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Abstract 
 

Existence of gravel bars and sand dunes in river streams results in exchange of flow across 

the interface of stream flow and porous medium known as hyporheic flow. This type of 

flow conveys solutes and nutrients to the riprapian organisms living in the hyporheic zone, 

and in case of river contamination they can be the main mechanism of contaminating the 

habitat of aquatic organisms. Therefore, it is critical to understand the mechanics of 

hyporheic flows induced by bed forms, and develop methods and tools for estimating their 

characteristics. This thesis is intended as a contribution to these ends. 

In this study, the main effort has been made to develop a 3-D fully coupled 

numerical model capable of simulating the hyporheic flows both in turbulent and laminar 

flow regimes, while treating the interface between streamflow and porous medium as a 

permeable wall. The work involves an extensive series of numerical simulations conducted 

for different ranges of bed form geometry, permeability of porous materials and depth of 

alluvium, which are the key parameters controlling the characteristics of hyporheic flows. 

Predictive equations are developed for estimating the discharge, average velocity and 

average residence time in the hyporheic zones induced by a single gravel bar, a sequence 

of bars, and a sequence of dunes.  

It is found that by applying a combination of Wall and Cyclic boundary conditions 

on the interface between streamflow and porous medium, the effects of the permeable wall 

on both surface and hyporheic flow fields is simulated very well. Comparison between the 

simulated data and their predicted counterparts by the empirical equations for the hyporheic 

flows induced by a single gravel bar revealed that in more than 80% of the cases, the error 

is within 10% error range. Due to the more complex nature of the hyporheic flows induced 
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by a sequence of gravel bars and sand dunes the accuracy of the developed predictive 

equations is less than the ones developed for hyporheic flows induced by a single gravel 

bar. However, the equations are still very good in estimating the characteristics of 

hyporheic flows. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

Co-Authorship 

This thesis is written in manuscript format. Dr. Ana Maria A.F. da Silva contributed to 

initiating and conceiving the research program, designing the methodology and guiding the 

interpretation of the results. She also provided editorial feedback in the writing of the 

manuscripts provided in the thesis. She is a co-author of all the manuscripts resulting from 

this thesis. Chapters 3, 4, 5 and 6 were written as independent manuscripts, as follows:  

Seyed Mirzaei, S. H. and da Silva, A. M. F., A 3D fully coupled numerical model turbulent 

free surface and hyporheic flows induced by a gravel bar.  

Seyed Mirzaei, S. H. and da Silva, A. M. F., New empirical equations for the determination 

of turbulent hyporheic flow induced by a single gravel bar 

Seyed Mirzaei, S. H. and da Silva, A. M. F., New empirical equations for the determination 

of turbulent hyporheic flow induced by a sequence of gravel bars 

Seyed Mirzaei, S. H. and da Silva, A. M. F., New empirical equations for the determination 

of hyporheic flow induced by a sequence of sand dunes 

 

 

 

 

 

 



iv 
 

Table of Contents 

Abstract ................................................................................................................................ i 

Co-Authorship.................................................................................................................... iii 

List of Tables ................................................................................................................... viii 

List of Figures ..................................................................................................................... x 

List of Abbreviations .................................................................................................... xxvii 

List of Symbols ............................................................................................................ xxviii 

Chapter 1: Introduction 

1.1 Motivation and purpose of research .......................................................................... 1 

1.2 Specific objectives .................................................................................................... 5 

1.3 Layout of thesis ......................................................................................................... 5 

References ....................................................................................................................... 8 

Chapter 2: Literature review 

2.1 Introduction ............................................................................................................. 13 

2.1 Hyporheic flow induced by dunes .......................................................................... 13 

2.2 Hyporheic flow induced by bars ............................................................................. 48 

2.2 Conclusions ............................................................................................................. 64 

References ..................................................................................................................... 66 

Chapter 3: A 3D fully coupled numerical model for turbulent free surface and 

hyporheic flows induced by a gravel bar 

3.1 Introduction ............................................................................................................. 69 



v 
 

3.2 Flow governing equations ....................................................................................... 71 

3.4 Modeling framework .............................................................................................. 74 

3.4.1 Surface flow simulation ................................................................................... 74 

3.4.2 Hyporheic flow simulation .............................................................................. 76 

3.5 Description of test cases.......................................................................................... 77 

3.6 Model Set up ........................................................................................................... 80 

3.6.1 Computational domain and boundary conditions ............................................ 80 

3.6.2 Selection of permeable wall type ..................................................................... 84 

3.6.3 Grid size tests ................................................................................................... 87 

3.7 Results ..................................................................................................................... 89 

3.8 Conclusions ............................................................................................................. 96 

References ..................................................................................................................... 98 

Chapter 4: New empirical equations for the determination of turbulent hyporheic 

flow induced by a single gravel bar 

4.1 Introduction ........................................................................................................... 104 

4.2 Dimensional considerations .................................................................................. 106 

4.3 Description of numerical tests .............................................................................. 108 

4.4 Results ................................................................................................................... 111 

4.4.1 Results of numerical tests .............................................................................. 112 

4.4.2 Predictive equations ....................................................................................... 121 

4.4.3 Predictive equations based on ∆/h parameter ................................................ 137 

4.5 Conclusions ........................................................................................................... 150 

References ................................................................................................................... 152 



vi 
 

Chapter 5: New empirical equations for the determination of turbulent hyporheic 

flow induced by a sequence of gravel bars 

5.1 Introduction ........................................................................................................... 156 

5.2 Description of numerical tests .............................................................................. 159 

5.3 Results ................................................................................................................... 162 

5.3.1 Results of numerical tests .............................................................................. 163 

5.3.2 Predictive equations ....................................................................................... 169 

5.3.3 Predictive equations based on ∆/h parameter ................................................ 183 

5.4 Conclusions ........................................................................................................... 196 

References ................................................................................................................... 197 

Chapter 6: New empirical equations for the determination of hyporheic flow induced 

by a sequence of sand dunes 

6.1 Introduction ........................................................................................................... 199 

6.2 Description of numerical tests .............................................................................. 201 

6.3 Results ................................................................................................................... 203 

6.3.1 Results of numerical tests .............................................................................. 203 

6.3.2 Predictive equations ....................................................................................... 210 

6.4 Conclusions ........................................................................................................... 225 

References ................................................................................................................... 227 

Chapter 7: Conclusions and recommendations for future research 

7.1 Conclusions ........................................................................................................... 231 

