Contents

1 Introduction

1.1 Aimand Scope. . ......... .
1.2 Hydrostatic and Non-hydrostatic Free Surface Flows ... ... .. ..
1.3 Historical Background ............ ... ... ... ... ... .....
1.4 Non-hydrostatic Flows and Environmental Mechanics . ... ... ..
1.5 Methodology . ....... ..

References. .

2 Vertically Integrated Non-hydrostatic Free Surface Flow

Equations. .

2.1 Introduction . ......... ... ...
2.2 Vertically Integrated Equations in Continuum Mechanical

Description . . .. ..ot
2.2.1 Basic Conservation Laws ........................
2.2.2  Depth-Integrated Continuity Equation...............
2.2.3  Depth-Integrated Momentum Equations in Horizontal
Plane.. ... ... ... . . .
2.2.4  Non-hydrostatic Stresses in z-Direction and Vertical

Velocity Profile . .. .......... .. ... ... ... .. ... ...

2.3 Shallow Flow Approximation and Depth-Averaged

Equations . ....... ... ...
2.4  Simplified Forms of Non-hydrostatic Extended

Flow Equations. . . ....... ... ... . i

24.1
24.2

243
244
245
24.6

RANS Model for River Flow . ....................
One-Dimensional Water Waves Over Horizontal

Topography. . ... .
Turbulent Uniform Flow on Steep Terrain ...........
Flows Over Curved Beds . .......................
Enhanced Gravity . ............. ... ... ... ... ....
Non-hydrostatic Model Including Friction Effects. . . . ..

xi



xii

3

Contents

2.5 Sediment Transport and Movable Beds . ................... 45
2.5.1 Introduction. ............ ... ... 45
2.5.2  Non-hydrostatic Unsteady Free Surface Flow
with Bed-Load Sediment Transport. . ............... 49
2.6 Numerical Methods for Boussinesq-Type Models. . . .......... 57
2.6.1 Unsteady Flow Simulations. . ..................... 57
2.6.2  Steady Flow Simulations. . ....................... 65
2.7  Higher-Order Equations ... ....... ... ... ... ... ... ...... 66
2.7.1  Fawer-Type Equations. . ......................... 66
2.7.2 Moment Equations ............... .. ... ... ...... 70
References. . .. ... .. . 73
Inviscid Channel Flows. .. .......... .. ... ... ... ... ........ 81
3.1 Introduction . ............ ... ... 84
3.2 Potential Flow Theory .......... ... .. ... ... ... ....... 90
32.1 Fundamentals ............. .. ... ... ... ... .... 90
3.2.2  Conservation Laws . ...... ... .. ... ... .. ...... 92
323 Flow Net. . ... 98
33  Picard Iteration. .. .......... ... . ... .. ... 100
3.3.1  General Aspects of Iterative Solutions. . ............. 100
3.3.2  Second-Order Velocity Field...................... 100
3.3.3  Third-Order Velocity Field ....................... 106
3.4  Approximate Treatment of Flow Net Geometry . ............. 108
341 Velocity Profile. .. ...... .. .. ... .. .. L. 108
34.2 Extended Equations. ............................ 110
3.5  Curvilinear Coordinates: Dressler’s Theory ................. 118
3.5.1 Governing Equations for Potential Flow ............. 118
3.5.2  Picard Iteration in Curvilinear Coordinates . .......... 119
353 Dressler’s Theory .......... ... ... ... .. .. .... 122
3.5.4  Second-Order Dressler-Type Model. . ............... 127
3.6  Critical Flow Conditions in Curved Streamline Flows . ........ 129
3.6.1  Critical Irrotational Flows . .. ..................... 129
3.6.2  Minimum Specific Energy........................ 133
3.6.3 Maximum Discharge . ..................... ... ... 143
3.7 2D Solution of Irrotational Flows: The x-iy Method. .......... 146
3.7.1  Semi-inverse Mapping. . .. .............. ... ... 146
3.7.2  Boundary Conditions at Up- and Downstream
SECHONS. « ot 149
3.7.3  Free Surface Profile and Energy Head............... 149
3.74 Solution of Laplacian Field. ... ................ ... 150
3.7.5 Determination of Velocity and Pressure
Distributions . . ............. .. 152
38 FreeOverfall ....... ... .. .. . . . 153
3.8.1 Picard Iteration . ............ .. ... ... ... .. ...... 153

