"* as shown in Figure 3.1. This means we have only one compatibility equation
despite two unknowns to be solved, Q and H, at the boundary. Therefore, we need
an additional equation or a value for one of the unknowns. This could be an
expression relating some behavior of one of the unknowns at the end boundary, such

as a constant head reservoir or a closing valve, etc.

In the code that is developed in the present study, some important boundary
conditions are selected. They are the most widely used boundaries that may be found

in most transient events. These boundary conditions are listed as follows;
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e Reservoir at the Upstream with Constant Head
e Downstream Reservoir with Constant Head

e Reservoir at the Upstream with Variable Head
e Valve at the Downstream and In-line

e Downstream Dead-end

e Single Centrifugal Pump

e Air Chamber with Orifice

e Simple Surge Tank

e Surge Tank with Standpipe

In this chapter, general information, equations, and formulation steps for these listed

boundary conditions will be explained.

3.1  Reservoir at Upstream Boundary

If there is a reservoir at the upstream end of the hydraulic system, upstream reservoir
boundary conditions must be considered. Upstream reservoir boundary can be
examined in two groups which are upstream reservoir with constant head and

upstream reservoir with variable head.

3.1.1 Reservoir at Upstream with Constant Head

The reservoir, which is located at upstream of the system, is generally large, then it
can be assumed that the elevation of the water surface does not change in a rapid
transient event. In other words, the reservoir has a constant head. The first node of
the pipe, which is connected to the upstream reservoir, has the same head values with
the reservoir. So, the mathematical expression can be written as;

Hp, = Hg (3.1)
where;

Hy = Upstream reservoir head, which is constant (m).
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In boundary conditions at the upstream end of the system, only one of the
compatibility equations, which is the negative characteristic equation (C~) can be
used. The illustration of an upstream reservoir with constant head boundary

condition and notations of the nodes and times are shown in Figure 3.2,

Upstream
Reservoir

P

e

t+A 5
/ C :
k | |

i

| x
i+1 NS-1 NS

Figure 3.2 Notations of upstream reservoir boundary with constant head

So, the discharge which flows through the pipeline from the upstream reservoir can
be obtained by using Eq. (2.58) for each time. So;

Hp, — Cy

Qp, = —5 (3.2)

It must also be mentioned that the similar procedure can be applied for downstream
reservoir with a constant head boundary. In that case, Eq. (2.57), which is the positive

characteristic equation (C™) can be used to calculate discharge values.

3.1.2 Reservoir at Upstream with Variable Head

When a hydraulic system includes a reservoir at the upstream end of the system with
a variable head, it is known that the water surface elevation of the reservoir changes
in a known manner, such as a sine wave which is used in this study. Then, this change
causes variations in heads for each time step. The illustration of an upstream
reservoir with variable head boundary conditions and notations of the nodes and

times are shown in Figure 3.3.
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Figure 3.3 Notations of upstream reservoir boundary with variable head
If the notations shown in Figure 3.3 are considered, an auxiliary equation can be
defined to obtain head values at each time step. This equation can be expressed as;
Hp, = Hg + AHsinwt (3.3)
where;
w = Circular frequency
AH = Amplitude of the wave in the upstream reservoir (m)
Unknown discharge values at point P for each time step can be determined by using
the negative characteristic equation, which is Eqg. (2.58), as used in the upstream

reservoir with a constant head boundary.

3.2  Valve Boundary

Valve is a component used in a pipeline to control the flow passing through the
pipeline. In addition, it can be used to protect other devices, such as pumps and
turbines, from damage that can be initiated by water hammer phenomena. Valve
component may be located at downstream or interior points of the hydraulic system.
According to its location, different equations can be obtained and used for the valve

boundary condition.
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3.2.1 Valve at Downstream

If the valve is located at the downstream end of the pipeline, the negative
characteristic equation cannot be used. The downstream valve boundary and the

notations are shown in Figure 3.4.

GHAL

t W %Valve

NS-1 NS

Figure 3.4 Downstream valve boundary and notations of the system

If it is considered the datum for HGL is located at the valve, the orifice equation can
be written for the flow through the valve in steady state conditions as follows;

Qo = (CaAg) v/28Ho (3.4)
where;
Q, = Flow in steady state condition (m%/s)
Cq = Discharge coefficient

Ag= Effective valve opening area (m?)

H, = Head loss across the valve in steady state (m)

This orifice equation can be written in general form as:

Qp = (CqAg)+/28AH (3.5)

where;

AH = Instantaneous drop in HGL across the valve (m)
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In addition, dimensionless valve opening can be defined as;

_ Cahg
(CaAg),

According to the dimensionless valve opening expression, T = 1 indicates that the

T (3.6)

valve is governed with settings at the steady-state condition and T = 0 shows the
valve is fully closed. ‘T’ values can also be provided with a tabular valve-closure
data or a valve closure formulation which may be expressed as;

Em

T= (1 - i) (3.7)

te

where;

t = Current time (seconds)

t. = Valve closure time (seconds)

E., = A constant for valve closure

Then, Egs. (3.4), (3.5), and (3.6) are used to derive the equation as follows;

Qr = % v VEH (38)

Finally, the positive characteristic equation which is Eq. (2.57) and Eqg. (3.8) are used

to get the discharge equation for the valve boundary. This equation is expressed as;

Qpys = —BCy v/ (BCy)? + 2C,Cp (3.9)
where;
(QOT)Z
— 3.10

The other unknown which is Hp . can be calculated by using Eq. (2.57).
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3.2.2 Valve at Interior Point

If the valve is located at the interior points of the pipeline, the orifice equation needs
to be used for the end boundary conditions of each pipe which is located at the right
and left of the valve. During a valve closure, pressure rise and pressure drop are
observed at the upstream and downstream sides of the valve, respectively. So, the
head values of these sides are causally different. The in-line valve boundary and the
notations are illustrated in Figure 3.5. Double subscription, which includes pipe
name and node number, is used in equations of valve in-line boundary, as shown in

Figure 3.5.

t+At
™ Valve C
g
¥ ' m
Pipe 1= Nsq M Ns 1 2% 5 \lpipe2

Figure 3.5 Valve at interior points of the system and notations of the system

The steady-state orifice equation is used for the valve. But flow reversal conditions
must be considered. So the orifice equation must be expressed for flow in positive
and negative directions separately. In addition, the conservation of mass principle is
considered, which provides the equality of discharges at upstream and downstream

of the valve.

Then, the orifice equation for flow in positive direction can be written as;

Qot
QPLNS = QP2,1 = \/H_\/HPLNS - HP2,1 (3.11)
0

And the orifice equation for flow in negative direction can be written as;

Qot
QP1,Ns = QP2,1 = _\/H_\/sz'l - HP1,NS (312)
0
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where;
o = Flow in steady state condition (m?/s)
H, = Head loss across the valve in steady state (m)

If the positive characteristic equation, which is Eq. (2.57) for the first pipe, and the
negative characteristic equation, which is Eq. (2.58) for the second pipe, are
combined with Eq. (3.11), therefore the final equation for positive flow can be

written as;

Qp, s = —Cv(By + By) + \/cg(Bl +B3)2 +2C,(Cp, — Cy,) (3.13)

As in the procedures applied for positive flow, the positive characteristic equation,
which is Eq. (2.57) for the first pipe, and the negative characteristic equation, which
is Eq. (2.58) for the second pipe are combined with Eg. (3.12) for negative flow as

follows;

Qo = OBy +B) + [CE(By +B2)? — 26,(Cr, — Cur,) (319
Then, it can be inferred that Eq. (3.13) will be used for positive flow conditions,
which provides Cp, —Cy, = 0, and Eq. (3.14) will be used for negative flow

conditions, which provides Cp, — Cy, < 0.

Finally, other unknowns which are Hp,  and Hp,, can be calculated by using Egs.

(2.57) and (2.58), respectively.

3.3  Downstream Dead End Boundary

In a hydraulic system, if there is a dead end at the downstream, it can be inferred that
there is no liquid flow passing through this boundary. So, it means that Qp,, value
has the value of 0 according to the notations shown in Figure 3.6. In addition, Hp

can be obtained by using the positive characteristic equation, which is C*. A fully

closed valve at the downstream of the system can be an example of this situation.
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Figure 3.6 Dead-end boundary condition and notations

3.4  Single Centrifugal Pump Boundary

Failure of a pump component is one of the common phenomena that causes a
transient flow in hydraulic systems. Pump failure or pump trip occurs in cases in
which stoppage of the pump inadvertently or sudden closure of the valves that
control the pumps. These scenarios can occur during power outages or emergency
shutdowns. Additionally, improper pump operation may start a chain reaction of

transient events.

The characteristics method is a method that can be used to analyze the transient flow
resulting from a pump failure. During the analysis of centrifugal pumps, the two
parameters, which are pump head and pump torque, should be combined into the
general head and flow equations. Since the values of these parameters change during
the transient event, a specific boundary condition must be defined at the point of the

pump in the pipeline.

In this subsection, the events that occur on the system as a result of a power failure,
the dimensionless pump characteristics with their functional application, and the
single pump boundary condition will be examined in the order given. The
methodology and equations are taken from Fluid Transients in Systems textbook
(Wylie & Streeter, 1978).
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34.1 Sequence of Events during Power Failure

The pump motor exerts a torque on the rotating shaft. The energy which is required
for rotation of the impeller is generated by this torque. This rotational movement
causes a flow passing through the pump. Then, it develops the total dynamic head
(tdh), which increases from the suction flange to the discharge flange. The total
dynamic head equals to the increase in the energy per unit weight of the fluid (Wylie

& Streeter, 1978). The mathematical expression of tdh can be written as;

tdh=V—§+p—d+zd— —S+E+zsl (3.15)
28 v Y
where;
V4 = Velocity measured in the discharge flange
Vs = Velocity measured in the suction flange
pq = Pressure in the discharge flange
ps = Pressure in the suction flange
zq = Centerline elevation of the discharge flange
zs; = Centerline elevation of the suction flange

When the power supplied to the pump is interrupted, a decrease in the rotational
speed of the impeller is observed. This decrease causes the total dynamic head to
decrease as well. In addition, this event causes the propagation of positive and
negative pressure waves toward the upstream and downstream ends of the system,

respectively.

If the fluid in the system is propagated to move from a lower elevation to a higher
elevation with the pump operation under normal conditions, after a power failure
event, the flow at the pump location becomes in the reverse direction for a while,
although the pump impellers continue to rotate in the positive direction. This
situation can be called the energy dissipation zone of the pump operation. After a
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short time, reverse rotation is observed in the pump impellers. This can be called the
turbine zone of the pump operation. The speed of this reverse rotation continues to
increase until runaway speed. Because of this speed increment, a decrease is
observed in the reverse flow rate coming to the pump due to the choking
phenomenon. This situation can be called the reversed speed dissipation zone of the
pump operation. As a result of this process, the propagation of negative and positive
pressure waves is observed throughout the system. The negative pressure resulting
from this instability in the system can cause dangerous problems such as column

separation and vapor cavity.

The formulation of these sequences of events can be expressed mathematically with
the help of the characteristics method. C* and C" equations play important roles in
transmitting the pump's head and discharge information. In addition, the turbopump
characteristics and related equations required to generate the pump boundary

condition equations due to pump trip are examined in the next subsections.

3.4.2 Homologous-Dimensionless Turbopump Characteristics

Four quantities which are the total dynamic head ‘H’, the discharge ‘Q’, the
rotational speed of impellers ‘N’, and the shaft torque ‘T’ are used for the pump
characteristics during pump operations. According to Wylie & Streeter (1978), two
quantities out of these four quantities can be considered as independent, then the rest
two quantities are obtained by the known characteristics. In general, N and Q
quantities are preliminary determined and regarded as independent. Then, H and T

values can be obtained if below two fundamental assumptions are considered as:

1. The steady state characteristics also hold for unsteady-state conditions.
Despite the fact that the Q and N values vary over time, these values are used
to determine Hand T.

2. Homologous relationships are valid.
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The equation of the homologous relationship can be represented as; (Wylie &
Streeter, 1978)

A, __ M 3.16
(N;D;)2 ~ (N,Dy)? (3.16)
B _ % (3.17)

N,D?  N,D3

where;
D = Representative linear dimensions for turbomachines

The subscripts used in Egs. (3.16) and (3.17) describe the two units of centrifugal
pumps which have different sizes. If the linear dimensions parameter of the pumps

are similar, the equations can be simplified to;

H, H
—=— (3.18)
Nl NZ
U Q
NN (3.19)

One of the assumptions in the homologous theory is that the efficiency does not vary

with the size of the unit, accordingly

N,T,  N,T 390
ORI (320
Then, Eq. (3.20) is combined with Egs. (3.18) and (3.19) as;
Tl _ TZ H1 _ HZ Tl _ TZ
NP N3 4 Q QA Q (321

Working with characteristics that have no dimensions is more practical. So the below
equations are written as;
H T Q
= — B = — v=—
Hg Tr Qr

Where the subscript ‘R’ represents the rated values of the quantities. In other words,

N
a=—  (3.22)

h =
Ng

it represents the value at the best efficiency for H, N, Q, and T.
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Then, the homologous relationship can be expressed in non-dimensional form as

follows;

h v B v h a B a
— VS.— — VS.— — VS.— — VS.—
a a a a v v v v

(3.23)

According to Wylie & Streeter (1978), in homologous theory, a curve can be plotted
with v/o. and h/a? of the unit as abscissa and ordinate, respectively, to represent the
relationship of head-discharge valid for any speed for that unit. Likewise, v/a vs. 3/

o? can be used as abscissa and ordinate, respectively, to observe the torque relations.

Numerically, it is very difficult to use these relationships and make observations.
The reason for this difficulty is that dimensionless characteristics, which are h, B, v,
and a can change the sign or even become zero during the analysis. Especially, when
the alpha value is zero at certain points, some parameters go to infinity, and it causes
errors in the results. Marchal, Flesch, and Suter used the following relationship to
overcome this problem (Wylie & Streeter, 1978).

h IR
vs.tan™+ —

v
= LA -1 2 3.24
. tan
a? +v? « 0L2+v2VS ta o ( )

If the 8 angle is defined as tan™! (v/a) the polar diagram of v and a is illustrated as
shown in Figure 3.7. This diagram helps to obtain the v and a signs for four different

ranges.

| .
Ldd

6 = tan'(v/a)

> A

Figure 3.7 Polar diagram for v and o (Wylie & Streeter, 1978)
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Then, operation zones can be defined in terms of the sign of a and v, names, and

ranges, as shown in Table 3.1.

Table 3.1 Pump operation zones

Zone Name \Y o Region
Turbine <0 <0 0-n/2
Dissipation <0 >0 T
Normal >0 >0 n-3n/2
Reversed Speed >0 <0 3n/2 -2n

With using the relationships in Eq. (3.24), two closed curves, which are a polar
diagram of 8 = tan"{(v/a) vs. r=h/(a?+v?) and 8 = tan"}(v/a) vs. = P/( a>+v?) can be

obtained as complete pump characteristics. These two curves are formulated as;

B

o? + v?

WH(x) = WB(x) =

2 L2

as+v (3.25)
v
O=x=m+ tan"! —
a

The angle x is used for plotting abscissa against WH(x) and WB(x) to represent the
relationship of the head and torque of the pump unit, respectively. Then, the

rectangular coordinates can be plotted as shown example curves in Figure 3.8.

In solution and analysis of a transient phenomenon that occurs after a pump failure,
the complete pump characteristics data sets must be used. The manufacturers provide
these data sets to customers. But, generally, these data sets are not simple to obtain.

So, available data or curves in the literature are preferred to use for similar pumps.

The program developed in this study has the pump characteristics curve data for three
speeds that are Ns= 35 (in Figure 3.8), Ns= 147, and Ns= 261 rpm in Sl units.
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Figure 3.8 Pump characteristics curve (Suter curves) for speed Ns=35 rpm

3.4.3 Transient Equations for Pump Trip

In pump trip scenarios, two equations are solved concurrently for each time

increment At used for the characteristics method. These equations can be listed as;

e Head-balance equation along the pump and discharge valve, if it exists

e Torque-angular deceleration equation for rotating masses such as impeller.

3.4.3.1 Equations of Head Balance

In the pump boundary condition, the head balance equation has three components
that are piezometric head value at the suction (Hs), valve head loss (vhl), and total

dynamic head (tdh). This equation comes from the energy equation.
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Figure 3.9 Grids and notation of the pump boundary with a discharge valve

According to the notations in Figure 3.9, the equation of head balance may be written

as,

Hp = Hg + (tdh) — (vhl) (3.26)

where;
Hp = Piezometric head at point P

If it is assumed that NS is the last section of the suction pipe and NS1 represents
NS+1, the C* equations are expressed as both Egs. (3.27) and (3.28) for the NS1.

HSPNS1 = I_ISNS + BS(QSPN31 - QSNS) - RSQSNleSNsl (3.27)
Or

HSPNS1 = HCP — BSQSPNSl (3.28)

where;
Bs = B value for suction pipe = ag/gAs
Rg = Frictional resistance for suction pipe = (fsAxg)/(2gDsA%)

If it is assumed that points (1) and (2) are the first and second sections of the
discharge pipe, respectively, the C” equations are expressed as both Egs. (3.29) and
(3.30) for Point 1.

Hp, = H, + B(Qp, — Q) + RQ|Q,| (3.29)
Or
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Hp, = HCM + BQp, (3.30)

Then, the continuity equation is applied as;

Qspys; = Qp, (3.31)
The total dynamic head can be written as Eq. (3.32) with using the form of the non-

dimensional homologous relationship, which is given in Eqg. (3.25)

tdh = Hgxh = Hg(a? + v*)WH(x) (3.32)

where x = m+ tan™ (Y/ o)

To find the appropriate approximation of x =7 + tan™ (v/a), it is necessary to convert
the WH(x) curve to a straight line. Obtaining an accurate straight line representing
the approximation of the location is possible because of the data stored in small
intervals. Therefore, two adjacent data points are used for extrapolation of a and v

to get the straight line, as shown in Figure 3.10.

WH A
\\\\\\\\\\\ ) Linear Approximation
\\ WH(x)= Ag+Ax
A imat g
roximate x
PP WH vs x
> X

I I+1

Figure 3.10 Linear approximation of the WH curve

X
[=—+1 :
A + (3.33)
where | is an arithmetic integer term that describes the point of data.

Then the equation of the straight line shown in Figure 3.10 can be expressed as;
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WH(X) = AO + A1X (334)
The values of the A1 and Ao in Eq. (3.34) can be obtained from the knowledge of

geometry as;

WH(I + 1) — WH(D)
1= Ax
Ao = WH(I + 1) — IA; Ax (3.36)
If Egs. (3.32) and (3.34) are combined, then the final expression of the total dynamic

(3.35)

head can be written as;

v
tdh = Hg(a? + v?) [AO + A (11 + tan™?! —)] (3.37)
(08
Valve head loss can be obtained as;

B AHv|v|

vhl =

(3.38)

where;
AH= Valve head loss value when the discharge is Qr and t value is 1.

It is known that the t data is provided in tabular form, which has a fixed time

increment.

Then the head balance equation is rewritten as;

HCP — BsQp, + Hr(e? +v?) [Ag + Ay (1 + tan™! E)]

At (3.39)

T2

= HCM + BQp,

By using the equations of HPM = HCP — HCM, Qp, = vQg,and BsQ = (Bs +
B)Qr, Eq. (3.39) can be simplified as;

F, = HPM — BsQu + HR(O(2 + Uz) [AO + A, (1'[ + tan~?! 2)]

4
AHv|v| 0 (340)

T2

Where the unknowns are a and v. To solve this equation, speed change equations

must also be obtained.
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3.4.3.2  Calculation of Change in Speed

The value of the rotational speed of a pump varies for each time step when a transient
phenomenon occurs in a hydraulic system. In other words, the rotational speed
changes because of the unbalanced torque applied by the rotating components. This

torque equation can be expressed as;

WRZ dw
ST

(3.41)
where;

W = Summation of the weight of rotational parts and entrained liquid

Ry = Radius-of-gyration-of-the rotating mass

® = Angular velocity that is in radians/s

dw/dt = Angular acceleration

The value of the unbalanced torque mentioned above may be expressed as the
average of the two torque values, the initial torque value at the beginning of the time
step (At), To, and the unknown torque value at the end of the time step (At), Tp. Since

21 T, Ty

w = NR@“ BO = T_R B = TR (342)
Then, by using Eq. (3.42), Eq. (3.41) can be rewritten as;
WRZN -
B g_REM_ Bo (3.43)
The term Cay is defined as to express Eq. (3.43) in a different form;
WRZN
Cyp=—E_R_T_ (3.44)
So Eq. (3.43) is rewritten as;
B+Bo—Cs1(ag—) =0 (3.45)
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A similar linearization approximation procedure can be applied for the characteristic

torque curve, which is WB(x) as;

B

U
WB(X) = 0(2—-1-\)2 = BO + Bl(T[ + tan‘l &) (346)

The values of the By and Boin Eq. (3.46) can also be determined from the knowledge
of geometry as similar in Egs. (3.35) and (3.36). Then the final expression of the
speed change equation can be written as;

v
F, = (a® +v?) [BO + B, (T[ + tan™! &)] + C31(ag—a) =0  (3.47)

where;
a, = Dimensionless speed at the beginning of the time step (At)

The unknowns are a and v for Eq. (3.47).

3.4.3.3 Pumps with Check Valve

Check valves are manually or automatically operated valves which are used to
prevent reverse flow toward the pump. If a check valve is used with a pump, it is
assumed that the values of the head loss are constant for the flow, which is in the
forward direction. Eq. (3.48) can be used to simulate check valve motion.

T
F, = HCP — HCM + Hpa®WH (E +1) (3.48)

If the F3>0, it can be observed that there is a positive flow in the system; otherwise,

the v value will be zero caused by the check valve.

344 Equations for Single Pump Boundary

In previous subsections, F1 and F2, which are head balance and change in speed
equations, are determined as Eqgs. (3.40) and (3.47), respectively, for a single pump
boundary. Then these two transient equations can be solved together mathematically
by Newton Raphson Method.
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oF,  oF,
1 —~Aa = 3.49
F1+6UAU+60(Aa 0 (3.49)
9F,  oF,
— —Aa = 3.50
F2+aUAu+aaAoc 0 (3.50)

At the beginning of any iteration, the initial v and a values may be obtained as;

v = 2U0 - UOO (351)
oa = 20(0 - aOO (3.52)
In which a,, and v values are one-time step before values for a, and v,. Then the

partial derivative equations may be expressed by using a and v parameters as;

J0F v
6_1)1 = —BsQ + Hg {20 [Aq + A, (T + tan™! &)] + A
(3.53)
2AH|v|
-
6_1;1 = Hr 120 |Ag + A (T + tan‘lz —Av (3.54)
d
JF, Y

Fo 2v [BO + B, (T[ + tan a)] — B« (3.55)

JF, IRV
=2=2a |Bo + By (m + tan &)] —Byv +Cyy (3.56)

Then, Egs. (3.49) and (3.50) can be calculated for Ao and Av ;

F2 B

9F, ~ 9F;
Aa = Ov__ 0v (3.57)

9F,/ da_ F,/ da
oF  OR
av av
_ Fy dF,/ 60()

AV=—ar v A (an / ov (3.58)

After the Aa and Av values are obtained for an iteration, these values are added to

the one step before the iteration values of the o and v respectively as;

v=v+ Av (3.59)
a=a+Ax (3.60)
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These calculation steps must be repeated until a specific tolerance number which is

presented as TOL.

|Aa| + |v] < TOL (3.61)
where the value of TOL number can be selected as 0.0002 or close to this value.
(Wylie & Streeter, 1978)

When the solutions of these equations are found with the completion of the iterations,
Ao, Bo, A1, and B values should be confirmed with using the newly determined
a and v. Then, the resultant integer can be expressed as;

1Y
+1 (3.62)

m+ tan™
Ax

]
-

Formulation of the value of | is already expressed earlier in Eq. (3.33). Accordingly,
when the value of 11 is equal to |, it can be said that the straight-line segments of WH
and WB have the appropriate approximation for this solution. But when this
condition is not provided, this process must be repeated by replacing | with Il until
the condition is satisfied.