7.2 Recommendations for future research .................................................................. 238 

Appendix A: Supplemental figures for Chapter 3 ........................................................... 239 



vii 
 

Appendix B: Table of details of numerical tests for Chapter 4 ....................................... 246 

Appendix C: Supplemental figures for Chapter 4 ........................................................... 254 

Appendix D: Table of results of numerical tests for Chapter 4 ...................................... 258 

Appendix E: Plots of simulated values of dependent variables versus independent variables 

for Chapter 4 ................................................................................................................... 266 

Appendix F: Table of details of generated dataset for developing predictive equations based 

on ∆/h for Chapter 4 ........................................................................................................ 279 

Appendix G: Table of details of numerical tests for Chapter 5 ...................................... 297 

Appendix H: Supplemental figures for Chapter 5 ........................................................... 305 

Appendix I: Table of results of numerical tests for Chapter 5 ........................................ 309 

Appendix J: Plots of simulated values of dependent variables versus independent variables 

for Chapter 5 ................................................................................................................... 317 

Appendix K: Table of details of generated dataset for developing predictive equations 

based on ∆/h for Chapter 5 .............................................................................................. 330 

Appendix L: Table of details of numerical tests for Chapter 6 ....................................... 348 

Appendix M: Supplemental figures for Chapter 6 .......................................................... 356 

Appendix N: Table of results of numerical tests for Chapter 6 ...................................... 360 

Appendix O: Plots of simulated values of dependent variables versus independent variables 

for Chapter 6 ................................................................................................................... 368 

 

 



viii 
 

List of Tables 
 

Table 2.1: Observed and numerically simulated velocity values for three different 

trajectories. ........................................................................................................................ 15 

Table 2.2: Summary of conditions in the experiments by Elliot and Brooks (1997a). .... 17 

Table 2.3: Conditions in the experiments by Salehin et al., (2004). ................................ 23 

Table 2.4: Conditions in the flume experiments by Packman et al. (2004). .................... 27 

Table 2.5: Summary table of base case inputs and ranges for parameters varied in the 

sensitivity analysis by Hester et al. (2013). ...................................................................... 34 

Table 2.6: Hydraulic and pool-riffle characteristics of the experiments. ......................... 50 

Table 2.7: Range of stream flow characteristics of the CFD scenarios. .......................... 53 

Table 2.8: Stream flow characteristics of the CFD scenarios used in Fig. 2.30. ............. 54 

Table 2.9: Coefficients of the derived empirical equations and corresponding significance, 

confidence intervals for mean hyporheic depth (dH), median residence time (T) and 

exchange flux (vhz) (from Huang and Chui, 2018). .......................................................... 62 

Table 2.10: Summary of undertaken studies on hyporheic flows induced by bed forms 65 

Table 3.1: Hydraulic characteristics of the experiments. ................................................. 79 

Table 3.2: Number of nodes in different grid types and the approximate time of simulation.

........................................................................................................................................... 88 

Table 4.1: Summary of numerical simulations .............................................................. 110 

Table 4.2: Summary of the range of variations of parameters used for generating a dataset

......................................................................................................................................... 137 

Table 5.1: Detail of numerical simulations. ................................................................... 161 

Table 5.2: Summary of the range of variations of parameters used for generating a dataset

......................................................................................................................................... 183 

Table 6.1: Detail of numerical simulations. ................................................................... 203 

 

Table B.1: Details of numerical tests for Chapter 4 ....................................................... 247 

  

Table D.1: Results of numerical tests for Chapter 4 ...................................................... 259 

 

Table F.1: Details of generated dataset for developing predictive equations based on ∆/h

......................................................................................................................................... 280 

 



ix 
 

Table G.1: Details of numerical tests for Chapter 5 ...................................................... 298 

 

Table I.1: Results of numerical tests for Chapter 5 ....................................................... 310 

 

Table K.1: Details of generated dataset for developing predictive equations based on ∆/h

......................................................................................................................................... 331 

 

Table L.1: Details of numerical tests for Chapter 6 ....................................................... 349 

 

Table N.1: Results of numerical tests for Chapter 6 ...................................................... 361 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 



x 
 

 

List of Figures 
 

Fig. 1.1: hyporheic flows induced by a sequence of bars (top) and a sequence of dunes 

(bottom)............................................................................................................................... 2 

 

Fig. 2.1: Observed flow patterns above and within the sand bed ..................................... 14 

Fig. 2.2: Comparison of simulated and experimental dye trajectories for ....................... 15 

Fig. 2.3: Dye fronts for representative runs (from Elliot and Brooks, 1997a). The 

downstream half of the flume is shown in each case; the half way across each diagram 

corresponds to a vertical support strut on the flume. (a) Stationary triangular bed forms 

(Run 14) at 1, 2, 4.3, 9, 24, 51 and 100 hours (dashed line), 7 days (double dashed line) 

and 11 days (triple dashed line); (b) stationary natural bed forms, fine sand (Run 17) at 5, 

23, 49, and 101 hours (dashed line), 67 hours (double-dashed line), 240 hour (triple–dashed 

line), 336 hours (quadruple-dashed line); (c) slowly moving bed forms (Run 18) at 0.5 hour 

(heavy full line), 5 hours (dashed line), 22 hours (double-dashed line) and 81 hours (triple-

dashed line); and (d) rapidly moving bed form (Run 19) at 0 .25, 0.752, 2, 9, 20 and 45 

hours (dot-dashed line) and 114 hours (dashed line). ....................................................... 19 

Fig. 2.4: Simulated interfacial water flux through the eight bed forms ........................... 23 

Fig. 2.5: Simulated hyporheic flow paths in experiment 5 considering (a) an equivalent 

homogeneous bed and (b) the actual heterogeneous bed structure. These flow paths are 

equivalent to streamlines and were found by numerical particle tracking for a period of t = 

70 hours (from Salehin et al., 2004). ................................................................................ 25 

Fig. 2.6: Observed dye fronts and the corresponding simulated solute penetration fronts for 

experiment 8 (from Salehin et al., 2004). ......................................................................... 26 

Fig. 2.7: Average residence time distribution functions (from Salehin et al., 2004). ...... 27 

Fig. 2.8: Effect of stream velocity on hyporheic exchange with flat gravel beds. Upper 

panel presents results for a stream depth h =11.4 cm (±0.1 cm), and lower panel for h = 

20.3 cm (±0.2 cm) (from Packman et al., 2004; d = h). ................................................... 29 

Fig. 2.9: Effect of stream velocity on hyporheic exchange with gravel beds with bed forms. 