3.8.2  Curvilinear Flow at the Brink Section. .............. 168



Contents

4

xiii

3.8.3 Moment of Momentum Method ... ................ 177

3.8.4 Two-Dimensional Solution . ...................... 184

385 Flow Net. ... ... ... .. .. . .. . . . 193

3.9  Transition from Mild to Steep Slopes. . .................... 195
39.1 Picard Iteration . ............................... 195

3.9.2 Two-Dimensional Solution . ...................... 206

393 Flow Net. ... ... 210

3.10 Flow Over Round-Crested Weirs . .. ...................... 212
3.10.1 Picard Iteration . ............................... 212

3.10.2 Dressler’s Theory ................oiuiiiie..... 214
3.10.3 Two-Dimensional Solution . ...................... 216
3.104 Flow Nets . .. ... 221

3.11 Sharp-Crested Weir. . . ....... ... ... .. ... .. .. .. .... 226
3.11.1 Critical Flow . ....... ... ... ... . . ... .. .......... 226

3.11.2 Profile of High Dams ........................... 234

3.12 Critical Flow Over Weir Profiles . ........................ 239
3.12.1 Jaeger’s Theory............... oo .. 239
3122 Fawer’sTheory......... ... ... . ... ... ... ... .... 247

3.13 Standard Sluice Gate . .................. ... . . . ... ... ... 254
3.13.1 FreelJetFlow............ ... ... ... ............. 254

3.13.2 Approach Flow .. ....... .. .. ... ... ... ... .... 258

3.13.3 Gate Pressure Distribution. . ...................... 259
3.13.4 Bottom Pressure Distribution. . .. .................. 261

3.14 Vorticity Effects . . . ... .. .. 264
3.14.1 Vorticity Equation for Streamline . ................. 264

3.142 Velocity Profile.. . .............................. 268
3.143 FreeOverfall . ...... ... ... .. ... .. ... ........ 271

3,15 Water Waves . ... ... 275
3.15.1 Irrotational Water Waves. . . ...................... 275

3.15.2 Serre-Green—Naghdi Equations. . .................. 277

3.15.3 Small-Amplitude Waves .. ....................... 282

3.15.4 Cnoidal and Solitary Waves . ..................... 291
3.15.5 Dam Break Wave .............................. 303
References. . . ... . . . e 309
Seepage Flows . . .. ........ ... ... . . . . ... 317
4.1 Introduction .............. .. ... ... 319
42 Picard Iteration. . ............ ... . . ... ... 324
4.2.1  Generalized Water Table Equation ................. 324

422 Particular Cases. ... .............. ... 326

4.3  Dupuit-Fawer Equations. . . . ......... ... ... .. ... .. ...... 327
4.3.1 Generalized Water Table Equation ................. 327

432 Particular Cases. .. ............ . ... 330



Xiv

5

Contents

4.4 Polubarinova-Kochina’s Rectangular Dam Seepage Problem . . . .
44.1 Picard Iteration . .......... ... ... ... .. ... .. . ....
4.4.2  Validity of the Dupuit-Forchheimer Theory . .........
443  Shallow Flow Approximation . ....................
4.4.4  Validity of Jaeger’s Theory.......................
4.4.5 Dupuit-Fawer Equations . . . . .....................
4.5 Flow Through Trapezoidal Dam. .........................
4.6  Drainage of Recharge. . ... ... ... ... ... ... .. .. ... ...
4.6.1 Horizontal Aquifer. . ... .........................
4.6.2 Sloping Aquifer. ............. ... ... .. ... ...
463 Curved Aquifer........... ... ... ... ... .. .. .....
4.7  Flow Over Planar Bedrock with Slope Discontinuity . .........
4.8 Bank Storage Problem . ....... ... ... ... ... .. oL
4.8.1 Picard’s Iteration for Anisotropic Porous Media . . . . ...
4.8.2  Analytical Solution and Numerical Method. . ... ... ...
4.8.3  Validity of Second-Order Solutions. . ...............
References. .. ... ..
Viscous Channel Flows . . . ........ ... ... ... ... ... ..... ...