3.5  Air Chamber with Orifice Entrance Boundary

Air chamber is one of the widely used protection devices to prevent undesirable
results of water hammer phenomena. This device includes compressed air and water
at its upper and lower parts, respectively. The air chamber device has two functions.

These functions are:

e Decreasing the pressure with the inflow of liquid into the chamber during
high-pressure increase case in the pipeline
e Increasing the pressure with the outflow of liquid from the chamber during

negative pressure or column separation case in the pipeline

An orifice can be provided between the pipeline and the chamber to restrict flow

passing through the chamber. If the orifice has a form that produces a different head
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loss for each outflow from the chamber and inflow into the chamber scenarios, it is
named a differential orifice. Differential orifice provides some advantageous
situations. For instance, the inflow into the chamber can be more restricted than the
outflow from the chamber in the existence of a significant pressure drop or column
separation scenario in the pipeline system. This advantage provides that the flow
through the pipeline from the chamber is as unrestricted as possible, and the flow
through the chamber is restricted to minimize the size of the chamber, considering
the cost.

In the design period of a hydraulic system, the optimal size and location of the air
chamber can be determined by trial and error operations. Figure 3.11 shows an air
chamber example that is connected to a pipeline with an orifice and its significant
member or value notations. The method of characteristics logic will be used for the

calculation of air chamber boundary conditions.

/>( Air

Z \\ /_ Zp
Pipe i\ 1 rPipe i+1

< Qorf’
“Gn+1) N+ [

Figure 3.11 Air chamber with an orifice

As shown in Figure 3.11, the characteristics equations which belong to the first node
of the pipe (i+1) and the last node of the pipe (i) can be used in calculations. So
positive and negative characteristic equations for sections (i, n+1) and (i+1, 1),

respectively, can be written as;
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C*:Hpy,,, = Cp —BiQpy,, (3.63)
C™: Hp,,, = Cm +Biy1Qp,,,, (3.64)
If it is provided that the losses at the junction, which connects the pipes, are
negligible, head values before and after the junction are equal. Then the energy
equation can be written as;

Hp (3.65)

i1 I—Ipi,n+1
It is assumed that the flow through the air chamber has a positive sign and the flow
out from the air chamber has a negative sign. Then the continuity equation can be

written as;

Qp;nir = Qpyrs T Qp,ys (3.66)
where;
Qp, = Discharge which flows through the orifice of the air chamber at the end of
time step At. (m®/s)
If it is assumed that the condition of polytropic relation for a perfect gas is true for
the air in the chamber. Then;

Hp Vg =C (3.67)

where
Hp_ . = Absolute pressure head of the air at the end of the time step At (m)
Vp...= Volume of the air at the end of time step At (m3)
m = Exponent of polytropic gas equation
The polytropic gas equation exponent, which is m, has a value that is between 1 and
1.4
C is a constant, and it can be calculated by using the initial steady-state absolute
pressure head of air and initial steady-state volume of air.

The absolute pressure head of the air at the end of time step At can be expressed as;
H;; = Hp. + Hb - Zp - hPorf (368)

air in+1

where;

z,, = Air chamber water surface elevation at the end of time step At. (m)

H,, = Barometric pressure head (m)
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h, = Orifice head loss for discharge which flows through the orifice of the air

Porf

chamber at the end of time step At (m)

The head loss for the discharge passing through the orifice can be obtained with;

Bpgre = CorfQpoy| Qpoyel (3.69)
where;
Cort = Coefficient of orifice losses
If there is a differential orifice, the coefficient of orifice losses has different values
for inflow into the chamber and outflow from the chamber periods.
Basically, the changes in water level with respect to time cause changes in air volume
in the chamber. Then, the air volume at the end of time step At can be expressed as;
Vo, = Vair — Ac(zp — 2) (3.70)
where;
Vair = Volume of the air at the beginning of the time step (m°)
A. = Cross-sectional area of the air chamber (m?)
z = Air chamber water surface elevation at the beginning of time step At. (m)
Then, Eq. (3.67) can be rewritten by using Egs. (3.68), (3.69), and (3.70);

cona + HD = Zp — CorQp, (1Qp, o) (Vair — Ac(zp —2))"  (3.72)

When we consider the conservation of mass law, the water surface elevation at the

C = (Hp

end of the time step At can be calculated as;

0.5 At
z, =7+ (Qore + Q) (3.72)

p Ac

where;
Q,r¢ = Discharge which flows through the orifice of the air chamber at the beginning
of time step At. (m%/s)
Finally, to simplify the equations, the head value at the end of the time step can be
written with using the characteristic, continuity, and energy equations which are Egs.
(3.63), (3.64), (3.65), and (3.66);

_ BiCy + Bi41Cp — BiBi11Qp

Hp. = 3.73
Pint1 Bi+Bii1 (3.79)
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Now, there are three equations and three unknowns which are Egs. (3.71), (3.72),

and (3.73) and zp, Qp,_ ., Hp respectively. To solve the equations, z, and Hp

in+1’ in+1

unknowns in Eqg. (3.71) can be eliminated by using Egs. (3.72) and (3.73). Then, a

nonlinear equation is obtained with the unknown value of Q,_ .. This equation can

be solved by Newton- Raphson method. The iteration procedure can be started with

using Qs as a first estimation.

3.6 Surge Tank Boundary

Surge Tank is one of the widely used protection devices to prevent undesirable
results of water hammer phenomena. A surge tank is a tank whose top is usually
open to the atmosphere. The main functions of surge tanks are decreasing the head
in high-pressure cases and increasing the head in negative-pressure cases by storing
and supplying excess water, respectively. It is used to reduce the undesirable effects
caused by the operation of turbines, pumps, or control valves. In the design procedure
of a surge tank, the diameter and height of the surge tank must be selected properly
to prevent overflow risk.

There is a wide variety of surge tanks according to their connection types to the
pipeline, such as surge tank orifice, surge tank with standpipe, and shapes such as
simple surge tanks, and one-way surge tanks. In this study, simple surge tank type

and surge tank with a standpipe type are used as boundary conditions.

3.6.1 Simple Surge Tank for Rapid Transient

In the simple surge tank type, a direct connection between the pipeline and the tank
is considered. There is no additional connection for transition as an orifice or
standpipe. In other words, the situation can be accepted as that pipe, which connects
a surge tank and pipeline, is too short, and it can be negligible in the calculation.

Also, the head losses at junctions are negligible.
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In this chapter, the method of characteristics is used for the simple surge tank in a
hydraulic system that has a rapid transient event or water hammer. Figure 3.12 shows
a simple surge tank illustration that is directly connected to a pipeline and its

significant member or value notations.

Zp
Z
Pipet _\ s Pipe i+1
s

Z(?,n+1) L (i+1,1) r S

Figure 3.12 Simple surge tank
As shown in Figure 3.12, the characteristics equations, which belong to the first node
of the pipe (i+1) and the last node of the pipe (i) can be used in calculations. So
positive and negative characteristic equations for sections (i, n+1) and (i+1, 1),

respectively, can be written as;

S (3.74)
C™: Hp,,, = Cv +Bit1Qp,,,, (3.75)
It is assumed that the flow through the surge tank has a positive sign and the flow
out from the tank has a negative sign. Then the continuity equation can be written
as;
Qpipir = iy, T Qpg (3.76)
Qp,,= Inflow through the surge tank at the end of time step At. (m3/s)
As it is mentioned, the losses at the junction, which connects the pipes, are negligible,
so head values before and after the junction are equal. Then the energy equation can
be written as;

Hp (3.77)

11 HPi,n+1 =1Zp
where;

z,, = Surge tank water surface elevation at the end of time step At. (m)
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If the time step value, which is At, is small, the water surface elevation equation can

be expressed as;

z, =2+ O'S(Q“A+ Qe JAt (3.78)
st

where;

z = Surge tank water surface elevation at the end of time step At. (m)

Q. = Inflow through the surge tank at the beginning of the time step At. (m3/s)

A = Cross-sectional area of the surge tank (m?)

Finally, to simplify the equations, the head value at the end of the time step can be

written with using the characteristic, continuity, energy, and water level equations

which are Egs. (3.74), (3.75), (3.76), (3.77), and (3.78):

H _ BiCm + Bi+1Cp + BiBiy1Qst + (2B;Bjy1Asz) /At (3.79)
Pint1 Bi+Bis1 + (2B;Bi11As) /At '

Then, the value of Hp, . is obtained from Eq. (3.79). The other unknown values can

be calculated by using Egs. (3.74), (3.75), (3.76), (3.77), and (3.78) (Chaudhry,
2014).

3.6.2 Simple Surge Tank for Slow Transient

In the previous simple surge tank boundary, the method of characteristics is used for
rapid transient conditions such as distributed systems. On the other hand, in this
boundary condition, the lumped-system approach must be applied in calculations to
analyze slow transients. The main reason for using a different method is that
oscillations of water level in a simple surge tank are slow. For instance, load change
on a turbine can cause water level change in the surge tank, and the methods used in
rapid transient cannot be used in this situation to determine the oscillation of the
water. Figure 3.13 illustrates an example of a simple surge tank and some important

notations for the tunnel and tank.
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Figure 3.13 Notations of a system that includes simple surge tank
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Figure 3.14 Free-body diagram for the water in the tunnel (Chaudhry, 1979)

As shown in the free-body diagram in Figure 3.14, the resultant force acting on the
water can be calculated as;
Fr = yAt(=z — hy — h; — hy) (3.80)
where;
A, = Area of the tunnel (m?)
z = Water level in the tank above the reservoir level (m)
h, = Velocity head (m)
h; = Intake head losses (m)
h¢ = Friction and form losses in the tunnel (m)
The resultant force can be equalized with the rate of change of momentum of the
water in the tunnel according to Newton’s 2 Law. After the simplification, the

equation can be written as;
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dt L S (3.81)

Then, h= cQ|Q| equality can be used to rewrite Eq. (3.81),

dQ gA
== (cz—cQla) =F(Q 7Y (382)
t L
where;
Lok
t
¢ = Constant = ——
2g

k = Entrance loss coefficient
L = Length of the tunnel (m)
D, = Diameter of the tunnel (m)
Finally, Eq. (3.82) is called dynamic equation. In order to obtain continuity equation,
the conservation of mass principle is used for the junction which connects the tunnel
and the simple surge tank.
Q= Qst + Quur (3.83)
where;
Q= Flow through the simple surge tank (m?/s)
Qur= Turbine flow (m®/s)
Due to Qg = A (dz/dt), the continuity equation can be expressed as;

dz _ Q - Qtur

dt Ay

= F,(Q,21) (3.84)

where;

A= Area of the simple surge tank (m?)

As a result, both continuity and dynamic equation are functions of Q, z, and t. Then,
time-dependent z and Q values are obtained from Egs. (3.82) and (3.84) by using a
numerical method which is the Runge-Kutta method (Chaudhry, 1979).
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3.6.3 Surge Tank with Standpipe

Surge Tank may be connected to the pipeline with a standpipe. In this type of
boundary condition, calculations have different additions relative to other types of
surge tanks because of standpipe considerations. Figure 3.15 shows a surge tank
illustration that is connected to a pipeline with a standpipe and its significant member

or value notations.

/ Ast
Lsp\ - Z—\
/7Pipe i+1

Vi %/ 7

(in+1)—" QSpJ \—(i+1,1) e rDatum

Vo

Pipe i

Figure 3.15 Surge tank with standpipe and notations

It is assumed that the flow through the surge tank has a positive sign and the flow
out from the tank has a negative sign. Then the continuity equation can be written
as;

Qp;nyy = Qpyyy, T Qpg, (3.85)
where;

Qp,, = Inflow through the standpipe at the end of time step At. (m®/s)

As shown in Figure 3.15, the characteristics equations which belong to first node of
the pipe (i+1) and last node of the pipe (i) can be used in calculations. So positive

and negative characteristic equations can be written as;
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C:Hpy,,, = Cp — BiQpy,,, (3.86)

C™: Hp,,, = Cm +Bi+1Qp,,,, (3.87)
The losses at the junction, which connects the pipes, are negligible, so head values
before and after the junction are equal. After the simplification of characteristics

equations and continuity equation, the energy equation can be written as;
_ BiCy + Bi11Cp — BiBi41Qpy,

HPi+1,1 = HPi,n+1 - Bi+Bi,, (3.88)
The water surface elevation equation can be expressed as;
0.5(Qgp + Qp. ) At
2, =7+ (% +0r,y) (3.89)
Ast

where;
z,, = Surge Tank water surface elevation at the end of time step At. (m)
z = Surge tank water surface elevation at the end of time step At. (m)
Qsp = Inflow through the standpipe at the beginning of the time step At. (md/s)
A = Cross-sectional area of the surge tank (m?)
The length of the standpipe is generally shorter than the pipes in the pipeline. Then
it can be considered that the water inside the standpipe is lumped mass (Riasi et al.,
2010). The weight of the water in the standpipe can be calculated as;
W = yAg, Lgp (3.90)

where;

Agp= Cross-sectional area of the standpipe (m?)
Lsp= Length of the standpipe (m)

The friction force can be expressed as;

_ 1:YAsp Lsp Qsp | Qsp |
2gDgpA%,

c (3.91)

where;

f= Friction factor of standpipe
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Dy, = Diameter of the standpipe (m)

fYASp(Zp'LSP'Y)
FfI
% / Standpipe

L yAsp(H

Figure 3.16 Free body diagram for standpipe

pnt1)Y)

If the free body diagram of the standpipe is considered as shown in Figure 3.16 with
using the acceleration of the flow in the standpipe, the below equation can be written;

Lsp dQsp —

VAspoa ~ar YA (Hppner — (zp — Lsp) ) - W—F¢  (3.92)

After the simplification of the equation, it can be expressed as;

gAtA

2 (Hp,n+1—2p — Fr) + Qgp (3.93)
sp

Eq. (3.93) can be rewritten by using Egs. (3.88), (3.89), (3.91), and (3.87). Then,

Qp,, can be obtained.
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CHAPTER 4

THE SOFTWARE PROGRAM

In this chapter, the software program that is developed in the study, its main contents,
and its abilities will be presented. The program is introduced as three main parts,

which are the main user interface, minor windows, and objects with their properties

windows.

4.1 Main User Interface

In the main user interface that appears with the program's opening, there are different
tabs, a design area (canvas), a message box, and a panel where the properties of

objects in the system can be entered.

4> S-Hammer

File Design Analysis Calculators View

[t
05 S
New Save  Saveas
Projec

Load

Help
Undo  Redo

File Buttons Navigation Buttons

Figure 4.1 Main user interface

As shown in Figure 4.1, the main interface window has six tabs which are file,
design, analysis, calculators, view, and help tabs. These tabs contain different options

and buttons that can be used for various functions.
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41.1 Main User Interface Tabs

4111 FileTab

When the program is opened, the file tab appears as automatically selected in the
main form. This tab includes file and navigation buttons. File buttons can be listed
as ‘New Project,’, ‘Load’, ‘Save’, and ‘Save as’ buttons, as shown in Figure 4.2.

These buttons are used to create and save a new project or open an existing project.

A S-Hammer

File Design Analysis Calculators View  Help

H BB <« A~

Save Save as Undo Redo
Project

File Buttons Navigation Buttons

Figure 4.2 The view of file tab

4.1.1.2  Design Tab

The design tab contains design components, initial settings, and engineering settings
buttons as shown in Figure 4.3. The design components buttons are used to draw
selected items on the canvas, thereby visualizing the hydraulic system. These buttons
are ‘Pipe’, ‘Reservoir’, ‘Valve’, and ‘Dead-End’, ‘Pump’, ‘Turbine’, ‘Junction’, ‘Air
Chamber’, ‘Surge Tank’ component buttons.

In this tab, it is also provided that the user can edit valve closure settings, pump
settings, initial conditions, and analysis options. In addition, this tab includes the

engineering library button, which opens the engineering library form that will be

explained in subsection 4.2.1.
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&+ S-Hammer

File Design  Analysis Calculators View Help

Lisxae®o g & D | g o=

a- Analysis Options
Valve Dead Pump  Turbine Junction Air Surge  Select | Valve Closure Pump Initial Engineerin: g

End Chamber  Tank Setting Settings  Conditions Librrary
Design Components Initial Settings Engineering Settings

Figure 4.3 The view of design tab

41.1.3  Analysis Tab

The analysis tab contains two types of button sets which are run selection buttons
and simulation results buttons, as shown in Figure 4.4. Run selection buttons set has
the computation of steady-state button, transient state computation button, and a
button to stop analyzing. In this tab, there are also various simulation result buttons,
which are activated after the computations are completed. Simulation forms will be

explained in subsection 4.2.9.

A S-Hammer

File Design Analysis Calculators View  Help

(> B R e R

Compute Compute Stop Steady Tables Time Animation Air Surge Tank
(Steady (Transient) Computation State Charts Charts Chamber  Solution
State) Solution Solution
Run Selection Simulation Results

Figure 4.4 The view of analysis tab

4114  Calculators Tab
In the calculators tab, there are wave speed, Reynolds number, and friction factor

calculator buttons which are shown in Figure 4.5. Moreover, there is a button that

can open the surge tank simulator form explained in subsection 4.2.8.
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A S-Hammer

File Design Analysis Calculators view |

< @B ® @

Sl

[ |
Wave Speed Surge Tank  Reynolds Friction
Calculator ~ Simulator ~ Number Factor
Calculator  Calculator
Calculators

Figure 4.5 The view of calculators tab

4115 View Tab

The view tab is the tab that includes visual options and different features for the
design canvas. This tab has four main parts: grid options, draw objects, text options,
and canvas view options, as shown in Figure 4.6. In the grid option part, the user can
change the design canvas's grid type, color, and background color as desired. Draw
objects and text options parts can be used to add a line, rectangle, circle items, and
text on the design canvas. In addition, the canvas view part includes two buttons that
can be used to save the display of the canvas as an image file and for panning the

design canvas.

A S-Hammer

File Design Analysis Calculators View Help

Grid Type: | Point Grid ~ Text: g
o]

Rectangle 7
Background Color: - \D—gl Color: > Font: @)
O circle -
. . ave as [
Grid Color: - Color : g T Add Text Image an
Grid Options Draw Objects Text Options Canvas View Options

Figure 4.6 The view of view tab

4116 HelpTab

The help tab contains the text of the contact information provided to the user for
any problem that may occur and a button that can open the quick start user guide

document for new users, as shown in Figure 4.7.
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A+ 5-Hammmer

File Design Analysis Calculators View Help

pr——
-

i
[ If you have any questions, please
contact with us

E shammersoftware@gmail.com

User Manual

Quick Start Contact Info

Figure 4.7 The view of help tab

4.1.2 Design Canvas

In the main user interface, there is an area where the user can visually design the
hydraulic system. This area is called the design canvas. The design canvas has point
and grid view options to facilitate the user's drawing. The point-view design canvas
is shown in Figure 4.8 with a sample drawing. In addition, snap points are available
to easily connect the components that the user will add to the canvas. Objects which
can be added to the canvas can be listed as pipe, reservoir, valve, dead end, pump,
surge tank, air chamber, and junction. In addition, the user can add various extra

shapes and text with the buttons on the view tab.

Air Chamber 1

Resepvair 1 N . . N . . . . . . Resepwoir2
Valve 1

Pipe 3

i Pipe 1

i J-2 -5 J-6
Pumpp 1

Figure 4.8 Design canvas view

4.1.3 Message Box

The message box is located in the main interface's lower right corner, and the view
of the box is shown in Figure 4.9. The message box lists and summarizes the actions

taken by the user during the design and analysis process.
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Message Box

Project Created:  Ch\Users\murat\OneDrive ~
‘MasadstdiProject].shp

Project Saved:  Ci\Users\murat\OneDrive
‘\Masaiistd\Projectl.shp

Object Added:  Reservoir1,/D=10

Object Added:  J-1,ID=1

Object Added:  Pipel1,ID=2

Object Added:  J-2,1D=3

Object Added:  Valvel,ID=4

Figure 4.9 Message box

414 Properties Panel

As shown in Figure 4.1, an empty area for the property panel appears on the right
side of the main window. The panel is designed for the user to easily enter the
properties and input data of the components in the system. This property panel is
designed to automatically display the properties of any component drawn on the
canvas when it is selected. The view of the properties panel for a valve component
is shown in Figure 4.10 as an example. These properties panels are explained in detail

for each component in subsection 4.3.

Properties
Walve No: | 1 /200 M ~
ID: B
Mame: Valve 1
Diameter (m): o
Head (m): 0
Condition: BeingClosed Y

Loss Coefficeint: &

Geometry Junction
X: -850 Mame: J-5
Y. 200 Elevation {m}: 0

Dacrrintinn:

Figure 4.10 The view of the properties panel (example for a valve component)
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4.2 Minor Interface Windows

The main window of the program includes different buttons that can open various
useful minor pop-up windows. These minor interface windows and their functions

will be introduced in this section.

421 Engineering Library Window

The engineering library button in the design tab opens a form where the user can add
different types of data and examine the added values. There are two tabs in the
engineering library form, which are materials and fluids. These tabs include useful

data defined in the material and the liquid library.

4211 Material Library

The material library includes various types of pipe materials and their properties that
can be used in the proper calculations. These materials and properties are presented

and listed in a table, as shown in Figure 4.11.

o
1 Engineering Library

1 20k M X

E Name Reference Mod.u!us of Poissons Manning Rogghness ~
= Elasticity Ratio Coef. (n) Height (mm)
= Chaudhy. M. H. (17...| 207 027 0013 0.045
i Aliminium Chaudhry, M. H.{157... 70 033 0.024 0.001

Asbestos Cement hitps://en wikipedia.... |24 03 0.011 0.0015

Cast Iron Chaudhry, M. H.{157... 110 0.25 0.012 0.26

Concrete Chaudhry, M. H.{157... | 22 013 0.2 0.18

Copper Chaudhry, M. H. (197... 120 0. 0.011 0.0015

Ductile Iron https://en wikipedia.... | 172 0.28 0.012 012

Glass hitps://en wikipedia.... 72 0 0.011 0.0015

PVC Rigid Chaudhry, M. H.{197... | 2.58 0.4 0.0 0.0015

Transite Chaudhry, M. H.{(197... 24 033 0.0m 0

Pempex Plastic Chaudhry, M. H.{157... | 1.7 033 0.005 o v

Figure 4.11 The view of the material library
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In this tab, users can also add new materials and properties to use in the system. The
material’s properties can be listed as modulus of elasticity, Poisson's ratio, manning
coefficient, and roughness height of materials. It must also be mentioned that the

given materials and properties are provided from specific references.