Upper panel presents results for the larger size class of bed forms used in the experiments, 

and lower panel presents results for the smaller bed forms (from Packman et al. 2004). 29 



xi 
 

Fig. 2.10: Porous media flow in the sediments with a few selected streamlines ............. 31 

Fig. 2.11: Results from the simulations by Cardenas and Wilson, 2007 (L and H in this 

figure imply Λ and ∆, respectively). (a) dimensionless interfacial exchange zone depth 

(dz/Λ) as a function of Re; (b) simulated dz/Λ for turbulent flow over different dune 

steepness, and dimensionless area of the IEZ (Az/Λ 2) for the case where H/Λ = 0.05 (gray-

filled triangles); (c) dimensionless interfacial fluxes (���� ∗) corresponding to the same 

cases in (b), and the dimensionless residence times ( *
rt ) for ∆/Λ = 0.05 (gray-filled 

triangles). .......................................................................................................................... 32 

Fig. 2.12: Two-dimensional groundwater flow and transport model domain (from Hester 

et al., 2013). ...................................................................................................................... 34 

Fig. 2.13: Total mixing flux and mixing depth versus (a) K; (b) lower boundary 

groundwater (Darcy) flux; and (c) horizontal:vertical anisotropy; and (d) Total mixing flux 

versus transverse dispersivity. Mixing flux is given as a percent of total tracer flux entering 

from lower boundary (i.e., upwelling from deeper groundwater) (from Hester et al., 2013).

........................................................................................................................................... 36 

Fig. 2.14: Hydraulic heads, particle traces, and tracer concentrations throughout dune for 

the homogeneous model varying (a) hydraulic conductivity (K), (b) lower boundary 

groundwater flux (q), (c) anisotropy (A), and (d) transverse dispersivity (αT) (from Hester 

et al., 2013). ...................................................................................................................... 37 

Fig. 2.15: Conceptual illustration of flow patterns and model notation under (a) neutral 

conditions, (b) losing conditions, and (c) gaining conditions (from Fox et al., 2014). .... 38 

Fig. 2.16: Illustration of the numerical modeling methodology and meshes and typical 

simulated flow field; dw, H and dz represent the water depth, the dune height and the 

hyporheic depth, respectively (from Chen et al., 2015). .................................................. 39 

Fig. 2.17: Comparison of longitudinal flow velocities ux in experimental Run T3 of 

Maddux et al. (2003a) and simulated velocity profiles. ................................................... 40 

Fig. 2.18: Flow and pressure fields for 2-D/3-D simulations with similar Reynolds 

numbers. Arrows illustrated in the sediment show the flow directions but not the 

magnitudes; black lines delineate the hyporheic zone (from Chen et al., 2015). ............. 41 

Fig. 2.19: (a) Dimensionless hyporheic fluxes as a function of Reynolds number (Re) for 

3-D/2-D cases; the ratios of the fluxes (3-D/2-D) are shown by the gray curve with 



xii 
 

corresponding secondary y axis. Black curves in Fig. 2.26a are fitted power models with 

R2 > 0.999. (b) is dimensionless hyporheic zone volume (V/AsL), and (d) the simulated 

dimensionless depth dz/L; As is the area of the sediment-water interface (SWI). Presented 

in Fig. 2.19c are the dimensionless residence times for 3-D/2-D cases with fitted inverse 

power law curves (R2 > 0.999); the ratios of the residence times (3-D/2-D) are shown by 

the gray curve with corresponding secondary y axis (from Chen et al., 2015). ............... 43 

Fig. 2.20: Two-dimensional flume model (from Ren et al., 2019). ................................. 44 

Fig. 2.21: Distribution of concentrations (from Ren et al., 2019). ................................... 45 

Fig. 2.22: Distribution of the pressure field (from Ren et al., 2019; u in this figure implies 

υ). ...................................................................................................................................... 45 

Fig. 2.23: Distribution of concentrations (from Ren et al., 2019; H in this figure stands for 

flow depth h). .................................................................................................................... 46 

Fig. 2.24: Distribution of pressure field (from Ren et al., 2019; H in this figure stands for 

flow depth h). .................................................................................................................... 47 

Fig. 2.25: Distribution of concentrations (from Ren et al., 2019; h in this figure stands for 

bed form height ∆). ........................................................................................................... 47 

Fig. 2.26: Distribution of the pressure field (from Ren et al., 2019; h in this figure stands 

for bed form height ∆). ...................................................................................................... 48 

Fig. 2.27: Distribution of concentrations (from Ren et al., 2019). ................................... 49 

Fig. 2.28: Distribution of the pressure field (from Ren et al., 2019). ............................... 49 

Fig. 2.29: Average effective depth of fluorescein penetration per unit water surface area 

(Me) for large- to small amplitude bed forms grouped by given values of discharge and 

slope (from Tonina et al., 2007). ...................................................................................... 52 

Fig. 2.30: Fitted exponential curves for the relationship between qbot and QHZ/Qsurf for 

high and low Re scenarios of runs presented in Table 2.8 (from Trauth et al., 2013). .... 55 

Fig. 2.31: Hyporheic exchange flow as a function of maximum pool-riffle amplitude height 

(∆) under constant stream discharge of Qsurf=12.0 m3/s. All QHZ values are normalized to 

QHZ of the scenario with a maximum amplitude height of ∆=0.1 m................................. 56 

Fig. 2.32: Artificial pool-riffle shapes (a) type 1; (b) type 2 (from Lee et al., 2014). ..... 56 

Fig. 2.33: Computational domain for type 1 pool-riffle sequence (from Lee et al., 2014).