5.1
52

53

54
5.5

5.6

Introduction ... ... .. ... ...
Boundary Layer Approximation . .........................
5.2.1  Scale Effects of Round-Crested Weir Flow . ... .......
5.2.2  Developing Flow on Steep Slopes. . ................
Undular Hydraulic Jump. .. ....... ... .. .. .. .. ... ...
5.3.1 Introduction. .............. ... ... ...,
5.3.2  Depth-Averaged RANS Equations. . ................
533 Serre’s Theory......... ... ... . . . ..
5.34 Boundary Layer Model . .. .......................
5.3.5 Simulations: Plane Undular Jump . .................
5.3.6  Simulations: Spatial Undular Jump . ................
Undular Weir Flow. . . ... .. .. ... . . . . . . ...
HydraulicJump ........ ... ... .. ... .. . ...
5.5.1 Submerged Hydraulic Jump. . .....................
5.5.2 Classical Hydraulic Jump ........................
Boussinesq’s Original Theory for Non-hydrostatic Turbulent
Open-Channel Flows . ........ ... ... ... ... . ... ... .....
5.6.1 Introduction.............. ... .. .. .. ... ...
5.6.2 Equationsof Motion . ...........................
5.6.3  Turbulent Velocity Profile. .. .....................
5.6.4 Differential Equation Describing Water Surface

Profiles .. ...... ... ...
5.6.5 Linearized Equation Valid for Water Depths Close

tothe Normal Depth .. ..........................
5.6.6  Classification of Free Surface Profiles. . .............
5.6.7 Boussinesq and the Solitary Wave .................



Contents XV
5.7 Spatially Varied Flows . .. ............ ... ... ... ... ...... 513
5.7.1  Hydrodynamic Equations. . . ...................... 513
572 Side-WeirFlow. ...... ... ... ... ... . ... ... ..... 517
573 Bottom Outlet Flow. ... ......................... 520
5.74 Side-Channel Flows. . ........ .. ... ... ... ... ... 524
5.7.5  Test Case: Flow Over Bottom Rack. . ............ ... 524
5.8  Compound Channel Flows . .. ............ ... .. .......... 528
5.8.1 Introduction to Gradually Varied Flow . ............. 528
5.8.2 Extended Serre Theory .............. ... ........ 531
5.9 Sand Solitary Wave . ........... .. ... . 535
5.9.1 Existence of Sand Solitary Waves. . ................ 535
5.9.2 Governing Equations. . ............ .. ... ... .. .... 536
5.9.3 Analytical Solution . . ........ ... ... ... .. .. ... 539
5.10 Dike Breaches ........... ... ... . ... ... 544
5.10.1 Extended Serre Theory . ......................... 544
5.10.2 Experimental Investigation . ...................... 551
References. . .. ... .. . 553
6 Granular Flows. . ..... ... ... .. ... ... ... .. ... .. 563
6.1 Introduction ............ ... . ... ... 564
6.2  Mixture Flow Equations. .. ............ ... ... ... ....... 567
6.3  Depth-averaged Equations for Dry Granular Flows ........... 568
6.3.1 1D Savage—Hutter Theory Down an Inclined Plane .... 568
6.3.2  Effect of Bed-Normal Velocity . ................... 571
6.4  Simplified Solutions . . . ......... ... ... ... 573
6.4.1 Pseudo-uniform Flow Conditions . ................. 573
6.4.2  Granular Solitary Wave. . ........................ 574
6.4.3 Granular Free Overfall. . . . ....................... 577
6.5 1D Hutter—Serre Enhanced Equations Down
an Inclined Plane . ........ ... ... ... .. ... .. . ... ... 579
References. . .. ... .. 580
7 Concluding Remarks. . ... ........... ... ... ... ... ... ...... 585
References. . .. ... 587
Appendix A: Pressure Distribution in Flows Over Curved Bed . . . . .. .. 589
Appendix B: Second Picard Iteration Cycle in Cartesian
Coordinates. . .. ....... ... ... ... ... 593
Appendix C: Picard Iteration in Curvilinear Coordinates ............ 599
Appendix D: Derivation of the Laplace Equation
for the x-y Transformation. ... ...................... 607

Appendix E: Plane Open-Channel Flow Using Flow Net-Based

Coordinates. . . ............. .. . . 613



XVi Contents

Appendix F: Specific Energy for Flow Over Curved Bottoms ......... 621
Appendix G: Viscous Boussinesq-type equations . . .. ................ 631
Appendix H: Non-hydrostatic Gradually Varied Flow
on Steep Slopes .. .......... ... .. ... . ... 639
Appendix I: Derivation of Vertically Integrated Equations
for Non-hydrostatic Mixture Flows ... ................. 653
Appendix J: Layer-Integrated Equations for Mixture Flows .......... 669
Author Index ... ...... ... ... ... .. 681

Subject Index . .. ... ... .. . ... 689



2 Springer
http://www.springer.com/978-3-319-47969-9

Mon-Hydrostatic Free Surface Flows
Castro-Orgaz, O.; HAGER, W.H.

2017, ¥V, 698 p. 230 illus,, 17 illus. in color., Hardcowver
ISBN: 978-3-319-47969-9



	Contents