4212 Liquid Library

The liquid library includes different types of liquid and their properties that can be
used in calculations. These liquids and properties are presented and listed in a table,
as shown in Figure 4.12. In this tab, users can also add new liquid types and
properties to use in the system. The liquid’s properties shown in the table can be
listed as bulk modulus of elasticity, kinematic viscosity, dynamic viscosity, density,
and temperature of the liquids. The given liquids and properties are provided from

specific references.

Engineering Library

1 /60 M [HF K

5 . . . Bulk

E Name Reference Si::;;i;c Density \Df?;:z::tl; Temperature Mod.u!us of

] Elasticity

g hitps://en wikipe... | 0.00051 1260 0.6426000000000.. | 20 4522861

— Kerosene https://en wikipe... | 2.37E-06 810 0.0019157 20 1.292767
Mercury https://en.wikipe... | 1.2E-07 13593 0.00163115995999... | 20 2.85443
Sea water with 3....  https://enwikipe... 1.4E-06 1029 0.0014406 10 2337323
Water at 4°C https://en.wikipe... | 1.566E-06 999.97 0.00156595302 4 2188128
Water at 20°C https://en.wikipe... | 1.004E-06 998.21 0.0010022028400... 20 2188128

L]

Figure 4.12 The view of the liquid library
4.2.2 Initial Conditions Window

The initial conditions window, which is opened with a button on the design tab, has
two sections: time options and hydraulic conditions, as shown in Figure 4.13. In the
time options part, the user can define a maximum time and time step interval for the

analysis. In addition, the program automatically calculated the maximum allowable
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time step that must be selected to provide Courant conditions for the hydraulic
system. In the hydraulic conditions part, there are three initial setting types to
determine the initial flow for the system. It is ensured that the user can add inputs
according to the type of value provided for the hydraulic system to be analyzed.

® Initial Conditions

@ Initial Discharge (m?/s)

O Initial Velocity

o]
o]
. T
o |
o |

Calculation Time (s), Tmax
Time Step, At (s)

Max. Allowable At (s) 2.1

| Ok ‘ ‘ Cancel |

Figure 4.13 Initial conditions window

4.2.3 Valve Closure Settings Window

The valve closure settings window is where the user can enter and edit the time-
dependent closure data of the valves in the system. In this window, two options,
regular closing data and tabular data entries, are provided for the user to determine
the valve closure data, as shown in Figure 4.14. If the user selects the regular closure
data type, the desired parameters in Eg. (3.7) must be entered as input. On the other
hand, if the user wants to enter the data in tabular form, the data can be imported

from an excel file or entered manually.
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T Valve Closure Setting

Calculation Time, Tmax (sec): |0

Time Step, At (sec) :

Valve Name : | Valve 1 >

Select a method to initialize the valve closure:
Regular Valve Closure —8§ Tabular Data -l

XiE Import from Excel

Time Valve
(seconds) Opening, T

Valve Closure Constant, Em _
Closure Time, Tc (sec) _

This is a valve closure relationship
for the pipeline.

T is dimentionless and is
a function of time.

Ok Cancel ‘

Figure 4.14 The view of the valve closure setting window
424 Pump Settings Window

The pump setting window is where the user can add and edit pump settings. In this
form, it is aimed that the user can create data sets containing rated values and curve
data values that can be used for a pump component, as shown in Figure 4.15. In the
pump curve data section of this form, three curve data that are available in the
literature are given to the user. In addition to these data, an additional option is
provided for the user to add different curve data. The additional curve data values
can be imported from an excel file or entered manually. Moreover, a chart panel is

presented in this form so that the user can visually observe the curve data entered.
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52 PumpSettingsForm

Turbo Pump
Pump Setting

Name:

v Add New

Description:

Delete

Pump Curve Data

Rated Values -

Rated Head (m):

Rated Discharge (m*/s):

Rated Speed (rpm);

Rated Torque (N.m};

Curve Data: | NS = 35 (S]) ~ [ import from Excel Pump characteristic curves for NS = 35 (SI)
WH() - Head WEB(x) - Torque ~ 20 — e — W

x(rad) Curve Curve s

. -0.684 ‘o s = :
0.0714 0.643 -0.547 % s -———-_ﬂ- \__’A e
0.1428 0.646 -0.414 “;) 00 . L C i \' .
02142 064 0292 2 05 / - L S \ . ]
0.2856 0.629 -0.187 o, ¢l
0357 0613 -0.105 = as o i i . \/ !
0.4284 0.595 0,053 20 E|
0.4998 0.575 -0.012 25 s i N N N
05712 0.552 0.042 0 1 2 3 4 5 8
0.6426 0533 0097 " X (rad) .

>

Cancel

Figure 4.15 The view of the pump setting window

4.2.5

Wave Speed Calculator Window

The wave speed calculator window can be opened with the wave speed calculator

button in the calculators tab of the main user window. In this window shown in

Figure 4.16, the user can calculate the wave speed using the pipe material properties,

diameter, thickness, support situation, and fluid properties data. Eq. (2.29) is used in

the program for the calculation of wave speed. Moreover, if there is a defined pipe

on the design canvas, the user can select the pipe and add the calculated wave speed

value to the proper area of the pipe property panel by using the apply button.

Wave Speed Calculator — X
Pipe Options Liquid Options
Pipe Mone ~ Liquid Naone ~
Diameter (m) [ | BukModulusof Elasticity (GPa) o ]
Mass Density b
Thickness (mm) L ]
Results
Support Situation | anchored at its upstream only ~
Wave Speed:
Material Options
0
Pipe Material None ~
R R
Young Modulus of Elasticity (GPa) 0| ——
Poisson’s Ratio b ] Caloulate o Cancel

Figure 4.16 The view of the wave speed calculator window
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4.2.6 Reynolds Number Calculator Window

The Reynolds number calculator window can be opened with the Reynolds number
calculator button in the calculators tab of the main user window. In this window,
which is shown in Figure 4.17, the user can calculate the Reynolds number using the
diameter of pipe, velocity and kinematic viscosity of the liquid. Eq. (4.1) is used for
the program to calculate the Reynolds number. Moreover, suppose there is a defined
pipe on the design canvas. In that case, the user can select the pipe and add the
calculated Reynolds number value to the proper area of the pipe properties panel by
using the apply button.

Re = — = — (4.1)

Reynolds Number Calculator

Pipe: None ~  Results

Diameter (m) : I:l Reynolds Number: 0

Velocity (m/s) : I:l

Liquid : Mone w

Kinematic Viscosity (m?/s) : I:l Calculate Cancel

Figure 4.17 Reynolds number calculator window

427 Friction Factor Calculator Window

The friction factor calculator is a window opened with the friction factor calculator
button in the Calculators tab of the main user window. In this window shown in
Figure 4.18, the user can calculate the Darcy-Weisbach friction factor using the
diameter, roughness height of pipe, and Reynolds number. Moreover, if there is a
defined pipe on the design canvas, the user can select the pipe and add the calculated
friction factor value to the proper area of the pipe properties panel by using the apply
button. Eq. (4.2) and Eq. (4.3) are used for the program to calculate the friction factor.
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o 64
" Re
Eq. (4.2) is used to calculate the friction factor if Re < 2000, where the flow is

(4.2)

laminar.

1.325

f =
| ( £ +5.74)2 (4.3)
"\37D TR0V

Eq (4.3) which is the explicit formula developed by Swamee and Jain (1976), is used
when 4000 < Re < 108 where the flow is in the turbulent flow region
and 107 < ¢/D < 1072,

In addition, the Moody chart image, which can be used to determine the friction
factor for calculations that do not meet the specified conditions mentioned above, is

presented to the user in this window.

Friciton Factor Calculator

Pipe None ~  Results

Diameter (m) I:l Friction Factor: 0
Roughness Height (mm) I:l
Reynolds Number I:l

Show Moody Diagram:

Calculate Cancel

Figure 4.18 Friction factor calculator window
4.2.8 Surge Tank Simulator Window

The calculators tab provides a button for the user to simulate simple systems, which
include a simple surge tank. When the user clicks on this button, the surge tank
simulator form appears as a minor window, as shown in Figure 4.19. In this window,
after the required inputs are entered, the user can simulate the fluctuation height in
the surge tank and discharge with respect to time in graphical form. In this simulation
and calculation period, Egs. (3.82) and (3.84) are solved with the Runge-Kutta

method. This form also provides option buttons for the user to edit the charts visually.

77



o Surge Tank Simulator

Friction Factor.
Friction Factor Value (f)

Entrance Loss Coefficient (k)

4.2.9

Maximum Upsurge

by formulation
/l\ (frictionless system) T
— Ymax=1816m

Maximum Upsurge ()
i ¥Y2=-36.73m

Fluctuation Height vs. Time

— Y1=3564m

Maximum Downsurge ()

Surge Tank Diameter

@ D=15m

Fluctustion Height (m)

Time (secon ds)

+ +
800 200 1000

Discharge vs. Time

0 100 200 300 400 500 500 700
Time (seconds}

Bl (] Major Grid [] Minor Grid ~ Line Thickness: 1

co
> Line Color: - Line Dash Style : | Solid

Figure 4.19 Simple surge tank simulator window

Tabular and Graphical Results Window

As previously presented in sub-section 4.1.1.3, the analysis tab of the main user

interface consists of two parts. Computation can be done with the buttons in the run

selection section. In the simulation results section, there are buttons that can open

various windows where graphical and tabular results can be observed. This section

will examine the general appearance and details of these windows.

4291

Steady-State Results Window

When the user clicks on ‘compute for steady state’ button, the steady-state results

window appears. In this form, the hydraulic grade line (HGL) and the energy grade

line (EGL) are presented to users for the steady-state condition of the system. In

addition, the initial discharge in the system, the diameter, the length of each pipe, the
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elevation of each junction, and the velocity of the fluid passing through each pipe

are also summarized in the form as shown in Figure 4.20.

o5 Steady State Results _ O b

Save as image

289.251m 281.843 m

186,563 m

288.844 m 279.779 m

HGL —— 106.525 m

180.038 m

100.000 m

Q=02 més
—

Pipe 1 Pipe 2 Pipe 3
I L=351m )2 L=483m )3 L=115m )4
Bl=om D=03m p_gp D=02m ~p_gym D=015m g_gn
V= 2829 mfs V = 6.366 m/s v=11318m/s

Figure 4.20 The view of the steady-state results window

4292 Tabular Transient Solution Window

When the transient computations are done, the tabular results can be obtained in the
‘Tables’ window. This window has three different tabs: time-based, pipe-based, and
junction-based. In this panel, the user can view the results according to time, selected
pipe, or selected junction in tabular form. Figure 4.21 shows an example result for
the pipe-based table. In addition, there are a precision selection box and an ‘export
to excel’ button so that the user can observe the results according to the desired

decimal number and save the results, respectively.
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-—- :
I== Tables — i X
Precision: |0.00 ~

Time-Based Pipe-Based Junction-Based

Select a pipe : Pipe 2 v X i Export to Excel Show Table

-~
Time (sec) S::: :I Node No. g:;fr:?irf:;gn Head (m) as,;:; g8 zﬁ;‘;;‘ty ;(r:?ure Tau
» Pipe 2 1 47175 25734 0.2 637 2526.00 1
000 Pipe 2 2 592.5 23491 02 637 2305.86 1
0.00 Pipe 2 3 71305 21247 0.2 637 2085 64 1
000 Pipe 2 4 834 19004 02 637 186542 1
0.10 Pipe 2 1 47175 257.34 0.2 637 2526.08 0.87
010 Pipe 2 2 592.5 23491 02 637 2305.86 087
0.10 Pipe 2 3 713.25 21247 0.2 637 2085.64 087
010 Pipe 2 4 834 190.04 02 637 186542 087
0.20 Pipe 2 1 47175 257.34 0.2 637 252608 0.73
020 Pipe 2 2 592.5 23401 02 637 2305.86 073
0.20 Pipe 2 3 713.25 21247 02 637 208564 0.73
020 Pipe 2 4 234 200.13 02 6.21 2052.83 073
0.30 Pipe 2 1 47175 257.34 02 637 2526.08 06
030 Pipe 2 2 592.5 23491 02 637 2305.86 06
0.30 Pipe 2 3 71305 231.03 0.2 622 226775 06
030 Pipe 2 4 834 236.93 019 598 2325.73 06
0.40 Pipe 2 1 47175 257.34 0.2 637 2526.08 0.47
040 Pipe 2 2 592.5 25294 02 6.22 248281 047
0.40 Pipe 2 3 713.25 25806 0.19 6 253316 047
040 Pipe 2 4 834 28017 018 564 2750.16 047
0.50 Pipe 2 1 47175 27486 0.2 622 260802 033 v

Figure 4.21 The view of the tables window (pipe-based tab view)

4.29.3  Graphical Transient Solution Windows

When the transient computations are done, the graphical results can be obtained in
the time-chart and animation chart windows, as shown in Figures 4.22 and 4.23,
respectively. In time chart window, users can view the head, discharges, pressures,
and velocity values with respect to time for the selected junction or the pipe node. In
addition, there are various buttons to edit the visualization of the charts and lines in

the window.

In the time chart window, it is also provided that users can draw two different charts
at the same time for easy comparison. Moreover, the maximum and minimum values

are provided to users for each chart.
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lEE Time Chart — 1 x

‘ Max. Head Min. Head Max. Discharge I Min. Discharge
ar L s o LI
805.983 m 100 m 0.2m’/s 0.1m/s
] l l“ Time: 1.35 Time: 0s l l“ Time: 0.55 Time: 1.8s
[=——Head vs Time_Upstream side of J-4 —— Dischargevs Time, D sideofJ-1]
900 T 025
800 % i Y’—\ + 020
700 e 1015
600 S SN \ z
- / N N 010 E
£ 500 / N\ \ S
3 / \ 005 £
£ 400 ] . / - e \ E
0.00 2
300 // : T \ \\ a8
200 \ 1 005
100 H 0.10
+
0.0 05 1.0 15 20
Time (seconds)
Line 1 Thickness : Line 1 Color : - Chart Color : [J Smooth | Charttype: Discharge vs Time
Line 2 Thickness : Line 2 Color : - Major Grid Minor Grid Please select the location
Line1Dash Style:  Solid + || [J Plot Valve Closure Variation Junction: J-1 - Data: . e
Clear All Charts
Line 2 Dash Style:  Solid - | VaveClosure (s): | | [ Pipe: Node:1 -

Figure 4.22 The view of the time chart window

In the animation graph, the user can simulate the changes in the head-distance chart
over time by pressing the play button. In addition, the user can add maximum
envelopes, minimum envelopes, pipeline profiles, and steady-state HGL to the graph
for more comprehensive observation. This window also includes various buttons to

edit the visualization of the charts.

|4 Animation Chart

Maximum Head:
668.42 m
Head vs Distance
—— Max. Head Envelope  —— Min. Head Envelope —— Steady-State HGL m— Pipeline Profile —— Headvs Distance
1000
800 et
E 600 - e
= —
© -
I 400 SN
200
T
0
0 100 200 300 400 500 600 700 800 900 1000 1100
Distance (m)

Figure 4.23 The view of the animation chart window
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4.29.4  Air Chamber and Surge Tank Solution Windows

When the user adds a surge tank or an air chamber component to the hydraulic
system, two additional windows can be used to observe charts which are the change
of discharge versus time and water elevation in the devices versus time. These
windows are shown in Figures 4.24 and 4.25. In these minor interfaces, there are
buttons named ‘data table’ so that the user can observe the results in tabular form.

These windows also include various buttons to edit the visualization of the charts.

! Air Chamber Simulator

e

Air Chamber Name: Air Chamber 1 ~ Chart Type: | Water Elevation Vs Time v
Air Chamber Properties 12
Cross Sectional Area (m?. 400 10
Intial Air Volume {m?): 1000
Initial Water Suface Elevation {m): 44861 08
Barometric Pressure Head (m): 100 5 05
Polytropic Gas Exponent 12 .
Orfice Cosficient (n): 1 04
Orifice Coefficient Ratio (in/out): 15 oz L
Orifice Area (m3:: 10
0.0 + } + t
Time Properies Summary Result 0.0 0. 0.4 05 0.8 1.0 12
Max. Time 20 Tima (seconds)
Time Steps: 002 e Value: - Chart Propesties "
HITE /¥ Add Chart
DATA Min. Value: - Chart Color : Line Color: [l Line Dash Style:  Solid A
! TABLE s ] MinorGrid  [J MajorGrid  Line Thickness: |1 |5 454 Clear Chart

Figure 4.24 The view of the air chamber simulator window

Surge Tank Solution

Surge Tank Name: Surge Tank 1 ~

Surge Tank Properties
Surge Tank Area (m?: 5
Initial Water Suface Elevation fm): 5

Time Properties
® Max. Time (s): 20
Time Steps (s): 0.02
Summary Result

Max Value: -

m At Time: -

[

Min. Value: -
At Time

DATA
! TABLE

Chart Type: | Water Elevation Vs Time

12

10

08 1

ﬁ 0.6
>
04
02 4+
L] + + +
0.0 0z 04 0.6 0.8 1.0 12
Time (seconds)
Chart Properties F
/Y Add Chart
Chart Color : Line Color: [l Line Dash Style:  Solid =
] Minor Grid [] Majer Grid Line Thickness: |1 = *“( Clear Chart

Figure 4.25 The view of the surge tank solution window

82



4.3  Objects and Properties Windows

This section will explain the objects defined in this program that can be used in
modeling hydraulic pipeline systems and their property panels. These objects are
pipe, reservoir, valve, pump, dead end, surge tank, air chamber, and junction. The
images of hydraulic system components drawn on the design canvas are shown in
Figure 4.26.

Resepvair 1 . . . . . . SurgeTank 1
Pipe 1
O O
11 1-2 J-3 Air Ché#mber 1
Valie 1 *  DeadEnd1 ° : @
L1 @ o
J-4 1-5 -6 -7 J-8

Pumpp 1

Figure 4.26 The view of components

43.1 Junction Component

The junction object is a component used as a connection node to link an object with
different objects. The program is designed as each component has a junction. The
property panel of the junction component contains text box areas to enter elevation
(m) and loss coefficient values, as shown in Figure 4.27. In other words, it is provided
that users can enter the elevation value and minor loss coefficient values as inputs

into the junction property panel for each junction.
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[4 4 |Junction MNo: 3 of 3

1D 4
Mame: 1-3
Elevation (m): o

Loss Coefficient: 0

X -220
Y. 272

Description:

Figure 4.27 The view of the junction properties panel

4.3.2 Pipe Component and Properties

The pipe object is a line component that can link two different junctions in a
hydraulic pipeline system. Casually, it has two junctions, which are inlet and outlet
junctions. Pipe properties can be listed as; length (m), diameter (m), friction factor,
roughness height (mm), and wave speed (m/s). In the pipe properties panel, besides
the mentioned properties, there are two more sections that can show the pipe area
automatically calculated using the entered pipe diameter and the Reynolds number
of the flow passing through the pipe after the analysis. This properties panel also

contains the connected junction and geometry data, as shown in Figure 4.28.

In addition, the property panel provides a check box called ‘is connection pipe’ for
users. This feature can be used when the users want to add considerably too small
pipe elements between two junctions. It provides more straightforward transient

computation without affecting the Courant condition in some special cases.
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Pipe Mo: 1 of 1

ID: 0
Name: Pipe 1
Length (m): o
Diameter (m): 0
Area (m?): 0.000

Wave Speed (m/s): 0
Friction Factor: o
Reynolds Number: 0
Roughness (mm): ©

is Connection Pipe: (]

Geometry
Upstream Downstream
X1: -373 x2: -115
Y1: 34 Y2 17
Junction
Inlet:  J-1 Elevation: 0
Cutlet: 1-2 Elevation: 0
Description:

Figure 4.28 The view of the pipe properties panel
4.3.3 Reservoir Component and Properties

The reservoir object is a common component used in hydraulic systems. The
program contains two types of reservoirs which are upstream and downstream. The
reservoir properties panel has the reservoir type selection box and text boxes for
reservoir height (m), base elevation (m), and reservoir loss coefficient to enter
needed data. In addition, as shown in Figure 4.29, the sinus wave period and wave
amplitude (m) text boxes have been added to this panel so that the user can add a
sinus wave to the reservoir. In other words, the user can add and define a reservoir

with either a constant or a variable head to a system.
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Reservair Ma: | 1 of 1

ID: 3
MName: Reservoir 1
Reservoir Type: Upstream w
Height {m): 0
Ease Elevation {m): 0
Res Loss Coe: 0
Sinus Wave: O
sin Period: 0
Ah (m): 0

Geometry Junction

X: -250 MName: J-3

¥: 100 Elevation (m): 0
Description:

Figure 4.29 The view of the reservoir properties panel

4.3.4 Valve Component and Properties

The valve component can be used to manage the flow in hydraulic systems. This
object is included in the program so that users can add it at the downstream end of
the hydraulic system or between pipe objects. The valve property panel contains the
valve condition type selection box and text boxes for the head (m), diameter (m), and
loss coefficient, as shown in Figure 4.30, so that the user can enter the needed data.

In this program, four different condition types can be defined for the valves. These
conditions are ‘closed’, ‘open’, ‘being closed’, and ‘instant closure’. The valve
closure data can be determined by selecting the condition type. If the condition type
is selected as ‘open’, T value is set as ‘1’ for each time step. In ‘closed’ condition
type, the valve acts like a dead end, then there will be no initial flow, and t value is
set as ‘0’ for each time step. The selection of ‘instant closure’ condition represents
that the valve is instantly closed. In other words, at the time ‘0’, which is the steady

state condition, 7 is set to 1, and 1 is considered O for the remaining time steps. When
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users select the ‘being closed’ condition type, the closure (t) data must be entered in

the valve closure settings form as explained in subsection 4.2.3.

Valve No: | 1 of 1
ID: 3
Mame: Valve 1
Diameter (m): 0
Head (m): 0
Condition: BeingClosed -

Loss Coefficeint: O

Geometry Junction
X -450 MName: J-4
Y: -100 Elevation (m): 0

Description:

Figure 4.30 The view of the valve properties panel

4.3.5 Dead End Component and Properties

The dead-end object is a component used generally in a system's downstream end.
The usage of this component also means that there is no flow motion. This
component can be used to simulate the transient event when an upstream reservoir
has a sinusoidal wave. The dead-end properties panel just contains default
information, which is about geometry and junction, and common text boxes, which

are for the name and description, as shown in Figure 4.31.