........................................................................................................................................... 57 



xiii 
 

Fig. 2.34: Flux at the bed boundary and streamlines of groundwater and surface water for 

type 1 pool-riffle system (from Lee et al., 2014). ............................................................. 58 

Fig. 2.35: Flux at the bed boundary and streamlines of groundwater and surface water for 

type 1 pool-riffle system (from Lee et al., 2014). ............................................................. 58 

Fig. 2.36: Calibration using 80% of the data from Trauth et al. (2013). The graphs show 

comparisons of the original values of (a) mean hyporheic depth (dH), (b) median residence 

time (T), and (c) exchange flux (vhz) with those predicted by the empirical equations. APB 

refers to the average percent bias. The percent bias was calculated as follows: (predicted 

value – original value)/original value × 100% (from Huang and Chui, 2018; T = tr). ..... 63 

Fig. 2. 37: Validation using the data from Trauth et al. (2013), Tonina (2005), Tonina and 

Buffington (2011), and Storey et al. (2003) datasets. The graphs compare the original 

values of (a) mean hyporheic depth (dH ), (b) median residence time (T), and (c) exchange 

flux (vhz) with those predicted by the empirical equations. Empirical equations refer to those 

proposed by this study unless specified otherwise in the legends. APB refers to the average 

percent bias. The percentage bias was calculated as follows: (predicted value − original 

value)/original value × 100%. Both the solid and hollow triangles are from Tonina (2005) 

and Tonina and Buffington (2011), but correspond to different bed form amplitudes. The 

hollow triangles correspond to amplitudes of 0.12, 0.09, and 0.06 m, whereas the solid 

triangles correspond to an amplitude of 0.036 m. (from Huang and Chui, 2018; T = tr). 63 

 

Fig. 3.1: Schematic of the flume showing the gravel bar. Not in scale. ........................... 79 

Fig. 3.2: Schematic representation of hyporheic flow. ..................................................... 80 

Fig. 3.3: The computational grid (overall view; bar length = 1.6 m; VE: 1:22). ............. 81 

Fig. 3.4: The computational grid along the porous medium (bar length = 1.6 m; VE: 1:22).

........................................................................................................................................... 81 

Fig. 3.5: Plot of numerical and experimental free surface, vertical surface water velocity 

profiles and hyporheic flow paths for h = 18 cm (Λ = 1.6 m) when Wall boundary condition 

is defined for the permeable wall (numbers on hyporheic streamlines represent the 

hyporheic velocities in cm/s). ........................................................................................... 86 

Fig. 3.6: Plot of numerical and experimental free surface, vertical surface water velocity 

profiles and hyporheic flow paths for h = 18 cm (Λ = 1.6 m) when Cyclic boundary 



xiv 
 

condition is defined for the permeable wall (numbers on hyporheic streamlines represent 

the hyporheic velocities in cm/s). ..................................................................................... 86 

Fig. 3.7: Schematic representation of boundary condition applied at the interface between 

streamflow and porous medium. ....................................................................................... 87 

Fig. 3.8: Numerical free surface, vertical velocity profiles and hyporheic flow paths along 

the ...................................................................................................................................... 88 

Fig. 3.9: Plot of numerical and experimental free surface, vertical surface water velocity 

profiles and hyporheic flow paths for Λ = 1.6 m and h = 12 cm (numbers on hyporheic 

streamlines represent the hyporheic velocities in cm/s). .................................................. 91 

Fig. 3.10: Plot of numerical and experimental free surface, vertical surface water velocity 

profiles and hyporheic flow paths for Λ = 1.6 m and h = 15 cm (numbers on hyporheic 

streamlines represent the hyporheic velocities in cm/s). .................................................. 92 

Fig. 3.11: Plot of numerical and experimental free surface, vertical surface water velocity 

profiles and hyporheic flow paths for Λ = 1.6 m and h = 18 cm (numbers on hyporheic 

streamlines represent the hyporheic velocities in cm/s). .................................................. 93 

Fig. 3.12: Plot of vhyp /g
1/2 κ1/4 at the bar top location (x = 10.05 m) versus ∆/h for each bar 

length. (top) Shows hyporheic velocity recorded at 8 cm from bottom of porous medium. 

(bottom) shows hyporheic velocity measured at 16 cm from bottom of porous medium. 94 

Fig. 3.13: Plots of simulated and experimental hyporheic flow velocities versus flow line 

distance to the flume floor for upstream to downstream flows in h=12, 15 and 18 cm and 

bar lengths of: Λ=1.0 m (top), Λ=1.6 m (middle) and Λ=2.5 m (bottom). Velocities were 

measured under the crest of the bars. ................................................................................ 95 

Fig. 3.14: Plots of normalized simulated and experimental flow rate entering the bar versus 

flow depth for Λ=1.0 m, Λ=1.6 m and Λ=2.5 m. .............................................................. 96 

 

Fig. 4.1: Geometry of bars in the simulations. ............................................................... 110 

Fig. 4.2: Overall view of an example of the computational grid (∆/Λ = 0.04, Λ/h  = 15 and 

da/h = 2.5; VE:1:22). ...................................................................................................... 111 

Fig. 4.3: The computational grid along a portion of the porous medium (∆/Λ = 0.04, Λ/h  = 

15 and da/h = 2.5; VE: 1:22). ......................................................................................... 112 

Fig. 4.4: Variation of hyporheic flow paths with ∆/Λ and Λ/h for 31076.1/ −×=hκ and da/h 

= 1.0 ( m 0.271
max

=fz ). ...................................................................................................... 114 



xv 
 

Fig. 4.5: Variation of hyporheic flow paths with 
avh/κ and da/h for ∆/Λ = 0.02 and Λ/h = 

15..................................................................................................................................... 115 

Fig. 4.6: Variation of hyporheic flow average-velocity field with ∆/Λ and Λ/h for

31076.1/ −×=hκ and da/h = 1.0 (Pmax = 2.26 KPa). ......................................................... 117 

Fig. 4.7: Variation of hyporheic flow average-velocity field with h/κ and da/h for ∆/Λ = 

0.02 and Λ/h = 15 (Pmax = 2.26 KPa). ............................................................................. 118 

Fig. 4.8: Variation of hyporheic flow vertical-velocity field with with ∆/Λ and Λ/h for

31076.1/ −×=hκ and da/h  =  1.0. .................................................................................. 120 

Fig. 4.9: Variation of hyporheic flow vertical-velocity field with h/κ and da/h for ∆/Λ = 

0.02 and Λ/h = 15. ........................................................................................................... 121 

Fig. 4.10: Schematic of a longitudinal slice of hyporheic zone. The green line represents 

the last ............................................................................................................................. 123 

Fig. 4.11: Plots of predicted and simulated values of )/ln( inlethyp QQ  versus |ln(Λ/h)| for 

the case ∆/Λ = 0.05. ......................................................................................................... 125 

Fig. 4.12: Results of application of present equation for dimensionless discharge 

parameter: (a) predicted versus simulated values of )/ln( inlethyp QQ ; and (b) standardized 

residual plot. .................................................................................................................... 126 

Fig. 4.13: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless discharge parameter; and (b) normal Q-Q plot of the residuals. The curve 

and the straight line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 127 

Fig. 4.14: Results of application of present equation for hyporheic discharge: (a) predicted 

versus simulated values of Qhyp; and (b) standardized residual plot. .............................. 128 

Fig. 4.15: (a) Frequency plot of the residuals resulting from application of present equation 

for hyporheic discharge; and (b) normal Q-Q plot of the residuals. The curve and the line 

shown in black represent the normal distribution curve and reference line, respectively.

......................................................................................................................................... 128 

Fig. 4.16: Plots of predicted and simulated values of )/ln(4 4/12/1 κgtr
 versus |ln(Λ/h)| for the 

case ∆/Λ = 0.05................................................................................................................ 130 



xvi 
 

Fig. 4.17: Results of application of present equation for dimensionless residence time 

parameter: (a) predicted versus simulated values of )/ln(4 4/12/1 κgtr
; and (b) standardized 

residual plot. .................................................................................................................... 131 

Fig. 4.18: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless residence time parameter; and (b) normal Q-Q plot of the residuals. The 

curve and the line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 131 

Fig. 4.19: Results of application of the equation for average residence time: (a) predicted 

versus simulated values of tr; and (b) standardized residual plot. .................................. 132 

Fig. 4.20: (a) Frequency plot of the residuals resulting from application of present equation 

for average residence time of hyporheic flow; and (b) normal Q-Q plot of the residuals. 

The curve and the line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 132 

Fig. 4.21: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(Λ/h)| for predicted and simulated values for 

the case of ∆/Λ = 0.05. .................................................................................................... 134 

Fig. 4.22: Results of application of present equation for dimensionless velocity parameter: 

(a) predicted versus simulated values of ))(( 4121 //

hyp g/vln κ ; and (b) standardized residual 

plot. ................................................................................................................................. 135 

Fig. 4.23: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless velocity parameter; and (b) normal Q-Q plot of the residuals. The curve 

and the line shown in black represent the normal distribution curve and reference line, 

respectively. .................................................................................................................... 135 

Fig. 4.24: Results of application of present equation for average velocity of hyporheic flow: 

(a) predicted versus simulated values of vhyp; and (b) standardized residual plot. .......... 136 

Fig. 4.25: (a) Frequency plot of the residuals resulting from application of present equation 

for average velocity of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve 

and the line shown in black represent the normal distribution curve and reference line, 

respectively ..................................................................................................................... 136 



xvii 
 

Fig. 4.26: Plots of predicted and simulated values of )/ln( inlethyp QQ  versus |ln(Λ/h)| for 

the case ∆/Λ = 0.05. ......................................................................................................... 139 

Fig. 4.27: Results of application of present equation for dimensionless discharge 

parameter: (a) predicted versus simulated values of )/ln( inlethyp QQ ; and (b) standardized 

residual plot. .................................................................................................................... 140 

Fig. 4.28: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless discharge parameter; and (b) normal Q-Q plot of the residuals. The curve 

and the straight line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 140 

Fig. 4.29: Results of application of present equation for hyporheic discharge: (a) predicted 

versus simulated values of Qhyp; and (b) standardized residual plot. .............................. 141 

Fig. 4.30: (a) Frequency plot of the residuals resulting from application of the equation in 

predicting average hyporheic discharge; and (b) normal Q-Q plot of the residuals. The 

curve and the line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 141 

Fig. 4.31: Plots of predicted and simulated values of )/ln(4 4/12/1 κgtr
 versus |ln(Λ/h)| for the 

case ∆/Λ = 0.05................................................................................................................ 143 

Fig. 4.32: Results of application of present equation for dimensionless discharge 

parameter: (a) predicted versus simulated values of )/ln(4 4/12/1 κgtr
; and (b) standardized 

residual plot. .................................................................................................................... 144 

Fig. 4.33: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless residence time parameter; and (b) normal Q-Q plot of the residuals. The 

curve and the line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 144 

Fig. 4.34: Results of application of the equation for average residence time: (a) predicted 

versus simulated values of tr; and (b) standardized residual plot. .................................. 145 

Fig. 4.35: (a) Frequency plot of the residuals resulting from application of the equation in 

predicting average residence time of hyporheic flow; and (b) normal Q-Q plot of the 



xviii 
 

residuals. The curve and the line shown in black represent the normal distribution curve 

and reference line, respectively....................................................................................... 145 

Fig. 4.36: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(Λ/h)| for predicted and simulated values for 

the case of ∆/Λ = 0.05. .................................................................................................... 147 

Fig. 4.37: Results of application of present equation for dimensionless velocity parameter: 

(a) predicted versus simulated values of ))(( 4121 //

hyp g/vln κ ; and (b) standardized residual 

plot. ................................................................................................................................. 148 

Fig. 4.38: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless velocity parameter; and (b) normal Q-Q plot of the residuals. The curve 

and the line shown in black represent the normal distribution curve and reference line, 

respectively. .................................................................................................................... 148 

Fig. 4.39: Results of application of present equation for average velocity of  hyporheic 

flow: (a) predicted versus simulated values of vhyp; and (b) standardized residual plot. 149 

Fig. 4.40: (a) Frequency plot of the residuals resulting from application of present equation 

for average velocity of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve 

and the line shown in black represent the normal distribution curve and reference line, 

respectively ..................................................................................................................... 149 

 

Fig. 5.1: Conceptual diagram of an idealized sloping sinusoidal pool-riffle sequence 

underlain by a lower impermeable boundary. ................................................................. 160 

Fig. 5.2: Overall view of an example of the computational grid (∆/Λ = 0.02, Λ/h = 15 and 

da/h = 2.5, VE:1:31). ....................................................................................................... 162 

Fig. 5.3: The computational grid along a portion of the porous medium (∆/Λ = 0.02, Λ/h = 

15 and da/h = 2.5, VE: 1:31). .......................................................................................... 162 

Fig. 5.4: Variation of hyporheic flow paths with ∆/Λ and Λ/h for 31076.1/ −×=hκ and da/h 

= 2.5 ................................................................................................................................ 164 

Fig. 5.5: Variation of hyporheic flow paths with h/κ and da/h for ∆/Λ = 0.02 and Λ/h = 

15..................................................................................................................................... 165 

Fig. 5.6: Variation of hyporheic flow average-velocity field with ∆/Λ and Λ/h for

31076.1/ −×=hκ and da/h = 2.5 (Pmax = 3.1 KPa). ......................................................... 167 



xix 
 

Fig. 5.7: Variation of hyporheic flow average-velocity field with h/κ  and da/h for ∆/Λ = 

0.02 and Λ/h = 15 (Pmax = 3.1 KPa). ............................................................................... 168 