1D 7
Name: Dead End 1
Geometry Junction
X -50 Mame: J-5
¥: 150 Elevation (m): 0O
Description:

Figure 4.31 The view of the dead end properties panel
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4.3.6 Pump Component and Properties

The pump object is a point component commonly used in hydraulic systems. Users
can place this object between two pipes in the hydraulic pipeline system. The
properties of the pump object can be listed as; pump trip time (sec),
wR? value (Nm?), loss coefficient, rated head (m), rated torque (Nm), rated

discharge (m®/s), rated rotational speed (rpm), and discharge valve availability.

Mame: Pump 1

Pump Trip Time (sec): o

WR? Value: o

Pump Loss Coefficient: 0

is Operating: O

Pump Setting: v
Rated Head (m): 0

Rated Discharge (m%s): 0

Rated Torgue (N m): 0

Rated R. Speed (rpm): 0

Discharge Valve on Upstream: O

Valve Diameter (m):

Valve Loss Coeff.:

Discharge Valve on Downstream: [

Valve Diameter (m):

Valve Loss Coeff.:

Figure 4.32 The view of the pump properties panel

The pump properties panel includes text boxes for trip time, wR? value (Nm?), and
loss coefficient, as shown in Figure 4.32. As mentioned in subsection 4.2.4, the pump
settings values, the rated values and the pump curve, are defined as data sets with a
name in the pump settings form. Users can select these datasets for the pump
component from the selection box in the properties panel. In the properties panel,
when a pump setting is selected, the rated values update to defined rated values. In
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addition, there is ‘is Operating’ check box in this properties window. The check box
can be used to ignore the pump component. In other words, the pump object acts as
a junction. This feature is a practical option for the user to compare systems with and
without a pump.

Moreover, if a discharge valve is used in the system, the user can define the diameter
and loss coefficient for the valve in this properties panel.

4.3.7 Surge Tank Component and Properties

In the program, the surge tank component is one of the protection devices used in
hydraulic systems. This component can be located between two pipes. As shown in
Figure 4.33, the surge tank properties panel contains a selection box to define surge
tank type and text boxes for surge tank area (m?) and base elevation (m). In addition,
‘is Operating’ check box is available in the same manner mentioned in the pump

properties panel.

Properties

S. Tank Mo: 1 of 1
1D 7
Name: Surge Tank 1
Surge Tank Type: Simple ~
Surge Tank Area (m*): 0
Base Elevation (m): 0

Standpipe Data

Length (m): 0
Diameter (m): 0
Friction Factor: 0

is Operating:

Geometry Junction

Ko 39 Name: J-5
Y. 186 Elevation: 0
Description:

Figure 4.33 The view of the surge tank properties panel
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The program includes two types of surge tanks which are the simple surge tank and
the surge tank with a standpipe. If the user selects the surge tank type as surge tank
with a standpipe, the properties of the standpipe are requested from the user in the
properties panel. These required properties are length (m), diameter (m), and friction

factor of the standpipe.

4.3.8 Air Chamber Component and Properties

The air chamber component is one of the protection devices that can be used in the
program. This component can be located between two pipes. The program includes
one type of air chamber component, which is an air chamber with an orifice. As
shown in Figure 4.34, the air chamber properties panel contains text boxes to enter
values for the cross-sectional area (m?), initial air volume (mq), polytropic gas
equation exponent, base elevation (m), barometric pressure head (m), orifice area
(m?), orifice loss coefficient for inflow and orifice coefficient ratio. In addition, the
‘is Operating’ check box is available in the same manner mentioned in the pump and

surge tank properties panels.

A, Chamber No: | 1 of 1

4l

1D: 5

Mame: Air Chamber 1

Cross Sectional Area (m™): 0

Initial Air Volume: Y

Polytropic Gas Eq. Exponent: ]
Base Elevation: o
Orifice Area: o

Orifice Loss Coefficient (Inflow): O

Crifice Coefficient Ratio (In/Out): O

Barometric Pressure Head: 1]

Is Operating: [
Geometry Junction
X -200 Mame: 1-4
Y: 100 Elevation (m): ]

Description:

Figure 4.34 The view of the air chamber properties panel
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CHAPTER 5

VERIFICATION OF THE PROGRAM

In this study, the program is verified by using proper benchmark cases. These cases
are studies on pressurized hydraulic systems, which include the following scenarios;
single pipe, pipes connected in series, pump trip due to power loss, and protection

with surge tanks.

5.1  Verification for Single Pipe Computations

In order to verify the software for single pipe scenarios, two different benchmark
cases were used to compare their results obtained by the software developed in the
present study. The first and second single pipe scenarios are conducted by Wylie &
Streeter (1978) and Wood et al. (2005), respectively.

51.1 Case-1: Single Pipe by Wylie & Streeter (1978) Benchmark

In the first scenario for single pipe verification, the hydraulic system includes an
upstream reservoir, which has a constant head, single pipe, and a downstream valve.
The system is illustrated in Figure 5.1. In this scenario, fluid transient in a regular

valve closure case is analyzed.
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Reservoir

2222

Figure 5.1 Configuration of Case-1 and notations by Wylie & Streeter (1978)

In this case study, the datum is located at the centerline of the pipe. Then, Hr refers
to the elevation of the water surface in the upstream reservoir. Ho refers to the head
value at the valve at the steady-state condition of the system. The difference between
Hr and Ho can be stated as the head loss along the pipeline due to friction. Qg is the

initial discharge passing through the pipeline in the steady-state condition.

According to Wylie & Streeter (1978), the known data for the system can be listed

as:

e Reservoir head, Hg = 150 m

o Diameter of the pipe, D, = 0.5 m

e Length of the pipe, L, = 600 m

e Friction factor for the pipe, f = 0.018

e Wave speed for the pipe, a = 1200 m/s

e Node Count, N =5

e Valve closure time, T, = 2.1s

e Maximum time for the simulation, T,,,x = 4.3s

e Constant for valve closure, E,, = 1.5

e Multiplication of discharge coefficient and effective valve opening area for

the steady state condition, (C4Ag), = 0.009
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Firstly, Case-1 was visualized in the canvas of the program, as shown in Figure 5.2.

In this step, reservoir, pipe, and valve components are added to the system.

Reservair 1

Valve 1

1 .

J1 1-2

Pipe 1

Figure 5.2 Visual design of Case-1 in the canvas

Then, the properties of the upstream reservoir, pipe, and downstream valve
components are entered into properties panels in the program, as shown in Figure

5.3, 5.4, and 5.5, respectively.

Properties
Reservoir No: | 1 i1 (]
ID: 0
MName: Reservair 1
Reservoir Type: Upstream ~
Height (m): 130
Base Elevation (m): 0
Res Loss Coe: 0

Sinus Wave: [ ]
sin Period: 0

ah (m): 0

Figure 5.3 Inputs in the reservoir properties panel for Case-1
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MName: Pipe 1
Length (m): 600
Diameter {m): 0.5
Area (m3); 0.196

Wave Speed (m/s): 1200

Friction Factor: 0.018

Reynolds Number: 0

Roughness (mm): 0

Figure 5.4 Inputs in the pipe properties panel for Case-1

Properties

Valve No: | 1 /1 &
1D: 4
Mame: Valve 1

Diameter (m): 0

Head (m): 0

Condition: BeingClosed T

Loss Coefficient: @

Figure 5.5 Inputs in the valve properties panel for Case-1

Valve closure time and the valve closure constant are defined in the valve closure
settings panel for the downstream valve, as shown in Figure 5.6. According to the

given data, the regular valve closure formulation is used instead of tabular closure

data.
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T Valve Closure Setting

Calculation Time, Tmax (sec): 4.3

Time Step, At (sec) : 0.1

Valve Name @ Walve 1 il

Select a method to initialize the valve closure:
Regular Valve Closure —[¥ Tabular Data—ll

XiE Import from Excel 4‘4 Clear

Valve Closure Constant, Em

Closure Time, Tc (sec)

This is a valve closure relationship
for the pipeline.

T is dimentionless and is
a function of time.

Figure 5.6 Inputs in valve closure settings panel for Case-1

Then, data about the initial conditions for the system are entered into the program,
as shown in Figure 5.7. Case-1 has (C4Ag)o value as an input instead of initial
discharge or velocity, so initial discharge and velocity values are not inserted as

inputs into the program at the beginning.

@ Initial Conditions

C Initial Discharge (m?/s)
O Initial Velocity

® CdAg 0.009

Calculation Time (s), Tmax 4.3

I il

Time Step, At (s) .1

Max. Allowable At (s) 0.5

Ok | | Cancel

Figure 5.7 Inputs in the initial conditions panel for Case-1
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After that, all data are entered into proper panels of the program, transient analyses
and simulations can be observed in table, time chart, and animation chart forms. So,
the obtained outputs are presented in tabular form and graphical form, as shown in
Figure 5.8 and 5.9, respectively.

I== Tables
-

Precision: |0.000 N

Time-Based Pipe-Based Junction-Based

Select a pipe : | Pipe 1 v X iZ Export to Excel Show Table

. Distance - .
Time (sec) g:ﬁ:t MNode Mo. from ) Head (m) (Dr%ssj:]arge \(':;Erty (Pg;:]sure
Reservoir

b—m Pipe 1 1 120 148.698 0477 2432 1458.129
0.00 Pipe 1 2 240 147.395 0477 2,432 1445358
0.00 Pipe 1 3 360 146.093 0477 2432 1432588
0.00 Pipe 1 4 430 144,791 0477 2432 1419817
0.00 Pipe 1 5 600 143.488 0477 2432 1407.046
0.0 Pipe 1 1 120 148.698 0.477 2432 1458.129
010 Pipe 1 2 240 147.395 0477 2432 1445358
010 Pipe 1 3 360 146.093 0477 2432 1432588
010 Pipe 1 4 430 144791 0477 2432 1419.817
010 Pipe 1 5 600 154.278 0.46 2,343 1512.849
0.20 Pipe 1 1 120 148.698 0.477 2432 1458128
0.20 Pipe 1 2 240 147.395 0477 2432 1445358
0.20 Pipe 1 3 360 146.093 0.477 2432 1432.588
0.20 Pipe 1 4 480 155.534 0.46 2,344 1525165
0.20 Pipe 1 5 600 165.7388 0.442 2,249 1625714
0.30 Pipe 1 1 120 148.698 0477 2432 1458.129
0.30 Pipe 1 2 240 147,395 0477 2432 1445358
0.30 Pipe 1 3 360 156.79 046 2.344 1537.483
0.30 Pipe 1 4 430 166.996 0.442 2.25 1637.563
0.30 Pipe 1 5 600 178.081 0.422 215 1746.258 v

< >

Figure 5.8 The view of the tabular results for Case-1 (0-0.3 sec.)
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I== Time Chart
L1 |

Max. Head Min. Head Max. Discharge l Min. Discharge
N I]l l N N I]l N
284.87Tm 93.22 m 048 m'/s Om/s
l“ Time: 1.1s Time: 2.65 l l“ Time: 0s Time: 2.1s
[==""Head vs Time, Pipe 1, Node5 __ ====¢ Discharge vs Time, Pipe 1, Node 5]
350 0.6
300 05
AT
250 i ~ %\\ 04
I - > e
- EPs N E
E o S -
= 200 ra S A [03 =
S o~ - A oy =
= g b - H
™~
150 Lo~ b et N 02 &
~ ,- ~
. # N
- S 7
100 J . b TR L 01
.
50 F gt 00
0 1 2 3 5
Time {seconds)
Line Properties Chart Properties Chart Data Selection e ]
e [
Line1Thickness: |3 3| Line1Color: . Chart Color : Chart type:  Discharge vs Time - ]
Line 2 Thickness: B =] Line 2 Color: - Major Grid Minor Grid Please select the location : _

[1 Plot Valve Closure Variation

Valve Closure (s): l:l

Line 1 Dash Style:  Dashed =
Line 2 Dash Style: Dot -

[1 Junction : o A
- .gs( Clear All Charts
ipe :

Pipe 1 * Node: 5 -

Figure 5.9 Graphical illustration of obtained results at the valve end for Case-1

After the results are obtained in both tabular and graphical form, these results are

compared with the results presented by Wylie and Streeter (1978). Wylie and

Streeter (1978) also used the method of characteristics to solve this problem. In

tabular comparison, head (H) and discharge (Q) values for the valve-end section until

2.6 seconds are compared, as shown in Table 5.1. Moreover, the graphical

comparison for the valve-end section is shown in Figure 5.10.
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Table 5.1 Tabular comparison at the valve-end for Case-1

Time (sec) Present Study Wylie & Streeter (1978)
Head (m) | Discharge (m3/s) | T Head (m) | Discharge (m%s) | T
0 143.488 0.477 1 143.49 0.477 1
0.1 154.278 0.46 0.929 | 154.28 0.46 0.929
0.2 165.788 0.442 0.861 | 165.79 0.442 0.861
0.3 178.081 0.422 0.794 | 178.08 0.422 0.794
0.4 191.112 0.401 0.728 | 191.11 0.401 0.728
0.5 204.929 0.379 0.665 | 204.93 0.379 0.665
0.6 219.461 0.356 0.604 | 219.46 0.356 0.604
0.7 234.734 0.332 0.544 | 234.73 0.332 0.544
0.8 250.639 0.307 0.487 | 250.64 0.307 0.487
0.9 267.174 0.281 0.432 | 267.17 0.281 0.432
1 284.188 0.255 0.379 | 284.19 0.255 0.379
1.1 284.87 0.221 0.329 | 284.87 0.221 0.329
1.2 283.516 0.188 0.281 | 283.51 0.188 0.281
1.3 279.907 0.157 0.235 | 279.9 0.157 0.235
1.4 273.744 0.127 0.192 | 273.74 0.127 0.192
15 264.803 0.099 0.153 | 264.8 0.099 0.153
1.6 252.813 0.074 0.116 | 252.81 0.074 0.116
1.7 237.566 0.051 0.083 | 237.56 0.051 0.083
1.8 218.839 0.032 0.054 | 218.84 0.032 0.054
1.9 196.449 0.016 0.029 | 196.45 0.016 0.029
2 170.204 0.005 0.01 170.2 0.005 0.01
2.1 152.269 0 0 152.27 0 0
2.2 133.478 0 0 133.48 0 0
2.3 117.66 0 0 117.66 0 0
2.4 105.345 0 0 105.35 0 0
2.5 97.022 0 0 97.02 0 0
2.6 93.217 0 0 93.22 0 0
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e Head (Present Study) = = Head (Wylie & Streeter)
Discharge (Present Study) = ==Discharge (Wylie & Streeter)

300 - 0.6
250 - 0.5

w2

~ 200 - 0.4 %
E g
< 150 - 0.3 &
3 5
T 100 - 023
50 L 01 R

0 . " o o o e 0

0 02 04 06 08 1 12 14 16 1.8 2 22 24 26
Time (Seconds)

Figure 5.10 Graphical comparison at the valve-end for Case-1

According to the comparison shown in Table 5.1 and Figure 5.10, it is clearly
inferred that the obtained results in the present study are highly accurate and very
similar to the results presented in Wylie & Streeter (1978). This confirms that the
method of characteristics was coded correctly in the software since the benchmark

study also used the same method.
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51.2 Case-2: Single Pipe by Wood et al. (2005) Benchmark

In another scenario for single pipe verification, the hydraulic system includes an
upstream reservoir that has a constant head, single pipe, and a downstream valve.
The system has a similar illustration to the single pipe case in Wylie & Streeter
(1978), as shown in Figure 5.11. In this scenario, fluid transients in valve closure

case are analyzed considering tabular valve closure data.

Reservoir

P

Figure 5.11 Configuration of Case-2 and notations by Wood et al. (2005)
According to Wood et al. (2005), the known data for the system can be listed as:

e Hydraulic grade at the reservoir, Hg = 13.72 m

e Hydraulic grade at the exit of the pipe Hgy, = 0 m

o Diameter of the pipe, D, = 0.3 m

e Length of the pipe, L, = 1098 m

e Wave speed for the pipe, a = 1098 m/s

e Initial discharge through the pipe, Qo = 0.085 m3/s
e Valve closure time, T. = 10 s

e The maximum time for the simulation, T,,,x = 10 s

Valve closure data is given in tabular form for the case, as shown in Table 5.2.
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Table 5.2 Tabular valve closure data for Case-2 by Wood et al. (2005)

Time (sec) T
0 1
0.84
0.69
0.55
0.41
0.29
0.19
0.11
0.05
0.01

© [0 (N[O |01 | W (N (-

-
(@)
o

Firstly, Case-2 was visualized in the canvas of the program, as shown in Figure 5.12.

In this step, reservoir, pipe, and valve components are added to the system.

Reservair 1

Valve 1

1 J-2

Figure 5.12 Visual design of Case-2 in canvas

Then, the properties of the upstream reservoir, pipe, and downstream valve
components are entered into the relevant sections of properties panels in the program,

as shown in Figure 5.13, 5.14, and 5.15, respectively.
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Properties

Reservoir Mo: | 1 ' &
ID: 1)
Mame: Reservoir 1
Reservoir Type: Upstream ~
Height (rm): 13.7
Base Elevation (m): 0
Res Loss Coe: 0
Sinus Wave: |
sin Period: 0
Ah (m): 0

W

Figure 5.13 Inputs in the reservoir properties panel for Case-2

Properties
Pipe Mo: 1 /1 "
1D: 2
MName: Pipe 1
Length (m): 1098
Diameter (m): 0.3
Area (m?): 0.071

Wave Speed (m/s): 1088

Friction Factor; 1}

Reynolds Number: 0

Roughness (mm): €

Figure 5.14 Inputs in the pipe properties panel for Case-2
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Properties

Valve No: | 1 /1 &

1D: 4
Mame: Valve 1

Diameter (m): 0

Head (m): 0

Condition: BeingClosed hd

Loss Coefficient; 0

Geometry Junction
X -150 Mame: 1-2
Y: 100 Elevation (m): O

Nacerintinn:

Figure 5.15 Inputs in the valve properties panel for Case-2

Valve closure data are defined in the valve closure settings panel for the downstream
valve as shown in Figure 5.16. According to the given data in Table 5.2, tabular

closure data is used instead of regular valve closure formulation.

T Valve Closure Setting

Calculation Time, Tmax (sec): 10

Time Step, At (sec) : 1

Valve Name @ | Valve 1 i

Select a method to initialize the valve closure:
Regular Valve Closure —[lil Tabular Data—-¥§

i Import from Excel ,‘-{ Clear

Time Valve
(seconds) Opening, T

o [

0.84

0.69
0.55
0.41

Valve Closure Constant, Em _
Closure Time, Tc (sec) _

0.29
0.19

0.11
0.05

L= R - Y R S Y

0.01

3
=]

This is a valve dlosure relationship
for the pipeline.

T is dimentionless and is

a function of time.

Figure 5.16 Inputs in the valve closure settings panel for Case-2
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Then, data about the initial conditions for the system are entered into the program as
shown in Figure 5.17. Case-2 has an initial discharge value as an input instead of a
value of C4Aq or initial velocity, so C¢Ag and velocity values are not inserted as
inputs into the program at the beginning.

® Initial Conditions

@ Initial Discharge (m®/s) |0.085

O Initial Velocity

O CdAg

" Time Step, At (s)

Calculation Time (s), Tmax
1

© Max. Allowable At (s)

‘ Ok ‘ ‘ Cancel ‘

Figure 5.17 Inputs in the initial conditions panel for Case-2

After all data are entered into the proper panels of the program, transient analyses
and simulations can be observed in tables, time charts, and animation chart forms.
The obtained outputs are presented in tabular form and graphical form, as shown in
Figures 5.18 and 5.19, respectively.
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= = Tables

.-
Precision: |0.000 ~
Time-Based Junction-Based
. Object Distance Discharge Velocity Pressure
Time (sec) Name MNade MNo. from ) Head (m) m/s) (m/s) (kpa)
Reservoir
b—m Pipe 1 1 1098 13.7 0.085 1.203 134342 1
1.00 Pipe 1 1 1098 18.153 0.082 1.163 178.009 q
2.00 Pipe 1 1 1098 24.388 0.078 1107 239152 {
3.00 Pipe 1 1 1098 20,948 0.069 0.878 203673 {
4,00 Pipe 1 1 1098 36.662 0.057 0.807 359507 q
5.00 Pipe 1 1 1098 40,122 0.042 0.597 383433 {
6.00 Pipe 1 1 1098 38.282 0.027 0.382 375391 {
7.00 Pipe 1 1 1098 31.605 0.014 0.201 309918 q
8.00 Pipe 1 1 1098 23,134 0.006 0.078 226,857 q
S.00 Pipe 1 1 1098 16.8 0.001 0.013 164,742 {
10.00 Pipe 1 1 1098 13.014 0 a 127616 {
]

Figure 5.18 The view of the tabular results for Case-2

IEE Time Chart — o ow

Max. Head Min. Head Max. Discharge I Min. Discharge
LAV I] I EA v R II R
4012 m 13.01m 0.08 m*/s Om’/s
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Figure 5.19 Graphical illustration of the results at the valve-end for Case-2

After the results are obtained in both tabular and graphical form, these results are
compared with the results presented by Wood et al. (2005). Wood et al. (2005)
provide the obtained data by using the Lagrangian wave characteristics methods
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(WCM) and the Eulerian method of characteristics (MOC) for this case. To compare
the results of the present study, the outputs calculated by the method of
characteristics by Wood et al. (2005) will be used. Head (H) and discharge (Q) values
for the valve-end section are compared with tabular and graphical forms, as shown
in Table 5.3 and Figure 5.20, respectively.

Table 5.3 Tabular comparison at the valve-end for Case-2

. Present Study Wood et al. (2005)
Time - -
(sec) Head Discharge Head Discharge
(m) (m?/s) T (m) (m?/s) T
0 13.72 0.085 1 13.72 0.085 1
1 18.18 0.082 0.84 18.02 0.082 0.84
2 24.42 0.078 0.69 24.26 0.078 0.69
3 29.98 0.069 0.55 30.06 0.068 0.55
4 36.69 0.057 041 | 3594 0.057 041
5 40.14 0.042 0.29 38.62 0.042 0.29
6 38.29 0.027 0.19 | 37.33 0.027 0.19
7 31.61 0.014 0.11| 31.34 0.014 0.11
8 23.14 0.006 0.05 22.88 0.005 0.05
9 16.82 0.001 0.01 15.82 0.001 0.01
10 13.04 0 0 12.78 0 0
Head (Present Study) = «= Head (Wood et al.)
Discharge (Present Study) == == Discharge (Wood et al.)
45 - 0.09
40 — - 0.08
35 == = - 0.07 —~
_.30 - 0.06 ¢
E - 0.05 %
2 20 004 &
T 55 - 0.03 é
10 - 0.02 R
5 - 0.01
0 0
0 1 2 3 4 5 6 7 8 9 10

Time (seconds)

Figure 5.20 Graphical comparison at the valve-end section for Case-2
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The comparison, which is made in this section, shows that the calculated results in
the present study are highly accurate and very similar to the results of the case
presented by Wood et al. (2005), as seen in Table 5.3 and Figure 5.20. The highest
difference in this comparison, which is almost 1.5 m, is observed in head values at
the fifth second for the valve-end section. This difference may be caused by the use
of different assumptions used in the method of characteristics or minor differences
in data used. However, this difference is negligible when considering the

magnitudes.

5.2  Verification for Pipes Connected in Series

In order to verify the program, two different cases, which contain different numbers
of pipes, were used as benchmark cases to compare the results calculated by the
program with the results in the literature. The first and second pipes in series
scenarios are conducted by Chaudhry (1979) and Wylie & Streeter (1978),

respectively.

521 Case-3: Pipes in Series by Chaudhry (1979) Benchmark

In the first scenario for the verification of pipes connected in series, the hydraulic
system includes an upstream reservoir, which has a constant head, two pipes, labeled
as ‘Pipe 1’ and ‘Pipe 2’, and a downstream valve. The system and notations are
illustrated in Figure 5.21. In this scenario, fluid transients are initiated by the valve
closure located at the downstream end of the pipeline.
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Upstream
Reservoir

~-.,
~—.

Hy

Pipe 1 Pipe 2
Figure 5.21 Configuration of Case-3 and notations by Chaudhry (1979)

In this case study, the datum is located at the centerline of the pipe. So, Hr refers to
the elevation of the water surface in the upstream reservoir. Ho refers to the head
value at the valve section in the steady-state condition of the system. Qo is the initial

discharge passing through the pipeline in the steady-state condition.
According to Chaudhry (1979), the known data for the system can be listed as:

e |Initial head at the valve-end of the pipeline H, = 60.05 m
Initial discharge through the pipeline, Q, = 1.0 m3/s

Valve closure time, T. = 6 s

The maximum time for the simulation, T,,x = 10 s

Time step for simulation, At = 0.5 s

The diameter, length, wave speed, and friction factor values of the first and second
pipes are shown in Table 5.4. Valve closure data are given in tabular form for the

case, as shown in Table 5.5.
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Table 5.4 The known data for the pipes by Chaudhry (1979) in Case-3

Pipe Diameter Length Wave Speed o
Friction Factor
Name (m) (m) (m/s)
Pipe 1 0.75 550 1100 0.01
Pipe 2 0.6 450 900 0.012

Table 5.5 Tabular valve closure data by Chaudhry (1979) in Case-3

In the first stage, Case-3 was visualized in the canvas of the program, as shown in

Figure 5.22. In this step, a reservoir, first pipe, second pipe, and valve components

are added to the system.

Time (sec) T
0 1
0.5 0.963
1 0.9
1.5 0.813
2 0.7
2.5 0.6
3 0.5
3.5 0.4
4 0.3
4.5 0.2
5 0.1
55 0.038
6 0
6.5 0
7 0
7.5 0
8 0
8.5 0
9 0
9.5 0
10 0
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@ ® @ @

Reservair 1

-1

J-2 -3

Figure 5.22 Visual design of Case-3 in canvas

Then, the properties of the first pipe, second pipe, and downstream valve components

are entered into relevant sections of properties panels in the program, as shown in

Figure 5.23, 5.24, and 5.25, respectively.

Properties

1D

MName:
Length (mj:
Diameter (m):

Area [m?):

Friction Factor:

Roughness (mm):

Pipe Mo: 1

075

Wawve Speed (my/s):

0.442
1100

0.01

Reynolds Number:

Figure 5.23 Inputs in the pipe properties panel for the 1% pipe of Case-3
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Properties

[4 4 pipeNo: 2 /2 &2
1D: 4
MName: Pipe 2
Length (m}: 450
Diameter (m): 0.6
Area (m2): 0.283

Wave Speed (m/s): 500

Friction Factor: 0.012

Reynolds Number: 0

Roughness (mm): O

Figure 5.24 Inputs in the pipe properties panel for the 2" pipe of Case-3

Properties

Valve Mo: | 1 /1 &
1D ]
Marme: Valve 1

Diameter (m): 0

Head (m): 60.05

Condition: BeingClosed i

Loss Coefficient: ©

Geometry Junction
X 50 Mame: J-3
Y. 300 Elevation (m): 0

Dlocrriotion:

Figure 5.25 Inputs in the valve properties panel for Case-3

Valve closure data are defined in the valve closure settings panel for the downstream
valve, as shown in Figure 5.26. According to the given data by Chaudhry (1979) in

Table 5.5, tabular closure data is used instead of regular valve closure formulation.
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T Valve Closure Setting

Calculation Time, Tmax (sec): 10

Time Step, At (sec): 0.5

Valve Name : | Valve 1 e

Select a method to initialize the valve closure:

Regular Valve Closure —[ll Tabular Data ¥

X:E Import from Excel

Time Valve

(seconds) Opening, T

> [
0.5 0.963
1 09
15 0813
2 07

Valve Closure Constant, Em _ 25 0.6
3 0.5
Closure Time, Tc (sec) _

3.5 0.4

4 03
4.5 0.2
This is a valve closure relationship 5 0.4
o for the pipeline. 55 0.038
T is dimentionless and is 6 []
a function of time. 65 0
7 0
0
0
0 W

Figure 5.26 Inputs in the valve closure settings panel for Case-3

Then, data about the initial conditions for the system are entered into the program,
as shown in Figure 5.27. The maximum allowable time step value is calculated as
0.5 seconds to satisfy the Courant condition. Case-3 has the initial discharge value

as an input instead of the value of Cy4Ag or initial velocity.

@ Initial Conditions

. @ Initial Discharge (m*/s)

O Initial Velocity

. O CdAg

- Calculation Time (s), Tmax ]

Time Step, At (s) 05

* Manx. Allowable At (s) 0.5

‘ Ok ‘ | Cancel |

Figure 5.27 Inputs in the initial conditions panel for Case-3.
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After all data are entered into the proper panels of the program, transient analyses
and simulations can be observed in table, time chart, and animation chart forms. At
the beginning of the calculation step, the initial reservoir head value, Hg, is computed
as 67.706 m, then the other computations are made with this initial value. The
program calculated all data at each node and junction. The obtained outputs for the
upstream reservoir and valve-end are presented in tabular form as shown in Figure
5.28 and 5.29, respectively. The obtained outputs for the discharge at the upstream
reservoir and head values at the valve-end of the pipeline are presented in graphical
form, as shown in Figure 5.30.

-- o
I== Tables — o x

Precision: | 0.000 N

Time-Based Pipe-Based Junction-Based

Select a junction : | J-1 v Select side :  Downstream X iE Export to Excel Show Table

- Distance - . ~
Time (sec) g:{;:t Side from Head (m) E)r:]ss;:)arge ;.f;i;mr (PKr:;ure
Reservoir
» 1 Downstream |0 67.706 1 2264 663.926
0.50 1 Daownstream o 67.706 1 2.264 663.926
1.00 1 Daownstream o 67.706 1 2.264 663.926
1.50 J1 Daownstream o 67.706 0.977 2.212 663.926
2.00 1 Downstream o 67.706 0.934 2115 663.926
2.50 J1 Daownstream o 67.706 0.867 1.564 663.926
3.00 J1 Daownstream o 67.706 0.761 1.722 663.926
3.50 1 Downstream o 67.706 0.643 1455 663.926
4,00 J1 Daownstream o 67.706 0.506 1,145 663.926
4.50 J-1 Downstream o 67.706 0.349 0.79 663.926
5.00 1 Downstream o 67.706 0183 0413 663.926
5.50 J1 Daownstream o 67.706 0.006 0.014 663.926
6.00 J-1 Downstream o 67.706 -0.174 -0.394 663.926
6.50 1 Daownstream o 67.706 -0.215 -0.486 663.926
7.00 J1 Daownstream o 67.706 -0.14 -0.316 663.926
7.50 1 Daownstream o 67.706 0.046 0,104 663.926
8.00 1 Daownstream o 67.706 0.208 0.47 663.926
8.50 J1 Daownstream o 67.706 0.203 0.459 663.926
9.00 1 Daownstream o 67.706 0.089 0.201 663.926
9.50 1 Daownstream o 67.706 -0.095 -0.215 663.926 v
< >

Figure 5.28 The view of tabular results at the upstream reservoir for Case-3
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Precision: |0.000 i

' Time-Based Pipe-Based Junction-Based

Select a pipe : Pipe 2 ~ X :i= Export to Excel [m

- Distance - . ~
Time (sec) S:J,::t Mode MNo. fram _ Head (m) Er;ij:)arge f:[;crty ?gs:;‘ure
Reservair
}—m Pipe 2 1 1000 60.05 1 3.537 588.85
0.50 Pipe 2 1 1000 63.417 0.99 3.5 621.865
1.00 Pipe 2 1 1000 69.765 0.97 3431 684,113
1.50 Pipe 2 1 1000 79.785 0.937 3.314 782,368
2.00 Pipe 2 1 1000 95.759 0.884 3.126 939.009
2.50 Pipe 2 1 1000 11033 0813 2.876 1081.892
3.00 Pipe 2 1 1000 124.951 0721 2.551 1225.268
3.50 Pipe 2 1 1000 138.027 0.609 2153 1363.299
4.00 Pipe 2 1 1000 148.847 0472 1.67 1459.598
450 Pipe 2 1 1000 158.276 0.325 1148 1552.05
5.00 Pipe 2 1 1000 165.373 0.166 0.587 1621.651
5.50 Pipe 2 1 1000 145.041 0.06 0212 1461.501
6.00 Pipe 2 1 1000 114.306 1] 1] 1120.883
6.50 Pipe 2 1 1000 62.024 o o 608.203
T.00 Pipe 2 1 1000 12.567 o o 123.237
7.50 Pipe 2 1 1000 7.343 o o 72.004
.00 Pipe 2 1 1000 34.687 o o 340,143
8.50 Pipe 2 1 1000 88.068 o o 863.591
9.00 Pipe 2 1 1000 130,692 o o 1281.569
9.50 Pipe 2 1 1000 122,944 o o 1205.589 v
< >

Figure 5.29 The view of tabular results at the valve end for Case-3

Time Chart
- Max. Head I] l Min. Head - Max. Discharge I]l I Min. Discharge
165.37Tm 7.34m 1m/s -0.23 m*/s
l lﬂ Time: 55 Time: 7.55 l lﬂ Time: 0.5s Time: 10s
[==" Head vs Time, Pipe 2, Model _ =eesr Discharge vs Time, Downstream side of J-1]
200 : 1.2
................... + 10
150 L e L & 1os
e Ry
» 5 -
L - \ L) 1 06 5
E Pl S h .-I .-\\ E
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FRLR: o~ 5 / \ fos
g ; Vi 7 S : £
[ e . \ PETEEY S + 02 »
) y N O s 2
N 5 f
30 - 7 o 0.0
r P tag +-02
'
=7
0 ¢ 04
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Line Properties Chart Properties Chart Data Selection
Line 1 Thickness: 2 [3] Line1Color: . Chart Color : Charttype: Discharge vs Time -
Line 2 Thickness: 3 E Line 2 Color : . Major Grid Minor Grid Please select the location :
Line 1 Dash Style:  Dashed = | [ Plot Valve Closure Variation Junction: 11 - Data oy
. 4{ Clear All Charts
Line 2 Dash Style : - | valveClosure(s): || Ol Pipe:  |Pipe2 | Node:7 -

Figure 5.30 Graphical illustration of the results for Case-3
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After the results are obtained in both tabular and graphical form, these results are
compared with the results presented by Chaudhry (1979). Chaudhry (1979) also used
the method of characteristics as a solution technique for this case study. Head (H)
and discharge (Q) values for the end section of each pipe and reservoir section are
compared in tabular form, as shown in Table 5.6 and Table 5.7, respectively. Then,
the graphical comparison is made for head values at the valve-end section and
discharge values at the reservoir section, as shown in Figure 5.31 and Figure 5.32,

respectively.

Table 5.6 Tabular H comparison at the end of pipes and reservoir of Case-3

Head Values (m)

Present Study Chaudhry (1979)
Time (sec) | = Reservoir | Pipe1 | Pipe 2 | Reservoir | Pipe 1 | Pipe 2
0 1 67.7 65.79 | 60.05 60.7 65.78 | 60.05
0.5 0.963 67.7 65.79 | 63.417 60.7 65.78 | 63.46
1 0.9 67.7 68.694 | 69.765 60.7 68.73 | 69.78
15 0.813 67.7 74.169 | 79.785 60.7 74.16 | 79.88
2 0.7 67.7 79.919 | 95.759 60.7 79.93 | 95.83
2.5 0.6 67.7 88.248 | 110.33 60.7 88.25 |110.41
3 0.5 67.7 94.994 1124951 | 60.7 94.96 |125.13
3.5 0.4 67.7 99.139 | 139.027 | 60.7 99.19 | 139.2
4 0.3 67.7 |104.335|148.847| 60.7 |104.41|149.14
4.5 0.2 67.7 |108.365|158.276 | 60.7 |108.47|158.61
5 0.1 67.7 |111.068|165.373| 60.7 111.2 | 165.65

5.5 0.038 67.7 112.984 | 149.041 60.7 [113.07|149.46

6 0 67.7 95.795 | 114.306 60.7 96.01 |114.27
6.5 0 67.7 63.366 | 62.024 60.7 63.25 | 61.79
7 0 67.7 34.663 | 12.567 60.7 34.25 | 12.33
7.5 0 67.7 23.631 | 7.343 60.7 23.55 | 6.74
8 0 67.7 47.75 | 34.687 60.7 47.63 | 34.76
8.5 0 67.7 82.753 | 88.068 60.7 82.89 | 88.45
9 0 67.7 105.514 | 130.692 60.7 |105.95| 13.93
9.5 0 67.7 107.972 | 122.944| 60.7 |108.02|123.44
10 0 67.7 78.4 | 85.281 60.7 78.39 | 85.13
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Table 5.7 Tabular Q comparison at the end of pipes and reservoir of Case-3

Discharge Values (m?/s)

Present Study Chaudhry (1979)
Time(sec) | = Reservoir | Pipe 1 | Pipe 2 | Reservoir | Pipe 1 | Pipe 2
0 1 1 1 1 1 1 1
0.5 0.963 1 1 0.99 1 1 0.989
1 0.9 1 0.989 | 0.97 1 0.988 | 0.97
15 0.813| 0.977 0.967 | 0.937 0.977 0.967 | 0.937
2 0.7 0.934 0.922 | 0.884 0.935 0.922 | 0.884
2.5 0.6 0.867 0.847 | 0.813 0.867 0.847 | 0.814
3 0.5 0.761 0.754 | 0.721 0.761 0.755 | 0.722
3.5 0.4 0.643 0.633 | 0.609 0.643 0.633 | 0.609
4 0.3 0.506 0.495 | 0.472 0.506 0.496 | 0.473
4.5 0.2 0.349 0.344 | 0.325 0.35 0.344 | 0.325
5 0.1 0.183 0.177 | 0.166 0.183 0.177 | 0.166
55 0.038 | 0.006 0.004 | 0.06 0.006 0.004 | 0.059
6 0 -0.174 | -0.104 0 -0.175 | -0.106 0
6.5 0 -0.215 | -0.157 0 -0.217 | -0.157 0
7 0 -0.14 -0.084 0 -0.139 | -0.085 0
7.5 0 0.046 0.034 0 0.047 0.035 0
8 0 0.208 0.124 0 0.208 0.126 0
8.5 0 0.203 0.148 0 0.205 0.148 0
9 0 0.089 0.054 0 0.088 0.054 0
9.5 0 -0.095 -0.07 0 -0.097 | -0.071 0
10 0 -0.229 | -0.137 0 -0.229 | -0.139 0
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Figure 5.31 Graphical comparison for the H values at the valve-end of Case-3
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Figure 5.32 Graphical comparison for the Q values at the reservoir of Case-3

According to the comparison shown in Table 5.6, Table 5.7, Figure 5.31, and Figure
5.32, the obtained results in the present study are highly accurate and very similar to
the results presented in Chaudhry (1979). This confirms that the method of

characteristics was coded correctly in the software for pipes connected in series.
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522 Case-4: Pipes in Series by Wylie & Streeter (1978) Benchmark

In another scenario for pipes connected in series verification, the hydraulic system
includes an upstream reservoir, which has a constant head, three pipes, labeled as
‘Pipe 1°, ‘Pipe 2’ and ‘Pipe 3’, and a downstream valve. The system and notations
are illustrated in Figure 5.33. In this scenario, as previously, fluid transients in the

valve closure case are simulated.

Upstream
Reservoir

——
T t——
—
~.
S
~~.
——

Pipe 2 Pipe 3
Figure 5.33 Case-4 as used by Wylie & Streeter (1978)

In Case-4, the datum is located at the centerline of the pipe. So, Hr refers to the
elevation of the water surface in the upstream reservoir. Ho refers to the head value
at the valve section in the steady-state condition of the system. Qo is the initial

discharge passing through the pipeline in the steady-state condition.

According to Wylie & Streeter (1978), the known data for the system can be listed
as:

e Initial head at the valve-end of the pipeline, H, = 100 m

e Initial discharge through the pipeline, Q, = 0.2 m3/s

e Valve closure time, T, = 1.8 s

e Maximum time for the simulation, Ty,,x = 2.1s

e Time step for simulation, At = 0.1s
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The diameter, length, wave speed, and friction factor values of the first, second, and
third pipes are shown in Table 5.8. Valve closure data by Wylie & Streeter (1978)

are given in tabular form for Case-4, as shown in Table 5.9.

Table 5.8 Given data for the pipes by Wylie & Streeter (1978) in Case-4

Pipe Name | Diameter (m) | Length (m) | Wave Speed (m/s) | Friction Factor
Pipe 1 0.3 351 1200 0.019
Pipe 2 0.2 483 1200 0.018
Pipe 3 0.15 115 1200 0.018

Table 5.9 Tabular valve closure data for Case-4

Time (sec) T
0 1
0.1 0.867
0.2 0.733
0.3 0.6
0.4 0.467
0.5 0.333
0.6 0.2
0.7 0.183
0.8 0.167
0.9 0.15
1 0.133
1.1 0.117
1.2 0.1
1.3 0.083
1.4 0.067
15 0.05
1.6 0.033
1.7 0.017
1.8 0
1.9 0
2 0
2.1 0
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In the first stage, Case-4 was visualized in the canvas of the program, as shown in
Figure 5.34. In this step, the reservoir, first pipe, second pipe, third pipe, and valve

components are added to the system.

Reservair 1

: : : : : ' Valve 1
Pipe1 Fipe 2 Pipe 3

1 )-2 I-3 J-4

Figure 5.34 Visual design of Case-4 in canvas

Then, the properties of the first pipe, second pipe, third pipe, and downstream valve
components are entered into relevant sections of properties panels in the program as

shown in Figures 5.35, 5.36, 5.37, and 5.38, respectively.

ID: 2
Name: Pipe 1
Length (mj: 351
Diameter (m): 0.3
Area (m3): 0.071

Wave Speed (m/s): 1200

Friction Factor: 0.019

Reynolds Number: 0

Roughness (mm): ©

Figure 5.35 Inputs in the pipe properties panel for the 1% pipe of Case-4
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Properties

|4 4 Pipe No: 2

1D:

MName:

Length (m):
Diameter (m):
Area (m?):

Wave Speed (m/s):
Friction Factor:
Reynolds Mumber:

Roughness (mm):

TER N 2 ¢

4

Pipe 2

433

0.2

0.031

1200

0.018

0

]

Figure 5.36 Inputs in the pipe properties panel for the 2" pipe of Case-4

Properties

[4 4 pripeNo: 3

ID:

Mame:

Length (m):
Diameter (m}:
Area (m?):

Wave Speed (m,/s):
Friction Factor:
Reynolds Number:

Roughness (mm):

/3 ”

6

Pipe 3
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0.15

0.018

1200

0.018

0

0

Figure 5.37 Inputs in the pipe properties panel for the 3" pipe of Case-4

Properties
Valve Mo: | 1 i1 -

ID: 8
MNarme: Valve 1
Diameter (m): o
Head (m}: 100
Condition: BeingClosed ~
Loss Coefficient: &

Geometry Junction

¥ -150 Name: 1-4

Y. 100 Elevation (m): O

Docerintinn:

Figure 5.38 Inputs in the valve properties panel for Case-4
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Valve closure data are defined in the valve closure settings panel for the downstream
valve, as shown in Figure 5.39. According to the given data by Wylie & Streeter
(1978) in Table 5.9, tabular closure data is used instead of regular valve closure

formulation.

T Valve Closure Setting

Calculation Time, Tmax (sec): 2.1
Time Step, At (sec) : 0.1
Valve Name : | Valve 1 ki

Select a method to initialize the valve closure:
Regular Valve Closure—[ll Tabular Data—¥§

XiE Import from Excel @-{ Clear

Time Valve
(seconds) Opening, T

o [
0.1 0.867
0.2 0.733
0.3 0.6

0.4 0.467

Valve Closure Constant, Em _ 0.5 0.333

0.6 0.2
Closure Time, Tc (sec) _
0.7 0.183
0.8 0.167
0.9 0.15
This is a valve closure relationship 1 0.133
for the pipeline.
1.1 0.117
T is dimentionless and is 1.2 0.1
a function of time. 13 0.083
1.4 0.067
1.5 0.05

1.6
1.7 0.017 R

0.033

Figure 5.39 Inputs in valve closure settings panel for Case-4

Then, data about the initial conditions for the system are entered into the program,
as shown in Figure 5.40. The maximum allowable time step value is calculated as
0.1 seconds to satisfy the Courant condition. Case-4 has the initial discharge value

as an input instead of the value of Cy4Aq or initial velocity.
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@ Initial Conditions

® Initial Discharge (m?/s)

O Initial Velocity

O CdAg

Calculation Time (s), Tmax

Time Step, At (s) A

Max. Allowable At (s) 0.1

‘ Ok ‘ ‘ Cancel ‘

Figure 5.40 Inputs in the initial conditions panel for Case-4

After all data are entered into the proper panels of the program, transient analyses
and simulations can be observed in tables, time charts, and animation charts forms.
At the beginning of the calculation step, the initial reservoir head value, Hg, is
computed as 289.036 m; then, the other computations are made with this initial value.

The program calculated all data at each node and junction.

Even though the wave speed values for the pipes are 1200 m/s at the beginning of
computation, these values are adjusted as 1170, 1207.5, and 1150 m/s for ‘Pipe 1°,
‘Pipe 2°, and ‘Pipe 3°, respectively, during the computation period. This change is
made to ensure the stability of the Courant condition without affecting the results,
and it is caused by the selection of grid-mesh in the software.