Fig. 5.8: Variation of hyporheic flow vertical-velocity field with  ∆/Λ and Λ/h for

31076.1/ −×=hκ and da/h =  2.5 ..................................................................................... 169 

Fig. 5.9: Variation of hyporheic flow vertical-velocity field with h/κ and da/h .......... 170 

Fig. 5.10: Plots of predicted and simulated values of )/ln( inlethyp QQ  versus |ln(Λ/h)| for the 

case ∆/Λ = 0.05................................................................................................................ 172 

Fig. 5.11: Results of application of present equation for dimensionless discharge 

parameter: (a) predicted versus simulated values of )/ln( inlethyp QQ ; and (b) standardized 

residual plot. .................................................................................................................... 173 

Fig. 5.12: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless discharge parameter; and (b) normal Q-Q plot of the residuals. The curve 

and the straight line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 173 

Fig. 5.13: Results of application of present equation for hyporheic discharge: (a) predicted 

versus simulated values of Qhyp; and (b) standardized residual plot. .............................. 174 

Fig. 5.14: (a) Frequency plot of the residuals resulting from application of present equation 

for hyporheic discharge; and (b) normal Q-Q plot of the residuals. The curve and the line 

shown in black represent the normal distribution curve and reference line, respectively.

......................................................................................................................................... 175 

Fig. 5.15: Plots of predicted and simulated values of )/ln( 4 4/12/1 κgt r
 versus |ln(Λ/h)| for the 

case ∆/Λ = 0.05................................................................................................................ 176 

Fig. 5.16: Results of application of present equation for dimensionless residence time 

parameter: (a) predicted versus simulated values of )/ln( 4 4/12/1 κgt r
; and (b) standardized 

residual plot. .................................................................................................................... 177 

Fig. 5.17: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless residence time parameter; and (b) normal Q-Q plot of the residuals. The 

curve and the line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 178 



xx 
 

Fig. 5.18: Results of application of the equation for average residence time: (a) predicted 

versus simulated values of tr; and (b) standardized residual plot. .................................. 178 

Fig. 5.19: (a) Frequency plot of the residuals resulting from application of present equation 

for average residence time of hyporheic flow; and (b) normal Q-Q plot of the residuals. 

The curve and the line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 179 

Fig. 5.20: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(Λ/h)| for predicted and simulated values for 

the case of ∆/Λ = 0.05. .................................................................................................... 180 

Fig. 5.21: Results of application of present equation for dimensionless velocity parameter: 

(a) predicted versus simulated values of ))(( 4121 //

hyp g/vln κ ; and (b) standardized residual 

plot. ................................................................................................................................. 181 

Fig. 5.22: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless velocity parameter; and (b) normal Q-Q plot of the residuals. The curve 

and the line shown in black represent the normal distribution curve and reference line, 

respectively. .................................................................................................................... 182 

Fig. 5.23: Results of application of present equation for average hyporheic discharge: (a) 

predicted versus simulated values of vhyp; and (b) standardized residual plot. ............... 182 

Fig. 5.24: (a) Frequency plot of the residuals resulting from application of present equation 

for average velocity of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve 

and the line shown in black represent the normal distribution curve and reference line, 

respectively ..................................................................................................................... 183 

Fig. 5.25: Plots of predicted and simulated values of )/ln( inlethyp QQ  versus |ln(Λ/h)| for the 

case ∆/Λ = 0.05................................................................................................................ 185 

Fig. 5.26: Results of application of present equation for dimensionless discharge 

parameter: (a) predicted versus simulated values of )/ln( inlethyp QQ ; and (b) standardized 

residual plot. .................................................................................................................... 186 

Fig. 5.27: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless discharge parameter; and (b) normal Q-Q plot of the residuals. The curve 

and the straight line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 186 



xxi 
 

Fig. 5.28: Results of application of present equation for hyporheic discharge: (a) predicted 

versus simulated values of Qhyp; and (b) standardized residual plot. .............................. 187 

Fig. 5.29: (a) Frequency plot of the residuals resulting from application of the equation in 

predicting average hyporheic discharge; and (b) normal Q-Q plot of the residuals. The 

curve and the line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 188 

Fig. 5.30: Plots of predicted and simulated values of )/ln(4 4/12/1 κgtr
 versus |ln(Λ/h)| for the 

case ∆/Λ = 0.05................................................................................................................ 189 

Fig. 5.31: Results of application of present equation for dimensionless discharge 

parameter: (a) predicted versus simulated values of )/ln(4 4/12/1 κgtr
; and (b) standardized 

residual plot. .................................................................................................................... 190 

Fig. 5.32: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless residence time parameter; and (b) normal Q-Q plot of the residuals. The 

curve and the line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 190 

Fig. 5.33: Results of application of the equation for average residence time: (a) predicted 

versus simulated values of tr; and (b) standardized residual plot. .................................. 191 

Fig. 5.34: (a) Frequency plot of the residuals resulting from application of the equation in 

predicting average residence time of hyporheic flow; and (b) normal Q-Q plot of the 

residuals. The curve and the line shown in black represent the normal distribution curve 

and reference line, respectively....................................................................................... 192 

Fig. 5.35: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(Λ/h)| for predicted and simulated values for 

the case of ∆/Λ = 0.05 ..................................................................................................... 193 

Fig. 5.36: Results of application of present equation for dimensionless velocity parameter: 

(a) predicted versus simulated values of ))(( 4121 //

hyp g/vln κ ; and (b) standardized residual 

plot. ................................................................................................................................. 194 

Fig. 5.37: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless velocity parameter; and (b) normal Q-Q plot of the residuals. The curve 



xxii 
 

and the line shown in black represent the normal distribution curve and reference line, 

respectively. .................................................................................................................... 194 

Fig. 5.38: Results of application of present equation for average velocity of hyporheic flow: 

(a) predicted versus simulated values of vhyp; and (b) standardized residual plot. .......... 195 

Fig. 5.39: (a) Frequency plot of the residuals resulting from application of present equation 

for average velocity of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve 

and the line shown in black represent the normal distribution curve and reference line, 

respectively ..................................................................................................................... 195 

 

Fig. 6.1: schematic representation of surface flow and hyporheic flow in presence of a 

sequence of dunes. .......................................................................................................... 200 

Fig. 6.2: Overall view of an example of the computational grid (∆/Λ = 0.045, Λ/h = 10 and 

da/h = 2.5; VE: 1:31). ...................................................................................................... 202 

Fig. 6.3: The computational grid along a portion of the porous medium (∆/Λ = 0.045, Λ/h  