The obtained outputs for the upstream reservoir and valve-end are represented in
tabular form, as shown in Figures 5.41 and 5.42, respectively. The obtained outputs
for the discharge and head values at the valve-end of the pipeline are represented in

graphical form, as shown in Figure 5.43.
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Tables — L4

Precision: |0.000 A

Time-Based Pipe-Based Junction-Based

Select a junction:  J-1 ~ Select side : Downstream
. Chbject . Distance Discharge welocity Pressure z
Time (sec) Marme Side from ) Head (m) (m/s) m/s) (Kpa)
Reservair

b—mJﬂ Downstream Q 289.036 0.2 2.829 2834.29
010 11 Downstream a 289.036 0.2 2.829 2834.29
0.20 -1 Downstream 0 289.036 0.2 2,829 2834.29
0.30 11 Downstream ] 289.036 0.2 2.829 2834.29
040 11 Downstream a 289.036 0.2 2.829 2834.29
0.50 -1 Downstream 0 289.036 0.2 2.829 2834.29
0.60 11 Downstream o 289.036 0.2 2.829 2834.28
0.70 11 Downstream a 289.036 0.2 2.829 2834.20
0.80 11 Downstream Q 289.036 0.2 2.829 2834.29
0.90 il Downstream o 289.036 0.188 2.662 2834.28
1.00 -1 Downstream 0 289.036 0171 2417 2834.29
110 11 Downstream Q 289.036 0,144 2,041 2834.29
1.20 11 Downstream a 289.036 0.103 148 2834.29
1.30 -1 Downstream 0 289.036 0.037 0.519 2834.29
140 11 Downstream ] 289.036 -0.074 -1.044 2834.29
1.50 11 Downstream a 289.036 -0.084 -1.1g9 2834.29
1.60 -1 Downstream 0 289.036 -0.087 -1.234 2834.29
170 11 Downstream o 289.036 -0.096 -1.361 2834.28
1.80 11 Downstream a 289.036 -0.101 -1.433 2834.20
1.90 11 Downstream Q 289.036 -0.092 -1.301 2834.29 ©

< > |

Time-Based Pipe-Based Junction-Based

Select a pipe : Pipe 3 v X «port to Excel rw

. Distance . . ~
Time (sec) SSJ:: Node No. from ) Head (m) EJnl.ls;cf:?rge :/:_II/OS;W I:gs:;ure
Reservoir
b—m Pipe 3 1 949 100 0.2 11.318 930.6
010 Pipe 3 1 949 127.585 0.196 11.083 1250.806
0.20 Pipe 3 1 949 167.635 019 10,741 1643.825
0.30 Pipe 3 1 949 224,68 0.18 10,179 2203.212
0.40 Pipe 3 1 949 311.411 0.165 9,327 3053.699
0.50 Pipe 3 1 949 44917 0141 7.987 4404557
0.60 Pipe 3 1 949 668.774 0.103 5.854 6558
0.70 Pipe 3 1 945 674,245 0.095 5378 6611.65
0.80 Pipe 3 1 949 651.046 0.085 4,823 6384.161
0.80 Pipe 3 1 949 690.035 0.079 4,459 6766.484
1.00 Pipe 3 1 949 737.276 0.072 4.087 7229.725
1.10 Pipe 3 1 949 763.994 0.065 3.66 7491.728
1.20 Pipe 3 1 949 789.725 0.056 3181 7744045
1.30 Pipe 3 1 949 806.668 0.047 2.668 7910.183
140 Pipe 3 1 949 804.883 0.038 2151 7892.683
1.50 Pipe 3 1 949 772.438 0.028 1.573 7574524
1.60 Pipe 3 1 949 685.529 0.017 0.978 6722.3
1.70 Pipe 3 1 949 682.538 0.009 0.503 6692.964
1.80 Pipe 3 1 949 686.131 o o 6728.203
1.50 Pipe 3 1 949 570.89 a o 5598.145 v
Es >

Figure 5.42 The view of tabular results at the valve end for Case-4
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Figure 5.43 Graphical illustration of H and Q values at the valve for Case-4

After the results are obtained in both tabular and graphical form, these results are
compared with the results presented by Wylie & Streeter (1978). Wylie and Streeter
(1978) used the method of characteristics for this case. Head and discharge values
for the end of each pipe and the reservoir sections are compared in tabular form, as
shown in Table 5.10 and Table 5.11, respectively. Then, the graphical comparison is
made for head values at the valve-end section and discharge values at the reservoir

section, as shown in Figure 5.44 and Figure 5.45, respectively.
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Table 5.10 Tabular H value comparison at the end of pipes and the reservoir for
Case-4

Head Values (m)

Present Study Wylie & Streeter (1978)
-(rslgt]:gl T Reservoir | Pipe1 | Pipe2 | Pipe 3 |Reservoir | Pipe 1 | Pipe 2 | Pipe 3
0 1 289.036 |279.962|190.131| 100 289.04 |279.96(190.13| 100

0.1 |0.867| 289.036 |279.962|190.131|127.565| 289.04 |279.96|190.13|127.65
0.2 |0.733| 289.036 |279.962 |209.226 |167.635| 289.04 |279.96|209.29 |167.51
0.3 0.6 | 289.036 |279.962 |237.034 | 224.68 | 289.04 |279.96|236.95|224.67
0.4 |0.467| 289.036 |279.962|280.289 |311.411| 289.04 |279.96|280.29 |311.71
0.5 |0.333| 289.036 |279.962|346.175| 449.17 | 289.04 |279.96 | 346.37 | 448.71
0.6 0.2 | 289.036 | 290.21 | 451.598 | 668.774| 289.04 |290.24 |451.27 | 668.7
0.7 ]0.183| 289.036 |305.185|621.175|674.245| 289.04 |305.14 |621.16 | 673.58
0.8 |0.167| 289.036 |328.366|647.161|651.046| 289.04 |328.37|646.61|651.84
0.9 0.15 | 289.036 |363.988|667.404 |690.035| 289.04 |364.09|667.97|690.25
1 0.133| 289.036 |421.548|693.863|737.276 | 289.04 |421.37|693.87|736.11
1.1 |0.117 | 289.036 |516.216 |721.432|763.994 | 289.04 |516.21|720.75|764.86
1.2 0.1 | 289.036 |515.864 |735.794|789.725| 289.04 |515.51|736.44|790.15
1.3 |0.083| 289.036 |505.186 | 743.12 |806.668 | 289.04 |505.57|743.16 | 805.23
1.4 |0.067 | 289.036 | 491.15 |729.193 |804.883 | 289.04 |491.17|728.44|805.76
15 0.05 | 289.036 |461.823 |678.413 |772.438| 289.04 |461.26|679.15|773.19
1.6 |0.033| 289.036 |398.229 | 665.758 | 685.529 | 289.04 |398.87|666.19 | 684.02
1.7 ]0.017 | 289.036 |283.421|628.911 |682.538 | 289.04 |283.49|627.78 | 683.85
1.8 0 289.036 |282.551| 597.31 |686.131| 289.04 |282.49|598.18 |686.38
1.9 0 289.036 |281.722|546.232| 570.89 | 289.04 |281.68|546.49|570.22
2 0 289.036 | 275.36 | 395.326 | 407.334 | 289.04 | 275.5 |395.07 | 407.59
2.1 0 289.036 |260.938|165.705|221.338 | 289.04 |260.99|165.77|221.48
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Table 5.11 Tabular Q value comparison at the end of pipes and the reservoir for
Case-4

Discharge Values (m?s)

Present Study Wylie & Streeter (1978)
-{;22;; T Reservoir | Pipe 1 | Pipe 2 | Pipe 3 | Reservoir | Pipe 1 | Pipe 2 | Pipe 3
0 1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
0.1 | 0.867 0.2 0.2 0.2 | 0.196 0.2 0.2 0.2 | 0.196
0.2 |0.733 0.2 0.2 0.195 | 0.19 0.2 0.2 0.195 | 0.19
0.3 0.6 0.2 0.2 0.188 | 0.18 0.2 0.2 0.188 | 0.18
0.4 | 0.467 0.2 0.2 0.177 | 0.165 0.2 0.2 0.177 | 0.165
0.5 |0.333 0.2 0.2 0.161 | 0.141 0.2 0.2 0.161 | 0.141
0.6 0.2 0.2 0.194 | 0.135 | 0.103 0.2 0.194 | 0.135 | 0.103

0.7 | 0.183 0.2 0.185 | 0.093 | 0.095 0.2 0.185 | 0.093 | 0.095

0.8 | 0.167 0.2 0.171 | 0.088 | 0.085 0.2 0.171 | 0.088 | 0.085

09 | 015 0.188 0.15 | 0.085 | 0.079 0.188 0.188 | 0.085 | 0.079

1 0.133 0.171 0.117 | 0.077 | 0.072 0.171 0.117 | 0.077 | 0.072

1.1 | 0.117 0.144 0.061 | 0.068 | 0.065 0.144 0.061 | 0.068 | 0.065

1.2 0.1 0.103 0.05 | 0.059 | 0.056 0.103 0.051 | 0.059 | 0.056

1.3 | 0.083 0.037 0.041 | 0.048 | 0.047 0.037 0.04 | 0.048 | 0.047

1.4 | 0.067 | -0.074 0.023 | 0.035 | 0.038 | -0.074 0.023 | 0.035 | 0.038

15 | 0.05 -0.084 0 0.018 | 0.028 | -0.084 0.001 | 0.018 | 0.028

1.6 | 0.033 | -0.087 -0.028 | 0.011 | 0.017 | -0.088 -0.028 | 0.011 | 0.017

1.7 |0.017 | -0.096 -0.07 | 0.009 | 0.009 | -0.095 -0.07 | 0.009 | 0.009

1.8 0 -0.101 | -0.079 | -0.004 0 -0.101 | -0.079 |-0.004 0
1.9 0 -0.092 | -0.082 |-0.021 0 -0.092 | -0.082 |-0.021 0
2 0 -0.065 | -0.087 | -0.026 0 -0.065 | -0.087 |-0.026 0
2.1 0 -0.074 | -0.084 | -0.036 0 -0.074 | -0.083 |-0.036 0
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Figure 5.44 Graphical comparison for the H values at the valve-end of Case-4
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Figure 5.45 Graphical comparison for the Q values at the reservoir of Case-4

According to the comparison shown in Table 5.10, Table 5.11, Figure 5.44, and
Figure 5.45, the obtained results in the presented study are highly accurate and very
similar to the results presented in Wylie & Streeter (1978).
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5.3  Verification for Surge Tanks

In order to verify the program for surge tank computations, two different cases,
which contain different types of surge tanks, were used to benchmark the results
calculated by the program with the results in the literature.

53.1 Case-5: Simple Surge Tank by Cofcof (2011) Benchmark

In this section, the results of the computation for a simple surge tank are obtained
and compared with the results in the literature. In the case study provided by Cofcof
(2011), the hydraulic system includes a large upstream reservoir with a constant
head, two pipes that refer to the energy tunnel and penstock, a surge tank, and a
downstream control valve which is located at the upstream side of a turbine. The
system and notations are illustrated in Figure 5.46. In this scenario, a case of a
complete load rejection at the turbine at ‘t=0" is studied, and water surface oscillation
in a simple surge tank is observed with a simulation. This case is examined with the

maximum and minimum initial discharge values for the hydraulic system.

Simple
. Static Water Elevation Surge Tank
====""_" - - Dg=15m

HGL

Qmax= 40 m33/ s Control

Quin =25m°/s =0 Valve Turbine

—p Qtur | T /
% 27 2 ‘% 7 %‘ D,
b Energy Tunnel C Penstock

L=4000m Le=170m
D=4.00m

Figure 5.46 Configuration of Case-5 by Cofcof (2011)

According to Cofcof (2011), the known data for this case can be listed as:
e Water surface elevation in the reservoir, WSEg = 350 m

This also means the static water elevation is 350 m.
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e Elevation of the tunnel centerline, WSEg = 310 m

e The maximum value of initial discharge through the energy tunnel for the
first operation, Q= 40 m3/s

e The maximum value of initial discharge through the energy tunnel for the
second operation, Q;_. = 25m?%/s

e Head losses in the energy tunnel,
hy = 8.72 mand h¢ 3.45 m for Q;___and Q. _. respectively

e Length of the penstock, Lp = 170 m

e Length of the energy tunnel, L; = 4000 m

e Diameter of the tunnel, D; = 4 m

e Diameter of the penstock, Dp =3.1 m

e Diameter of the surge tank, Dg; = 15 m

e Turbine flow, Qurpine = 0 m3/s

At first, the surge tank simulator panel in the program is used to solve this case with
the Runge-Kutta method. All data and properties are entered into the relevant
sections as inputs in the surge tank simulator form of the program.

In addition to these given data, the simulation time is selected as 1000 seconds to
observe fluctuations of the water surface in the simple surge tank properly. Then, the
time increment is selected as 0.5 seconds.

From the head losses, the friction factor is calculated as 0.017 for the tunnel by using
the Darcy-Weisbach head loss equation represented in Eq. (5.1).
_L @

D 2gA?

The calculated friction factor of the energy tunnel is inserted into the program instead

he (5.1)

of the manning coefficient or beta value. Then the simulations for Case-5 with the

discharge of 45 m3/s and 25 m®/s are shown in Figures 5.47 and 5.48, respectively.
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Figure 5.47 The view of the results in the surge tank simulator for Case-5
(QtunneI:40 m3/3)

ol Surge Tank Simulator - [m] X
Tunnel Properties Maximum Upsurge Maximum Upsurge o Maximum Downsurge o Surge Tank Diameter
Total Tunnel Length (m) by formulation
(frictionless system)
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Figure 5.48 The view of the results in the surge tank simulator for Case-5
(Qtunnei=25 m3/3)
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As shown in the simulations, the maximum increase in the water level from the static
water level (Y1) for the case with Qunnei=40 m®/s and Quwnnei=25 M%/s is computed as
12.96 m and 8.87 m, respectively.

Then, to observe the Ymax, which is the value of the maximum increase in water level
in the surge tank from the static water level in frictionless conditions, the case is
simulated again. In these simulations, the friction factor values are inserted as ‘0’, as
shown in Figures 5.49 and 5.50. Ymax values are calculated as 17.36 m and 10.85 m
for the case with Qunnei=40 m*/s and Qunnei=25 M3/s, respectively.

gil Surge Tank Simulator — O X
Maximum Upsurge Maximum Upsurge o Maximum Downsurge o Surge Tank Diameter
4000 by formulation
(frictionless system) T
Ymax = 17.14 m — Y1=1736m —_— Y2-=-1745m D=15m
Fluctuation Height vs. Time
1000
0 100 200 300 400 500 500 700 500 300 1000
Friction Factor Time (secom ds)
Friction Factor Value () (I Discharge vs. Time
T
Entrance Loss Coefficient (k) “
: : i
o E N 4 N\ : : F
g N | 7 TET e I
osses M Shaft Entrance Loss g : ; ;
N
_ o 100 200 300 400 500 500 700 500 500 1000
Surge Tank Area m® 176.716 Time {seconds)
B ———————]

gl [ Major Grid [] Minor Grid  Line Thickness: |2 || Line Color: - Line Dash Style : | Solid ~ m

Figure 5.49 The view of the results in surge tank simulator for Case-5

(Qunnei=40 m?/s) with frictionless condition

132



85 Surge Tank Simulator

Friction Factor
Friction Factor Value (f)

Entrance Loss Coefficient (k) 20 %

Surge Tank Area m*

Maximum Upsurge

Maximum Upsurge ()

Maximum Downsurge ()

Surge Tank Diameter

1000

m by formulation
/l\ (frictionless system) /[\
- — Ymax=10.T1m ¥1=10.85m —_— ¥Y2=-1091m D=15m
Fluctuation Height vs. Time
15
10
NI
E 5
]
I
:
w
10 ]
] 100 200 300 400 500 500 0o 500 900
Time {secon ds)
_ Discharge vs. Time
30
w
E o0 / \
& o B
3
g -10 N Pt
2 :
= et N
20 i i
40
o 100 200 300 400 500 600 00 500 300
Time {secon s}

) Major Grid Minor Grid  Line Thickness: 2

% Line Color: - Line Dash Style: | Solid

Figure 5.50 The view of the results in the surge tank simulator for Case-5

(Qunnei=25 m?/s) with frictionless condition

The second solution technique is designing the model on the canvas of the program

and observing the results computed with the method of characteristics. In this

solution section, the elevations are used in the calculations.

In the first step, the case was visualized in the canvas of the program, as shown in

Figure 5.51. Reservoir, pipes, simple surge tank, and control valve components are

added to the system.

Reservair 1

J-

Surge, Tank 1

Pipe 1 Pipe 2

Coftrol Valve

T

J-2

Figure 5.51 The visual design of Case-5 on canvas
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Then, for the case with Qume=40 m3s, the given properties of the upstream
reservoir, Pipe 1, which refers to the energy tunnel, Pipe 2, which refers to penstock,
and the surge tank are entered into relevant sections of properties panels in the
program as shown in Figure 5.52, 5.53, 5.54, and 5.55 respectively. In addition, the

wave speed of Pipe 1 and Pipe 2 is entered as 500 m/s.

Properties
Reservair No: | 1 /1 A
1D ]
Name: Reservoir 1
Reservoir Type: Upstream ~
Height (mj: 40
Base Elevation (m): 310
Res. Loss Coef. : 0

Sinus Wave: [

=

sin Period:

=

Ah (m):

Figure 5.52 Inputs in the reservoir properties panel for the upstream reservoir of
Case-5 (Qunnei=40 m3/s)

ID: 2
Mame: Pipe 1
Length (m): 4000
Diameter {m): 4

Area (m?): 12.566

Wave Speed (m/s): 500

Friction Factor: 0.017

Reynolds Number: 0

Roughness (mm): 0

Figure 5.53 Inputs in the pipe properties panel for the first pipe of Case-5
(Qtunnei=40 mS/S)
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Properties

[4 4 PipemNo: 2 /2 o
1D 4
Name: Pipe 2
Length (m): 170
Diameter {m): 3.1
Area (m?): 7.548

Wave Speed (m/s): 300

Friction Factor: 0.017

Reynolds Number: 0

Roughness (mm): O

Figure 5.54 Inputs in the pipe properties panel for the second pipe of Case-5
(Qtunnei=40 m3/3)

Properties

10 &

Mame: Surge Tank 1
Surge Tank Type: Simple w

surge Tank Area (m*);  176.716

Base Elevation (m): 310

Figure 5.55 Inputs in the surge tank properties panel for the surge tank of Case-5
(QtunneI:40 m3/5)

In the initial conditions panel, the initial discharge given as input in Case-5,
maximum time, and time step must be entered. Water surface oscillation in the surge
tank cannot be observed in small time intervals properly, so the maximum time is
defined as 1500 seconds to examine the oscillation in the results. The maximum
allowable time step value is calculated by the program as 0.34 seconds to satisfy the
Courant condition. Then this value is selected as a time step. The entered data about

the initial conditions for the system is shown in Figure 5.56.
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® Initial Conditions

@ |nitial Discharge (m?/s)
O Initial Velocity b ]
O caag ol ]

Calculation Time (s), Tmax |1500

Time Step, At (s) 0.34

Max. Allowable At (s) 0.34

| Ok ‘ | Cancel |

Figure 5.56 Inputs in the initial conditions panel for Case-5 (Qunnei=40 m3/s)

After that, all given and assumed data are entered into the proper panels of the
program, transient analyses and simulations can be observed in tables, time charts,
and animation charts forms. The obtained outputs for water level oscillation in the
simple surge tank case which has an initial discharge of 40 m¥s, are represented in

graphical form as shown in Figure 5.57.

Surge Tank Solution

Surge Tank Mame: Surge Tank 1 ~ Chart Type: | Water Blevation Vs Time ~
Surge Tank Properties 55 VIS DS VE Time 2
Surge Tank Area (m3: 176716 ;
Initial Water Suface Hevation (m): 341217 | ¢ 0 /\
= : : :
. S a1 \\ -
Time Properties -g, ‘;‘ ; / —
Max. Time {s): 1500 TR B o : : \ :
Time Steps (s): 0.34 E f /
5 | -
@ 245 10 N
Summary Result 5 : / : :
Max Value: 361.83 m § 240
m At Time:  151.98s
335 t + t t
||_| Min. Value: 341.22m 0 200 400 600 800 1000 1200 1400 1600 1800
c"VL At Time Os Time (seconds)
e _
. TD:;LAE Chart Color : Line Color: [l Line Dash Style:  Sold -
& = o,
Minor Grid Major Grid Line Thickness : B - "7-{ Clear Chart

Figure 5.57 Graphical illustration of water oscillations in the surge tank for Case-5
(Qtunne=40 mS/S)
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As shown in the graphical illustration, the maximum upsurge value is computed as
361.83 m. Then, the maximum increase in the water level from the static water level
(Y1) for the case with Qunne=40 m*/s is computed as;

Y; =361.83m—350m = 11.83m

Then, to observe the Ymax, which is the value of the maximum increase in water level
in the surge tank from the static water level in frictionless conditions, the case is
simulated again. In this simulation, the friction factors for the pipes are inserted as
‘0’. The maximum upsurge elevation of the water in the surge tank for the frictionless
model is 367.16 m, as seen in Figure 5.58. So, Ymax values can be calculated as;
Yiax = 367.16 m— 350 m = 17.86 m

Surge Tank Solution

SR TEE T Surge Tank 1 ~ | Chart Type: | Water Hlevation Vs Time -
Surge Tank Properties 50 [— == Termon v Time_Suge ek
Surge Tank Area {m3: 176.716

Initial Water Surfface Blevation {m): 350

2
Time Properties E
@ Max. Time (s): 1500 0 ¥ : : B :
Time Steps (s): 0.34
40 1
Summary Result
Tv‘ Max Value: 367.16m 1
m At Time: 107275
320

@ Min. Value: 332.84 m o 200 400 600 800 1000 1200 1400 1600 1800
o At Time  1311.38s Time (seconds)

Water Surface Elevation (m)

Chart Properties y
e
‘ 'II?:;LAE Chart Color : Line Color : . Line Dash Style : Solid -
Minor Grid Major Grid Line Thickness : 15 é‘ Clear Chart

Figure 5.58 Graphical illustration of water oscillations in the surge tank for Case-5

(Qunnei=40 m®/s) for frictionless condition

Then the same calculation procedures are applied for Case-5 with the initial
discharge of 25 m?/s. After these computations, Ymax and Y1 values for the case with

25 m®/s are obtained as 10.72 m and 8.55 m, respectively.

Finally, all results computed by the Runge-Kutta method, which is used in the surge
tank simulator panel, and the method of characteristics which is used in the main

form of the program are compared with the results in Cofcof (2011) as seen in Table
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5.12 and Table 5.13. It must also be mentioned that Cofcof (2011) used empirical

equations to simulate this case study.

Table 5.12 Tabular comparison of Ymax values for Case-5.

Initial Disch Y max (m)
nitial Discharge
Present Stud
(m¥s) Y Cofcof (2011)
by Runge-Kutta by MOC
40 17.36 17.86 17.10
25 10.85 10.72 10.76

Table 5.13 Tabular comparison of Y1 values for Case-5

Y1 (m)
Initial Discharge
Present Stud
(m?s) Y Cofcof (2011)
by Runge-Kutta by MOC
40 12.96 11.83 11.8
25 8.87 8.55 Not Provided

According to the comparison, the obtained results in the present study are similar to
the results presented in Cofcof (2011). The differences can be caused by the method
that is used for solutions, differences in head loss calculations, variety of the
selection of head loss coefficients, and the consideration of minor losses.

5.3.2 Case-6: Surge Tank with Standpipe by Cofcof (2011) Benchmark

In this section, the results of the computation for a surge tank with a standpipe are
obtained and compared with the results in the literature. In the case study provided
by Cofcof (2011), the hydraulic system includes an upstream reservoir with a
constant head, two pipes that refer to the energy tunnel and penstock, a surge tank
with a standpipe, and a downstream control valve that is located at the upstream side
of a turbine. The system and notations are illustrated in Figure 5.59. In this scenario,
a case of a complete load rejection at the turbine at ‘t=0’ is studied and water surface

oscillation in a surge tank connected to a pipeline with a standpipe is observed.
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. . Surge Tank
_ . >tatcWater Blevation | 7| WSE=4489m
__________ Dge=22 m

—_—

Contro 1
Valve
< > <« >
Energy Tunnel Penstoc k
Le=700m
D=8.50m

Figure 5.59 Case-6 as used by Cofcof (2011)

According to Cofcof (2011), the known data for this case can be listed as:

¢ Initial water surface elevation in the reservoir, WSEg = 450 m

e Elevation of the center of the tunnel, TCE = 398 m

e Initial discharge through the energy tunnel, Q; = 250 m3/s

e Length of the tunnel, L; = 700 m

e Diameter of the tunnel, D; = 8.5 m

e Diameter of the surge tank, Dg; = 22 m

e Diameter of the standpipe, Dg, = 6.5 m

e Length of the standpipe, L, = 25 m

e Initial water surface elevation in the surge tank determined by head losses in
the tunnel, WSEgr = 448.9 m

e Static water elevation, SWE= 450 m

It is also known that the friction in the standpipe is neglected during the computation

for Case-6.

From the known data, the height of the water surface in the reservoir is calculated
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WSER — TCE =450 m — 398 m =52 m

The base elevation of the surge tank can be calculated as;

D
BEgy = TCE + 7t+Lst—: 398 m+4.25m+ 25m = 427.25m

The initial height of the water surface in the surge tank from the base elevation of

the surge tank can be computed as;

In the program, the computation process of water oscillation in the surge tank with a
standpipe contains the method of characteristics equations. So, the friction factor of
the tunnel must be entered as an input. In order to determine the friction factor, the
known value of the head loss on the tunnel is used. The difference between the
hydraulic grade line elevations of the surge tank and the reservoir section in the
steady-state condition gives the head losses in the tunnel, which is 1.1 m. Then the
friction factor of the tunnel can be obtained as 0.013 by using the Darcy-Weisbach

head loss equation.

In the first step, Case-6 was visualized in the canvas of the program, as shown in
Figure 5.60. Reservoir, pipes, surge tank with a standpipe, and control valve are
added to the system. The second pipe is added to the system in order to provide the

connection between the surge tank and downstream instant load rejection.

Reservair 1

Surge,Tank 1

Coftral Valve'

T

J1 J-2 J-3

Pipe 1 Pipe 2

Figure 5.60 Visual design of Case-6 in canvas

Then, the given properties of the upstream reservoir, Pipe 1, Pipe 2, and the surge

tank are entered into relevant sections of properties panels in the program, as shown
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in Figures 5.61 through 5.64, respectively. The diameter and length of Pipe 2 are
entered as 8.5 m and 10 m, respectively. In addition, the wave speed of Pipe 1 and

Pipe 2 is entered as 500 m/s.

Properties
Reservoir Mo: | 1 f1 A
ID: 0
MName: Reservoir 1
Reservoir Type: Upstreamn w
Height (m): 52
Base Elevation (mj: 398
Res Loss Coe: 0

Sinus Wave: [

=

sin Period:

=1
<

Ah (m):
< >

Figure 5.61 Inputs in the reservoir properties panel for the upstream reservoir of
Case-6

D: 2
Name: Pipe 1
Length (m): 700
Diameter (m): 8.5
Area (m?): 56.745

Wave Speed (m/s): 500

Friction Factor: 0.013

Reynolds Number: 0

Roughness (mm): 0

Figure 5.62 Inputs in the pipe properties panel for the 1% pipe of Case-6
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Properties

|4 4 Pipe No: 2 /2 2
ID: 4

MName: Pipe 2

Length (m): 10

Diameter (m): 8.5

Area (m?): 56.745

Wave Speed (m/s): 500

Friction Factor: 0.013

Reynolds Mumber: 0O

Roughness (mm): 0O

Figure 5.63 Inputs in the pipe properties panel for the 2" pipe of Case-6

Properties
Mame: Surge Tank 1 ”
Surge Tank Type: Standpipe  ~

Surge Tank Area (m?): 380.1327
Initial Water Height (m):  21.65

Base Elevation (m): 427.25

Standpipe Data

Length {m): 25

Diameter (m): 6.5

Friction Factor: 0 v
< >

Figure 5.64 Inputs in the surge tank properties panel for Case-6

In the settings panel of initial conditions, the initial discharge is given as input; the
maximum simulation time and time step must also be entered. The maximum time
is defined as 300 seconds to visibly examine the oscillation in the results. The
maximum allowable time step value is calculated by the program as 0.02 seconds to
satisfy the Courant condition. Then this value is selected as a time step. It must also
be mentioned that the maximum allowable time increment value can be increased by
using the second pipe as the connection pipe. The entered data about the initial

conditions for the system is shown in Figure 5.65.
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® Initial Conditions

@ |nitial Discharge (m°/s) 250
O Initial Velocity

O CdAg

' Time Step, At (s) 007

Calculation Time (s), Tmax

Max. Allowable At (s) 0.02

| Ok | | Cancel | |

Figure 5.65 Inputs in the initial conditions panel for Case-6

After that, all given and assumed data are entered into proper panels of the program,
transient analyses and simulations can be observed in tables, time charts, and
animation charts forms. The obtained outputs for water level oscillation in the surge

tank are represented in graphical form, as shown in Figure 5.66.

Surge Tank Solution
Erme Ters e Surge Tank 1~ | Chart Type: | Water Blevation Vs Time ~
Surge Tank Properties o [ == Dem e e SogE TR |
Surge Tank Area (m3: 380.1327 - i 1 -
Intial Water Suface Blevation (m): 44894 | = 1 o
460

Time Properties

Max. Time (g): 300
Time Steps (g): 0.02

.
i
o

S
He i

||_| Min. Value: 437.72m o 5'3 100 150 200 250 }5»3 350
H’V!» At Time 107.46s Time {seconds)

n
&

e
oy
n

Summary Result

Max Value: 463.33m
_'I At Time:  35.32s

Water Surface Elevation (m)

a
&

.
el
o

Chart Properties y
Y
- TD:;LAE Chart Color : LineColor: [l Line Dash Style:  Sold -
O = %, off
Minor Grid Major Grid Line Thickness : B = é Clear Chart

Figure 5.66 Graphical illustration of water oscillations in the surge tank for Case-6

According to the results computed in the program, the maximum upsurge and
downsurge elevations are obtained as 463.33 m and 437.72 m, respectively, as shown
in Figure 5.66. In order to compare the results with the results given by Cofcof
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(2011), the value of the maximum increase in water level from the static water level
in frictionless conditions (Y max), the maximum increase in water level from the static
water level (Y1), and maximum decrease in water level from the static water level
(Y2) in the surge tank are calculated. The maximum upsurge of the frictionless
system is observed at an elevation of 464 m in a new simulation. In this simulation,
all case data stay the same, but the friction factor value is adjusted as ‘0’ for the

energy tunnel. Then the results are calculated as;

Yoax = 464.00m — 450 m = 14.00 m
Y, = 463.33m — 450.00m = 13.33m
Y, = 450.00m — 437.72m = 12.28 m

The results of empirical solutions by Jaeger (1956) and Forcheimer (1901); graphical
solutions by Parmakian (1963) for this case study are provided by Cofcof (2011).
Finally, the results of those solutions and the results of the present study are

compared in Table 5.14.

Table 5.14 Comparison of the results for Case-6

EMPIRICAL GRAPHICAL | SOLUTIONS
SOLUTIONS SOLUTIONS BY MOC
Jaeger (1956) Fo(riggllr;ler Parmakian (1963) | Present Study
Y max 14.36 m Not Provided Not Provided 14.00 m
Y1 11.97 m Not Provided 11.00 m 13.33 m
Y2 Not Provided 15.00 m 12.10 m 12.28 m

It is obvious that the obtained results in the present study are to a large degree similar
to the results presented in Cofcof (2011). The small differences, which are negligible,
may be attributed to the method that is used for solutions, differences in head loss

calculation, and the consideration of minor losses.
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5.4  Verification for Pump Failure

In order to verify the program for pump failure scenarios, a case study was used to

compare the results calculated by the program with the results in the literature.

54.1 Case-7: Pump Failure by Wylie et al. (1993) Benchmark

A transient event can also be observed for pump failure scenarios. In this section, the
developed program will be verified for pump failure situations with a case study
presented by Wylie et al. (1993). In this case study, called Case-7, the hydraulic
system includes an upstream reservoir, downstream reservoir, pipe, and pump with

a discharge valve. The system and notations are illustrated in Figure 5.67.

D =305 mm
a=1067m/s

f=10.02

Datum

Figure 5.67 The pump failure scenario presented by Wylie et al. (1993)

In Case-7, the datum is located at the water level of the upstream reservoir.
According to Wylie et al. (1993), the known data for the system can be listed as
shown in Table 5.15.

In this benchmark, a pump trips at t=0 due to sudden power loss. In addition, a valve
at the downstream side of the pump starts to close 1.5 seconds after the pump failure

occurs.
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Table 5.15 Given data for Case-7 as used by Wylie et al. (1993)

DATATYPE VALUE UNIT
Pipe Length (L) 427 m
Pipe Diameter (D) 305 mm
Wave Speed (a) 1067 m/s
Friction Factor of Pipe (f) 0.02 -
Elevation of Upstream Reservoir (ELL) 0 m
Elevation of Downstream Reservoir (ELR) 83.8 m
Rated Head of Pump (Hr) 94.488 m
Rated Discharge of Pump (Qr) 0.1764 m/s
Rated Torque of Pump (Tr) 100.926 Nm
Rated Speed of Pump (NRr) 1760 rpm
WR? Value of Pump 7.88 Nm?
Valve Loss Coefficient 0.3 -
Pump Trip Time 0 sec
Time increment (t) 0.2 sec

In the first stage, the case was visualized in the canvas of the program, as shown in
Figure 5.68. In this step, the upstream reservoir, connection pipe (first pipe), pump
with a discharge valve, main pipe (second pipe), and downstream reservoir
components are added to the system. The main reason for using the connection pipe
is that the pump component is connected next to the upstream reservoir in the case
study. In the developed program, this situation can be modeled with the help of a

connection pipe.

Resepvoir 1 N N N N N N Resepeair 2

Fipe 1 Pipe 2

I-3

J1
Pumip 1

Figure 5.68 Visual design of Case-7 in canvas
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Then, the properties of the upstream reservoir, connection pipe, main pipe, and
downstream reservoir components are entered into relevant sections of properties
panels in the program. In order to enter pump properties, at first, a pump setting is
created in the pump settings panel, as shown in Figure 5.69. This dataset includes
the rated values, which are given in Table 5.15, and the pump characteristics (Suter)
curve. In this benchmark, the pump characteristics curve used for NS=35 rpm (Sl
units) has been selected. Then the whole pump and discharge valve data are entered

in the pump properties panel.

Next, data about the initial conditions for the system are entered into the program.
The maximum allowable time increment value is calculated as 0.4 seconds to satisfy
the Courant condition. So, the time increment can be selected as 0.2 seconds. The

maximum simulation time is selected as 12 seconds.

4 PumpSettingsForm - u} »
Turbo Pump
Pump Setting Rated Values ~
MName: Pumpseti Add New Rated Head (m): ‘94‘488 |
Description: Delete Rated Discharge (m?/s): ‘D.‘I?EA |
Rated Speed (rpm); “IYSD |
Rated Torque (N.m): [100.22¢] |
Pump Curve Data
Curve Data: | NS = 35 (5)) ~ n Import from Excel Pump characteristic curves for NS = 35 (Sl)
~ —— WH) WEx)
‘WH(x) - Head WB(x) - Torque 20
% (rad) i i o o
Curve Curve 15 1 . L P . . L L
- = mN -0.684 wdl L I .
0.0714 0.643 -0.547 T L N ~N . e
01428 0646 0414 g o b Lo h T T L .
02142 06 0292 = 7200 EEEE R \ e
0.2856 0.629 -0.187 é 10+ . o T . . . o R . . £
0357 0.613 -0.105 asd oo LR I \/ E
0.4284 0505 0,052 DO I I R . E
0.4998 0.575 -0.012 25 — —
0.5712 0.552 0.042 0 1 2 N 4 s 8
0.6426 0533 0.097 x (rad) v
< >
0K Apply Cancel

Figure 5.69 The entered inputs in the pump settings panel for Case-7

After the determination of time selections, valve closure data are defined in the valve
closure settings panel for the discharge valve, as shown in Figure 5.70. According to
the given data by Wylie et al. (1993), tabular closure data is used for this case study.
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T Valve Closure Setting

Calculation Time, Tmax (sec) : 12
Time Step, At (sec) : 0.2
Valve Name : | Right discharge valve for Pump 1 e

Select a method to initialize the valve closure:
Regular Valve Closure —[ll Tabular Data -5

XiE Import from Excel ..‘*-é Clear

Valve Closure Constant, Em

Closure Time, Tc (sec) _

This is a valve closure relationship
for the pipeline.

T is dimentionless and is
a function of time.

Figure 5.70 Inputs in valve closure settings panel for Case-7

After that, all data are entered into the proper panels of the program, transient
analyses and simulations can be observed in tables, time charts, and animation charts
forms. In the steady state calculation of the system, the initial discharge is calculated
as 0.1805 md/s. Then, with the transient analysis, the program calculated the

unknowns at each node and junction.

The obtained results for just the downstream side of the pump, which is located at
the second junction, are represented in tabular form, as shown in Figure 5.71. The
outputs for the discharge and head values at the downstream side of ‘Junction 2’ are

also represented in graphical form, as shown in Figure 5.72.
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Object Distance from Discharge Velocity Pressure

Side Read (M) (i) (m/s) (KPa)

Time (sec) Mame Reservair (m)

0.00 1-2 Downstream 1 92.507 0.181 2471 907912

0.40 2 |pownsteam |1 |s226 0.153 2101 512933

00 2 |pownsteam |1 |so71 014 1913 301406
120 2 |pownstream |1 |2073 1219 201862

160 2 |pownsteam |1 25315 005 0828 24845
2 Downstream |1 |23476 0011 loa46 23040
2 |pownstream |1 |22ae7 0021 0283 217.756

2 Downsteam 1 25373 0046 0625
2 |pownstream |1 |30497 |-0065 |-08%5 209317
1 o 008 o

2 |pownsteam |1 |3es7 0091|1249 378552
2 |Downsteam |1 |s203 1637 510.667

4.00 1-2 Downstream 1 58.706 -0.134 -1.833 57617

Figure 5.71 The view of the tabular results at the pump for Case-7

Max. Head | I Min. Head Max. Discharge | I Min. Discharge
115.895 m 22.187m 0.18m’/s -0.15 m¥/s
Time: 8.4s Time: 2.4s Time: Os Time: 55
—— Head vs Time, Downstream side of J-2 ===+ Discharge vs Time, Downstream side of J-2
140 0.3
120 e
S : S = \\ ﬂ\ v
100 -
Y — \ l \ I
£ 8 AN e N/ 01 E
E®R % > /oo s
3 \ ™ A \ \ H
=
= 60 = — i 1005
X B T e
A - a
N Vi -
40 N e o
B G e e 0.1
20 s o
0 -0.2
0 2 4 6 8 10 12 14
Time (seconds)

Figure 5.72 Graphical illustration of H and Q values at the downstream side of the

pump for Case-7

After the results are obtained in both tabular and graphical form, these results are
compared with those presented by Wylie et al. (1993). The results in the literature
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are calculated by the method of the characteristics as in the developed program. Head
and discharge values for the downstream reservoir and the pump sections are
compared in tabular form, as shown in Table 5.16 and Table 5.17. It must be
mentioned that Wylie et al. (1993) provided the head and discharge output data for
the time interval of [0-4.8] and [7.6-10.8]. Then, the graphical comparison is made
for head values at the pump section for [0-4.8] and [7.6-10.8] time intervals, as
shown in Figure 5.73 and Figure 5.74, respectively. In addition, the graphical
comparison is made for discharge values at the pump section for [0-4.8] and [7.6-

10.8] time intervals, as shown in Figure 5.75 and Figure 5.76, respectively.

According to the comparison shown in Table 5.16, Table 5.17, Figure 5.73, Figure
5.74, Figure 5.75, and Figure 5.76, the obtained results in the present study are highly
accurate and very similar to the results presented in Wylie et al. (1993). The
calculated node number and the unit conversions may cause differences in the
results. Wylie, Streeter and Suo provide that the node number is selected as four. In
the developed program, the node number is calculated as two according to the time
increment value. It must also be mentioned that the properties data of the case and
the outputs are given in common U.S. Customary units in the literature. The data
were converted to the Sl units for this program. Some conversion error due to
truncation of the digits is possible. The maximum difference in head and discharge
values are 3 m and 0.006 m®/s, respectively. Also, the maximum difference rate is
approximately %15 and %7 for discharge and head values, respectively. Still, the
head and discharge values calculated in the program are generally similar to the
literature results. So, the small differences may be considered negligible. Then, it

can be said that the code is verified for the pump trip scenarios as well.
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Table 5.16 Tabular comparison of H and Q values at the pump and downstream

reservoir for the interval [0 - 4.8] sec., Case 7

At the Pump Location At the Downstream Reservoir
W)(/llggzt)al. Present Study | Wylie etal. (1993) | Present Study
T'(';'E © | Qmds) [Hm)|Qmes)|Hm) | Qmis) | Hm)|Qmes)|H m)
0 1 0.182 [92.914| 0.181 |92.507 0.182 83.8 0.181 83.8
0.2 1 0.166 |69.068| 0.165 |68.933| 0.182 83.8 | 0.181 | 8338
0.4 1 0.155 |52.150| 0.153 |52.262| 0.182 83.8 | 0.181 | 8338
0.6 1 0.148 |39.729| 0.146 |39.918 0.152 83.8 0.150 83.8
0.8 1 0.142 |30.395| 0.140 |30.710| 0.131 83.8 | 0.128 | 83.8
1 1 0.114 |30.792| 0.111 |31.268 0.116 83.8 0.113 83.8
1.2 1 0.093 |29.230| 0.089 |29.738| 0.105 83.8 | 0.101 | 8338

14 1 0.077 ]26.933| 0.073 |27.474| 0.078 83.8 0.074 83.8

1.6 |0907| 0.065 |24.735| 0.060 |25.315| 0.056 83.8 0.052 83.8

1.8 |0.721| 0.038 [24.276| 0.033 |24.679| 0.039 83.8 0.034 83.8

2 0.535| 0.016 |23.121| 0.011 |23.476| 0.026 83.8 0.021 83.8

2.2 [0.349| -0.001 |21.858| -0.007 |22.294| -0.001 838 | -0.006 | 83.8

24 10.163| -0.015 |21.282| -0.021 |22.187| -0.023 83.8 | -0.030 | 83.8

26 [0.069| -0.040 |23.658| -0.046 |25.373| -0.042 838 | -0.048 | 83.8

28 ]0.067| -0.059 |28.031| -0.065 |30.497| -0.055 838 | -0.062 | 83.8

3 0.065| -0.075 |32.332| -0.080 |35.046| -0.079 83.8 | -0.084 | 83.8

3.2 |0.063| -0.086 |35.682| -0.091 |38.570| -0.095 838 | -0.100 | 83.8

34 |0.061| -0.103 |43.656| -0.108 |46.450| -0.107 83.8 | -0.112 | 83.8

3.6 [0.059| -0.115 |49.265| -0.120 |52.034| -0.115 838 | -0.120 | 83.8

3.8 |0.057| -0.124 |53.405| -0.128 |56.011| -0.127 83.8 | -0.131 | 83.8

4 0.055| -0.130 |56.219| -0.134 |58.706| -0.135 83.8 | -0.138 | 83.8

42 |0.053| -0.139 |61.331| -0.141 |63.321| -0.141 838 | -0.143 | 838

44 |0.051| -0.144 |64.975| -0.146 |66.878| -0.145 83.8 | -0.147 | 83.8

46 |0.049| -0.147 |68.081| -0.149 [69.824| -0.149 838 | -0.151 | 8338

48 |0.047| -0.149 |70.931| -0.151 |72.826| -0.152 83.8 | -0.153 | 83.8
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Table 5.17 Tabular comparison of the H and Q values at the pump and downstream

reservoir for the interval [7.6 - 10.8] sec., Case-7

At the Pump Location At the Downstream Reservoir

Wylie et al.
(1993)

T Q(M3s) | H(M) [QM%¥s)| H(m) | Q (m3s) | H(m) |Q (m¥s)| H (m)

Wylie et al. (1993) Present Study Present Study

TIME
()
76 |0.019| -0.088 |106.123| -0.086 |104.866| -0.089 83.8 | -0.087 | 83.8
7.8 (0.017| -0.080 |107.090| -0.078 |105.635| -0.081 83.8 | -0.079 | 83.8

8 0.015| -0.072 |107.997| -0.070 |106.416| -0.073 83.8 | -0.071 | 83.8
8.2 |0.013| -0.063 |108.963| -0.062 |[107.305| -0.064 83.8 | -0.063 | 83.8
8.4 (0.011| -0.055 |110.044| -0.054 |108.312| -0.055 83.8 | -0.054 | 83.8
86 |0.009| -0.046 |[111.178| -0.045 |109.446| -0.046 83.8 | -0.046 | 83.8
8.8 |0.007| -0.036 |112.485| -0.036 |110.793| -0.037 83.8 | -0.037 | 83.8
9 0.005| -0.027 |113.925| -0.026 |112.282| -0.028 83.8 | -0.027 | 83.8
9.2 |0.003| -0.016 |[115.515| -0.016 |113.960| -0.017 83.8 | -0.017 | 83.8
9.4 |0.001| -0.006 |117.334| -0.006 |115.895| -0.007 83.8 | -0.007 | 83.8
9.6 0 0.000 [110.550| 0.000 |[109.570| 0.004 83.8 0.004 83.8

9.8 0 0.000 94.345 | 0.000 | 94.119 | 0.016 83.8 0.016 83.8
10 0 0.000 77.211 | 0.000 | 77.667 | 0.017 83.8 0.017 83.8
10.2 0 0.000 58.971 | 0.000 | 60.031 | 0.007 83.8 0.007 83.8
10.4 0 0.000 57.147 | 0.000 | 58.091 | -0.004 | 83.8 | -0.004 | 83.8
10.6 0 0.000 73.313 | 0.000 | 73.502 | -0.016 83.8 | -0.016 | 83.8
10.8 0 0.000 90.417 | 0.000 | 89.922 | -0.017 83.8 | -0.017 | 83.8
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Head Variations at the Pump for [0-4.8] sec.