= 10 and da/h = 2.5; VE: 1:31). ....................................................................................... 202 

Fig. 6.4: Variation of hyporheic flow paths with ∆/Λ and Λ/h for 41076.1/ −×=hκ and da/h 

= 2.5 ................................................................................................................................ 205 

Fig. 6.5: Variation of hyporheic flow paths with h/κ and da/h for ∆/Λ = 0.03 and Λ/h = 

10..................................................................................................................................... 206 

Fig. 6.6: Variation of hyporheic flow average-velocity field with ∆/Λ and Λ/h for

41076.1/ −×=hκ and da/h = 2.5 (Pmax = 2.77 KPa). ....................................................... 207 

Fig. 6.7: Variation of hyporheic flow average-velocity field with 
avh/κ and da/hav for ∆/Λ 

= 0.03 and Λ/hav = 10 (Pmax = 2.77 KPa). ....................................................................... 208 

Fig. 6.8: Variation of hyporheic flow vertical-velocity field with with ∆/Λ and Λ/h for

41076.1/ −×=hκ and da/h = 2.5. ..................................................................................... 210 

Fig. 6.9: Variation of hyporheic flow vertical-velocity field with h/κ and da/h .......... 211 

Fig. 6.10: Plots of predicted and simulated values of )/ln( inlethyp QQ  versus |ln(Λ/h)| for 

the case ∆/Λ = 0.075. ....................................................................................................... 212 

Fig. 6.11: Results of application of present equation for dimensionless discharge 

parameter: (a) predicted versus simulated values of )/ln( inlethyp QQ ; and (b) standardized 

residual plot. .................................................................................................................... 213 



xxiii 
 

Fig. 6.12: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless discharge parameter; and (b) normal Q-Q plot of the residuals. The curve 

and the straight line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 214 

Fig. 6.13: Results of application of present equation for hyporheic discharge: (a) predicted 

versus simulated values of Qhyp; and (b) standardized residual plot. .............................. 215 

Fig. 6.14: (a) Frequency plot of the residuals resulting from application of present equation 

for hyporheic discharge and (b) normal Q-Q plot of the residuals. The curve and the line 

shown in black represent the normal distribution curve and reference line, respectively.

......................................................................................................................................... 215 

Fig. 6.15: Plots of predicted and simulated values of )/ln( 4 4/12/1 κgt r
 versus |ln(Λ/h)| for the 

case ∆/Λ = 0.075.............................................................................................................. 217 

Fig. 6.16: Results of application of present equation for dimensionless residence time 

parameter: (a) predicted versus simulated values of )/ln( 4 4/12/1 κgt r
; and (b) standardized 

residual plot. .................................................................................................................... 218 

Fig. 6.17: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless residence time parameter; and (b) normal Q-Q plot of the residuals. The 

curve and the line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 218 

Fig. 6.18: Results of application of the equation for average residence time: (a) predicted 

versus simulated values of tr; and (b) standardized residual plot. .................................. 219 

Fig. 6.19: (a) Frequency plot of the residuals resulting from application of present equation 

for average residence time of hyporheic flow; and (b) normal Q-Q plot of the residuals. 

The curve and the line shown in black represent the normal distribution curve and reference 

line, respectively. ............................................................................................................ 220 

Fig. 6.20: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(Λ/h)| for predicted and simulated values for 

the case of ∆/Λ = 0.075. .................................................................................................. 221 

Fig. 6.21: Results of application of present equation for dimensionless velocity parameter: 

(a) predicted versus simulated values of ))(( 4121 //

hyp g/vln κ ; and (b) standardized residual 

plot. ................................................................................................................................. 222 



xxiv 
 

Fig. 6.22: (a) Frequency plot of the residuals resulting from application of present equation 

for dimensionless velocity parameter; and (b) normal Q-Q plot of the residuals. The curve 

and the line shown in black represent the normal distribution curve and reference line, 

respectively. .................................................................................................................... 223 

Fig. 6.23: Results of application of present equation for average hyporheic discharge: (a) 

predicted versus simulated values of vhyp; and (b) standardized residual plot. ............... 224 

Fig. 6.24: (a) Frequency plot of the residuals resulting from application of present equation 

for average velocity of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve 

and the line shown in black represent the normal distribution curve and reference line, 

respectively. .................................................................................................................... 224 

 

Fig. A.1: Plot of numerical and experimental free surface, vertical surface water velocity 

profiles and hyporheic flow paths for Λ = 1.0 m and h = 18 cm (numbers on hyporheic 

streamlines represent the hyporheic velocities in cm/s). ................................................ 240 

Fig. A.2: Plot of numerical and experimental free surface, vertical surface water velocity 

profiles and hyporheic flow paths for Λ = 1.0 m and h = 15 cm (numbers on hyporheic 

streamlines represent the hyporheic velocities in cm/s). ................................................ 241 

Fig. A.3: Plot of numerical and experimental free surface, vertical surface water velocity 

profiles and hyporheic flow paths for Λ = 1.0 m and h = 12 cm (numbers on hyporheic 

streamlines represent the hyporheic velocities in cm/s). ................................................ 242 

Fig. A.4: Plot of numerical and experimental free surface, vertical surface water velocity 

profiles and hyporheic flow paths for Λ = 2.5 m and h = 18 cm (numbers on hyporheic 

streamlines represent the hyporheic velocities in cm/s). ................................................ 243 

Fig. A.5: Plot of numerical and experimental free surface, vertical surface water velocity 

profiles and hyporheic flow paths for Λ = 2.5 m and h = 15 cm (numbers on hyporheic 

streamlines represent the hyporheic velocities in cm/s). ................................................ 244 

Fig. A.6: Plot of numerical and experimental free surface, vertical surface water velocity 

profiles and hyporheic flow paths for Λ = 2.5 m and h = 12 cm (numbers on hyporheic 

streamlines represent the hyporheic velocities in cm/s). ................................................ 245 

 

Fig. C.1: Variation of hyporheic flow paths with ∆/Λ and Λ/h for 31076.1/ −×=hκ and da/h 

= 1.0 ( m 0.271=
maxfz ) ....................................................................................................... 255 



xxv 
 

Fig. C.2: Variation of hyporheic flow average-velocity field with ∆/Λ and Λ/h for

31076.1/ −×=hκ and da/h = 1.0 (Pmax=2.26 KPa) ........................................................... 256 

Fig. C.3: Variation of hyporheic flow vertical-velocity field with ∆/Λ and Λ/h for