100.000
90.000
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—\Wylie et al. (1993) = == Present Study

Figure 5.73 Graphical comparison of H values at the pump for [0-4.8] sec., Case-7

Head Variations at the for [7.6-10.8] sec.
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Figure 5.74 Graphical comparison of H values at the pump for [7.6-10.8] sec.,
Case-7

153



Discharge Variations at the Pump for [0-4.8] sec.
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Figure 5.75 Graphical comparison of Q values at the pump for [0-4.8] sec., Case-7

Discharge Variations at the for [7.6-10.8] sec.
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Figure 5.76 Graphical comparison of Q values at the pump for [7.6-10.8] sec.,
Case-7
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CHAPTER 6

DISCUSSION

The developed program includes different features from previous studies. In this
chapter, the computation time of the program will be discussed. Also, this program
will be compared with the programs developed in earlier studies according to its
advantages and disadvantages. The disadvantages will be presented as features that
can be added in future works.

6.1  Computation Time of the Program

The software is verified for different transient flow scenarios in the previous chapter.
The results for each case study were computed by running the program several times.
The required times determined during these computation periods were averaged and
the approximate computation time was determined for each benchmark, as shown in
Table 6.1.

In Table 6.1, it can be inferred that the software can generally solve the investigated
hydraulic system in a short computation time. On the other hand, the run time may
increase due to the complexity of the hydraulic systems or the reduction of the time
increment value. For instance, the computation time is calculated as 5.6 seconds for
the surge tank with a standpipe scenario which has 0.02 seconds time increment
value, even though the computation times of other scenarios are less than 1 second.
This increase in time occurred with decreasing time steps may not be considered as

a long time since it increases the accuracy of the calculation.
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Table 6.1 The run time data of the benchmark studies

Maximum ] Computer
) _ _ ] Time Step ]
Case Studies Simulation Time Run Time
(sec.)
(sec.) (sec.)
Single Pipe Scenario b
g_ P Y 4.3 0.1 0.11
Wylie & Streeter (1978)
Single Pipe Scenario b
JETIP Y 10 1 0.08
Wood et al. (2005)
Pipes Connected in Series
) 10 0.5 0.09
Scenario by Chaudhry (1979)
Pipes Connected in Series
Scenario by Wylie & Streeter 2.1 0.1 0.08
(1978)
Simple Surge Tank Scenario
1500 0.34 0.82
by Cofcof (2011)
Surge Tank with a Standpipe
_ 300 0.02 5.6
Scenario by Cofcof (2011)
Pump Failure Scenario by
_ 12 0.2 0.11
Wylie et al. (1993)

The computation times of the recently developed program are not mentioned in the
previous studies, so the comparison of run time for the programs is not provided in

this study.

6.2  Advantages and Limitations of the Program

This study includes different features and novelties that are not included in the
previous works. Table 6.2 can be used to compare the developed software with the

programs developed in the earlier studies by considering important features.
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Table 6.2 Comparison table for features

The Studies
Features Present Topraghghaleh
Ko¢ (2007) | Dalgi¢ (2017)
Study (2020)
Detection of the
_ Yes No No No
order of objects
Requirements of
No No Yes No
external program
Topography No Yes Yes No
Steady-State
) Yes Yes No No
Solution
Wave Speed and
Friction Factor Yes Yes Yes Yes
Calculator
Reynolds Number
Yes Yes No No
Calculator
Animation Chart Yes No Yes Yes
Solution for
Pressurized Yes Yes Yes Yes
Pipeline Systems
Solution for Pipes
Connected in Yes Yes Yes Yes
Series Systems
Solution for
Branching Pipeline No Yes Yes No
Systems
Solution for
Parallel Pipeline No Yes Yes No
Systems
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As an essential novelty, the developed program can detect the order of the objects in
the drawn hydraulic system. In other words, if users add a new component to any
location in the system or delete an element from the system, the program will sort
the system and provide a solution by considering the change in order. This feature,
which is not provided in Kog¢ (2007), Dalgi¢ (2017), and Topraghghaleh (2020),

makes the program more user-friendly.

Since the developed program has its drawing area and various useful graphics,
panels, table information input fields (data grid view), and text boxes, it can run
independently without external programs such as AutoCAD and MS Excel. This

feature, which is not provided in Dalgi¢ (2017), provides great convenience for users.

In the developed program, the steady-state solution of the system is also provided to
users. Suppose the friction factor values of pipes and initial discharge value are not
provided and required data are entered for a hydraulic system. In that case, the
program can calculate these values for the steady-state conditions. This feature was
not mentioned in the study of Dalgi¢ (2017) and Topraghghaleh (2020). In addition,
this program contains wave speed, friction factor, and Reynolds number calculator
windows. Some of these helpful windows are not provided in the recent studies, as

shown in Table 6.2.

The program is designed to display the simulation results as tables, graphs, and
animations. In the previous works, these simulation features are generally provided

to the user. But the animation chart is not provided in Kog (2007).

Compared to the previous studies, the topography of the hydraulic system is partially
provided to users. In the developed program, the base elevation and water level of
the reservoirs can be entered as inputs. In addition, useful text boxes are added to the

program to enter the elevation values of the junction.

The program can simulate the steady and transient flow for hydraulic systems, which

include a single pipe and pipes connected in series. However, it cannot provide a

158



solution for parallel pipes and branch connections. These shortcomings can be stated

as important limitations of the program to be added in the future.

The program can solve different transient flow scenarios containing various
boundary conditions for pipes connected in series systems. These boundary
conditions are upstream reservoir with constant or variable head, downstream
reservoir with constant head, a valve at the downstream or in-line, downstream dead
end, single centrifugal pump with or without a discharge valve, air chamber with
orifice, simple surge tank and surge tank with a standpipe. The previous studies
include more or fewer boundary conditions than the developed program. In order to
compare these programs according to their boundary conditions, the comparison
table shown in Table 6.3 can be observed.

Table 6.3 Comparison table for boundary conditions

The Studies
Boundary conditions Present | Ko¢ | Dalgi¢ | Topraghghaleh
Study | (2007) | (2017) (2020)
Upstream Reservoir Yes Yes Yes Yes
Downstream Reservoir Yes Yes Yes No
Downstream Valve Yes Yes Yes Yes
Valve In-line Yes Yes Yes No
Downstream Dead-end Yes Yes Yes Yes
Single Pump Yes Yes Yes Yes
Pumps Connected in Series or

Parallel No Yes Yes No
Air Chamber with Orifice Yes Yes Yes No
Air Chamber with a Standpipe No No Yes No
Simple Surge Tank Yes Yes Yes Yes
Surge Tank with a Standpipe Yes No Yes No
Turbine No No No No
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As shown in Table 6.3, the present study does not include air chamber with a
standpipe, pumps connected in series or parallel, and turbine boundary conditions.
In addition, other common boundary conditions, such as different types of valves,
air valves, and different types of protection devices, are not included in the developed

program.

In addition, there are several commercial computer programs to solve transient flow,
such as Bentley Hammer and Wanda Transient. These programs were developed in
very professional ways with great investments in a considerably long time. So, the
developed program may not be considered as an equal alternative to these
commercial programs at the current level. However, it is deemed that the present
study is the right step in the right direction to generate an accurate and affordable

local software handling fluid transient problems in pressurized pipe systems.

6.3 Recommendations

The disadvantages and limitations of the program are mentioned in the previous
section. As future objections, some important advice and improvements will be

mentioned in this section.

The developed program can simulate steady and transient flow in pressurized
pipeline systems. In future studies, solution methods for open channels can be added
to the program. In addition, the ability of the complex pressurized hydraulic systems
solution, such as pipe networks with branching connections or pipes connected in
parallel, can be provided. Also, in the design stage of the systems, if the hydraulic
system includes considerably more junctions, importing from AutoCAD option can

also be added to the program. This feature can provide a more user-friendly program.

In addition, minor losses between the pipes and entrance losses are also provided in
the present study. However, the verification of this feature is not provided in this

thesis. In future studies, this feature can be verified with proper benchmarks.
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In this stage, each elevation of the junction in the system can be entered as inputs
with textboxes in junction properties panels. But this feature is not used in the
calculations, and the verification of the program is not provided. For the hydraulic
systems which have pipes with slopes, some improvements should be added to the

program in the future.

The developed program used a quasi-steady friction model in the calculations. As an
addition, various unsteady friction models can be added into the program to present

more options in future works.

This program uses Sl units. In order to provide a more user-friendly program,

different units, such as U.S. Customary units, can be included in the program.

Lastly, additional boundary conditions, which are turbine, pumps connected in series
or parallel, and other protection devices, can be added with their calculation methods

to the program in future studies.
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CHAPTER 7

CONCLUSION

In this study, a computer code has been developed that can solve different transient
problems with various boundary conditions in pipe flows, as stated in its purpose. In
the software program, the widely preferred method of characteristics (MOC) was
used to analyze unsteady pipe flow. The applied solution and analysis process are
discussed in detail in the relevant sections. The equations and solutions of some
incorporated boundary conditions, which are commonly observed in transient flow
examples, are used in the program. These boundary conditions can be listed as
reservoir at the upstream with a constant head, reservoir at the upstream with variable
head, reservoir at the downstream with a constant head, valve at the downstream,
valve at an interior point, single pump, air chamber with orifice, simple surge tank,

and surge tank with the standpipe.

Efforts were made to develop the computer program in such a way that it can run on
any computer without requiring significant system requirements. In addition, this
program can run without the use of an additional external program or application.
Although it is designed as user-friendly software, a user's guide has been prepared
so that this program can be used easily and more efficiently.

In this developed program, the results of calculated analyses based on various
scenarios can be observed in graphical, tabular form or as graphical animation
according to the selected nodes and time. The verification of the software was
provided by comparing the results of some benchmark studies of the literature with

those calculated by the software developed in the present study.

The software was coded to provide that the runtime of the computer for an
investigated hydraulic system is as short as possible. However, it may increase due

to the complexity of the hydraulic systems, or the reduction of the time increment
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value in order to obtain more accurate results, or the system containing more

components.

Although many features have been added to the program, it is realized that there is
much room for further improvements in the future, and new additions can be applied
to the code of the program. In future works about the presented topic, new boundary
conditions may be added, such as different transient protection devices not included
in the program, components such as turbines, different valves and the calculation
methodology of more complex hydraulic pipeline systems such as pipe networks and
branching pipelines. In addition, an advanced topography logic that can be used in
calculations, importing from AutoCAD options for large-scale systems, different
friction models used in calculations, and U.S. Customary units as an extra option can

be added to the program in future studies.

Even though the program developed in the present study has many limitations
compared to the expensive commercial software programs developed abroad, it may
be considered as a right step in obtaining an ultimate domestic, cheap and user-

friendly alternative in the near future.
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APPENDICES

A. USER GUIDE

In this section, the use of the software will be explained step by step with the
simulation of a sample study for users. This study is an example of a pump failure
case (Wiggert, 1984). The instructions are listed as follows.
1. Open the software application.
2. The file tab appears in the opening interface of the program. Press the new
project button on this tab. On the window that appears on the screen, enter

the project's name, and select a location where you want to save the project.

Eﬂ' New Project

Project Name: Sample Project

Location: CA\Users\murat\OneDrive\Masalstl | Browse

Create Cancel

Figure A.1 New project dialog window

3. After creating the file of the project, go to the design tab. In this tab, there are
buttons where you can model your hydraulic system by drawing components

on the canvas area.

#» 5-Hammer

File Design Analysis Calculators View Help
‘ i .g : ‘I/-_‘-I » [
“ ﬁ D ® \_'|r.fl
Pipe Reservoir Valve Dead Pump Turbine  Junction Air Surge Select
End Chamber  Tank
Design Components

Figure A.2 The design component buttons

4. Draw your hydraulic system on canvas using the component buttons.
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Resepvoir 1 N N N N N N N Resepvoir 2

Pipe 1 Pipe 2

J1 1-2 J-3
Pumpp 1

Figure A.3 A sample system drawn in the program

In the sample study, there are two pipes, a pump, and two reservoirs, which are
located at the upstream and downstream ends of the system. Note that the appearance
of the canvas, such as color and grid type options, can be edited with the related

buttons located in the view tab.

5. Enter the properties of the reservoir and pipe components in the
corresponding properties panels. The properties panels are pop-up windows

that appear when an item is selected on the canvas area.

In this study, the water level elevation of the upstream reservoir was taken as a
datum. So, the elevation properties of the upstream reservoir must be inserted as
zero. The water height and the base elevation of the downstream reservoir are added

to the system in Figure A.4.

When users add a reservoir component to the system, the reservoir type is
automatically selected as “Upstream” in the reservoir properties panel. For this
reason, in the properties panel of the downstream reservoir, users must select the

reservoir type as “Downstream”.
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PiEesiiss ————————————

I4 4 Reservoir No: | 2 of 2

ID: 6
Name: Reservoir 2
Reservoir Type: Downstream w
Height (mj: 65
Ease Elevation (m): 0
Res. Loss Coef, 0
Sinus Wave: O
sin Period:
Ah (m):

Geometry Junction

X 350 MName: J-3

Y. 100 Elevation (m): 0
Description:

Figure A.4 Properties of the downstream reservoir

The properties of the second pipe can be entered as shown in Figure A.5. The first
pipe is used as a connection pipe with a one-meter length. The other data of the first

pipe can be entered as similar to the second pipe.

4 4 ripeNo: 2 of 2
1D: 4

Name: Pipe 2
Length (m): 2100
Diameter (m): 0.5
Area (m?): 0.196

Wave Speed (m/s): 1000
Friction Factor: 0.02
Reynolds Number: 0
Roughness (mm): 0

is Connection Pipe: (]

Geometry
Upstream Downstream
X1 -100 X2: 350
¥1: 100 \ P 100
Junction
Inlet:  J-2 Elevation; 0
QOutlet: 1-3 Elevation: 0
Description:

Figure A.5 Properties of the 2" pipe
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6. Click on the “Pump Settings” button in the design tab. Then, click the “Add
New” button to create a pump setting data set for the pump used in the
system. Enter the rated head, discharge, speed, and torque values. Next, select
a pump characteristics curve (Suter Curve) data. In the program, three
different pump characteristics curve data are defined. Instead of choosing
default pump characteristics curve data which already exist in the program,
user-defined curve data can be imported from an excel file. Then, enter a
name for this pump data set. After the whole data are entered or selected, and

the name is defined, click on the “OK” button to save the data set.

% PumpSettingsForm - O X
Turbo Pump
Pump Setting Rated Values -
Name: Pump Setting 1 v Add New Rated Head (m): |75 |
Delste Rated Discharge (m®/s): 0.25
Description: 9 : -
Rated Speed (rpm); |'HDD |
Rated Torque (M.m); [1947.21 |
Pump Curve Data
Curve Data: | User Defined ~ n |“'1|3C”'t from Excel Pump characteristic curves for User Defined
~ —— WHix) WBix)
WH(x) - Head WB(x) - Torque 20
% (rad) i . .
Curve Curve 15 F
O o5 086 10
00785 068 0.73 = A~
m 05 1 = . - . . B
0.1571 0.69 -0.59 ; B . . . . . . B
0.2356 0.67 -0.46 = oo . . . . . . . .
03142 0.63 035 g k7 A : L : ) P
0.3927 0.59 -0.24 10 4 /
0.4712 055 -0.13 -5 \\_/ E
0.5498 0.5 -0.05 20
0.6283 0.48 -0.01 0 ! 2 3 4 5 8
0.7069 0.47 0.07 . x (rad) v
< >
[cancel |

Figure A.6 Pump setting window

7. Enter the properties of the pump component into the pump properties panel
as shown in Figure A.7. Do not forget to select the name of the saved pump
setting in the pump setting selection box which is located in the properties

panel.
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Properties

Pump Mo |1 of 1 -
ID: T
Name: Pump 1
Pump Trip Time (sec: 3
WR? Value: 1653

Pump Loss Coefficient: 0

is Operating: [ ]
Pump Setting: Pump Setting
Rated Head (m): 75

Rated Discharge (m%s): 0.25
Rated Torque (N m): 1947.31
Rated R. Speed (rpm): 1100

Discharge Valve on Upstream: ]

Valve Diameter (m):

Walve Loss Coeff.:

Discharge Valve on Downstream: (]

Valve Diameter (m):

Valve Loss Coeff.:

Figure A.7 Properties of the pump component

8. Click on the initial conditions button located in the design tab. Then, enter
the maximum simulation time and time increment values. The time increment
value must be selected as equal to or smaller than the maximum allowable

time step value to satisfy the Courant condition, as shown in Figure A.8.

® Initial Conditions

@ Initial Discharge (m?®/s)
O Initial Velocity (m/s)

O CdAg

Calculation Time (5), Tmax

il

Time Step, At (s) 0525 '
Max. Allowable At (s) 2.1
| Ok | | Cancel |

Figure A.8 Initial conditions window and selected time options for the case
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It must be mentioned that if there is a valve, the closure data can be entered on the

valve closure settings window located in the design tab.

9. Next, go to the analysis tab and click on “Compute for Steady-State” button.

After the analyses are finished, the steady-state results of the system are

presented in a window as shown in Figure A.9.

E Steady State Results

65.087 m
—
72,372 m
- 0,087 m
EGL
. 65.000 m
0.000 m 0.000 m
HGL
Q = 0.2563 m’/s
—
Pipe 1 Pipe 2
J-1 L=1m J-2 L=2100m 12
El=0m DSOS W El=0m PS03 W El=0m
V =1.305 mfs V= 1.305 m/s

O X

Save as image

Figure A.9 The steady-state results window

10. In the next step, click on “Compute for Transient” button. After the transient

analyses are done, a message appears on the screen to inform the user, as

shown in Figure A.10.

Computed Succesfully

SUMMARY OF THE HYDRAULIC SYSTEM:
Reservair 1 --> J-1 --> Pipe 1 --> J-2 --> Pump 1 --> Pipe 2 -->

1-3 --> Reservair 2

TIME CRITERIA:

Maximum Time = &0 seconds
Time Step = 0,525 seconds
INITIAL VALUES:

Initial Discharge = 0,256 m®/s
Run time= 00:00:00.1079922

Figure A.10 The informative pop-up window
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In the analysis tab, tables, time charts, and animation charts buttons become enabled

after the computation process is finished.

11. Click on the “Tables” button located in the analysis tab to observe the results
in tabular form. First, select the tabular data type you want to observe in the
window that appears. Data can be observed as time-based, pipe-based, and
junction-based, as shown in Figure A.11. The “Show Table” button creates
tables according to the selected data type with a precision value chosen by
the user. The created tables can be exported to an excel file.

e
precision: 000 .

Time-Based Pipe-Based Junction-Based

Select a junction : | J-2 ~ Select side: Downstream ~ XE Export to Excel |

. Downstream | 1 72.29 0.26 131 70945
0.53 J-2 Downstream 1 72.29 0.26 131 709.45
1.05 J-2 Downstream 1 72.29 0.26 131 700,45
158 J-2 Downstream 1 72.29 0.26 131 709.45
210 J-2 Downstream 1 72.29 0.26 1.31 709.5
2.63 -2 Downstream 1 72.29 0.26 131 709.45
3.15 J-2 Downstream 1 72.29 0.26 131 709.45
3.68 J-2 Downstream 1 72.29 0.26 131 T09.45
420 J-2 Downstream 1 72.29 0.26 131 70945
473 J-2 Downstream 1 72.29 0.26 131 709.45
5.25 J-2 Downstream 1 26,75 017 0.86 262.54
5.78 J-2 Downstream 1 1145 014 071 112.34
6.30 J-2 Downstream 1 415 013 0.65 40.74
6.83 J-2 Downstream 1 0.64 0.12 061 6.31
7.35 J-2 Downstream 1 -1.2 0.12 0.61 -11.79
7.88 -2 Downstream 1 -2.04 0.12 0.6 -19.98
840 J-2 Downstream 1 -2.68 012 0.61 -26.3
893 J-2 Downstream 1 -3.05 012 0.61 -29.98
945 J-2 Downstream 1 456 -0.03 -0.15 44,75
9.95 J-2 Downstream 1 9.29 -0.08 -0.39 91.13
10.50 J-2 Downstream 1 11.86 -0.1 -0.48 116.36

Figure A.11 An example for the results of the case in the tables window

12. Click on the “Time Charts” button located in the analysis tab. Select the chart
type, and location for the case study. The location can be selected as a pipe

node or a junction. Then, click on the “Add Primary Chart” button.
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(1] . \
I== Time Chart — i Y

Max. Head Min. Head Max. Discharge l Min. Discharge
EAY ”I l LAY R I]I .
72.291m -3.055 m 0.26 m*/s -0.22 m%/s
l l“ Time: 2.1s Time: 8,925 l lII Time: 0s Time: 17.85s
[==" Head vs Time, Downstream side of J-2 === Discharge vs Time, Downstream side of J-2 |
80 : L 04
0 F I : : : i i 2 : et : 2l
3 i ~ ; : ; 103
60 | L e _ : _ ]
50 £ ‘ : : .,/ : : : : i i : 102 T
= 40 :\\_: E E
£ C i ! L 015
E 30 £ £ ':i oo . ?
T 4 x L ." 0.0 E
10 4 s a
E X oy - -0.1
. Gty
10 e \-—--s_'-' o F-0.2
20 % +—F t + 1 + + +—t—F—+— } : 03
0 10 20 30 40 50 60 70
Time (seconds)
Line 1 Thickness: 3 5| Line1Color: . Chart Color : [ Smooth || Chart type: Discharge vs Time
Line 2 Thickness: 3 % Line 2 Color: . Major Grid Minor Grid Please select the location :
Line 1Dash Style:  Dashed - Plot Valve Closure Variation Junction: J-2 -~ Data: out - o
X - é{ Clear Al Charts
Line 2 Dash Style:  Solid ~ || Valve Closure (s): l:l [ Pipe: Pipe 1 Node: 1

Figure A.12 An example for the results of the case in the time chart window

A different chart can be added to the drawn chart with a new y-axis by using “Add
Secondary Chart” button. In addition, the visual properties can be edited for the chart
and lines, as shown in Figure A.12. The color of the chart, the color of lines, the

thickness, and the dash style of the lines can be changed as desired by the user.

A list of options appears when the user clicks the right button of the mouse on any
area in the graphics area. This list includes useful options such as zooming, showing

point values, and saving the chart as a picture.

13. Click on the “Animation Charts” button located in the analysis tab. Then add
lines of the maximum envelope, minimum envelope, steady state hydraulic
grad line, and pipeline profiles as shown in Figure A.13. Next, press the play
button. Thus, head values that change depending on distance and time can be
observed with animation. The time increment speed can be changed as

desired.
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H Animation Chart

Maximum Head:
66.824 m
Head vs Distance
a0 |— Max Head Envelope  —— Steady-State HGL —— Min Head Envelope === Bipsline Profile —— Head vs Distance
60
50
E 40
= 30
3
I 20
10
0 S R B
-10
-20
0 500 1000 1500 2000 2500
Distance (m)

Figure A.13 Animation chart for the case study

In this window, users can observe the maximum and minimum head values on the
hydraulic system for each time value. In addition, the chart type can be changed by
the user. For example, users can observe the discharge values that vary depending

on distance and time with the animation.

14. Lastly, in order to keep the data, the project can be saved by the user. To save

the project, go to the file tab and click on the “Save” or “Save As” buttons.

177