31076.1/ −×=hκ and da/h = 1 ......................................................................................... 257 

 

Fig. E.1: Plots of  )/ln( inlethyp QQ versus |ln(da/h)| .......................................................... 267 

Fig. E.2: Plots of  )/ln( inlethyp QQ versus |ln(∆/Λ)| ........................................................... 268 

Fig. E.3: Plots of  )/ln( inlethyp QQ versus )/ln( hκ  ......................................................... 269 

Fig. E.4: Plots of  )/ln( inlethyp QQ versus |ln(Λ/h)| ........................................................... 270 

Fig. E.5: Plots of  )/ln(4 4/12/1 κgtr
versus |ln(da/h)| ......................................................... 271 

Fig. E.6: Plots of  )/ln(4 4/12/1 κgtr
versus |ln(∆/Λ)| .......................................................... 272 

Fig. E.7: Plots of )/ln(4 4/12/1 κgtr
 versus )/ln( hκ  ........................................................ 273 

Fig. E.8: Plots of  )/ln(4 4/12/1 κgtr
versus |ln(Λ/h)| .......................................................... 274 

Fig. E.9: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(da/h)| ...................................................... 275 

Fig. E.10: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(∆/Λ)| ..................................................... 276 

Fig. E.11: Plots of )/ln( 4/12/1 κgvhyp
 versus )/ln( hκ  ................................................... 277 

Fig. E.12: Plots of )/ln( 4/12/1 κgvhyp
 versus |ln(Λ/h)| ..................................................... 278 

  

Fig. H.1: Variation of hyporheic flow paths with ∆/Λ and Λ/h for 31076.1/ −×=hκ and da/h 

= 2.5 ( m 0.316
max

=fz ) ....................................................................................................... 306 

Fig. H.2: Variation of hyporheic flow average-velocity field with ∆/Λ and Λ/h for
31076.1/ −×=hκ and da/h = 2.5 (Pmax=3.1 KPa) ............................................................. 307 

Fig. H.3: Variation of hyporheic flow vertical-velocity field with ∆/Λ and Λ/h for
31076.1/ −×=hκ and da/h = 2.5 ....................................................................................... 308 

 

Fig. J.1: Plots of  )/ln( inlethyp QQ versus |ln(da/h)| ........................................................... 318 

Fig. J.2: Plots of  )/ln( inlethyp QQ versus |ln(∆/Λ)| ........................................................... 319 

Fig. J.3: Plots of  )/ln( inlethyp QQ versus )/ln( hκ  ......................................................... 320 



xxvi 
 

Fig. J.4: Plots of  )/ln( inlethyp QQ versus |ln(Λ/h)| ............................................................ 321 

Fig. J.5: Plots of  )/ln(4 4/12/1 κgtr
versus |ln(da/h)| .......................................................... 322 

Fig. J.6: Plots of  )/ln(4 4/12/1 κgtr
versus |ln(∆/Λ)| .......................................................... 323 

Fig. J.7: Plots of )/ln(4 4/12/1 κgtr
 versus )/ln( hκ ......................................................... 324 

Fig. J.8: Plots of  )/ln(4 4/12/1 κgtr
versus |ln(Λ/h)| ........................................................... 325 

Fig. J.9: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(da/h)| ....................................................... 326 

Fig. J.10: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(∆/Λ)| ..................................................... 327 

Fig. J.11: Plots of )/ln( 4/12/1 κgvhyp
 versus )/ln( hκ  ................................................... 328 

Fig. J.12: Plots of )/ln( 4/12/1 κgvhyp
 versus |ln(Λ/h)| ...................................................... 329 

 

Fig. M.1: Variation of hyporheic flow paths with ∆/Λ and Λ/h for 41076.1/ −×=hκ and da/h 

= 2.5 ( m 0.282
max

=fz ) ....................................................................................................... 357 

Fig. M.2: Variation of hyporheic flow average-velocity field with ∆/Λ and Λ/h for
41076.1/ −×=hκ and da/h = 2.5 (Pmax=2.77 KPa) .......................................................... 358 

Fig. M.3: Variation of hyporheic flow vertical-velocity field with ∆/Λ and Λ/h for
41076.1/ −×=hκ and da/h = 2.5 ...................................................................................... 359 

 

Fig. O.1: Plots of  )/ln( inlethyp QQ versus |ln(da/h)| ......................................................... 369 

Fig. O.2:  Plots of  )/ln( inlethyp QQ versus |ln(∆/Λ)| ......................................................... 370 

Fig. O.3: Plots of  )/ln( inlethyp QQ versus )/ln( hκ  ........................................................ 371 

Fig. O.4: Plots of  )/ln( inlethyp QQ versus |ln(Λ/h)| .......................................................... 372 

Fig. O.5: Plots of  )/ln( 4 4/12/1 κgt r
versus |ln(da/h)| ......................................................... 373 

Fig. O.6: Plots of  )/ln( 4 4/12/1 κgt r
versus |ln(∆/Λ)| .......................................................... 374 

Fig. O.7: Plots of )/ln( 4 4/12/1 κgt r
 versus )/ln( hκ  ........................................................ 375 

Fig. O.8: Plots of  )/ln( 4 4/12/1 κgt r
versus |ln(Λ/h)| .......................................................... 376 

Fig. O.9: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(da/h)| ....................................................... 377 

Fig. O.10: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(∆/Λ)| ..................................................... 378 

Fig. O.11: Plots of )/ln( 4/12/1 κgvhyp
 versus )/ln( hκ  .................................................... 379 

Fig. O.12: Plots of )/ln( 4/12/1 κgvhyp
 versus |ln(Λ/h)| ...................................................... 380 

 



xxvii 
 

List of Abbreviations 
 

CFD Computational Fluid Dynamics 

RANS Reynold Averaged Navier-Stokes 

SST Shear Stress Transport 

VOF Volume of Fluid 

VE Vertical Exaggeration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxviii 
 

List of Symbols 

A 

Horizontal to vertical anisotropy (-) 

(Chapter 2); also physical quantity in 

general 

zA )2Area of the exchange zone (m 

b Width of the bed form (m) 

 0C/C Final normalized concentration value (-) 

 0C Initial concentration (mg/L) 

 EC Ergun constant (-) 

µC 
Constant used in calculation of turbulent 

viscosity 

 ad Depth of alluvium (m) 

hypd Mean hyporheic depth (m) 

zd Depth of exchange zone (m) 

50D Mean particle size (m) 

Fr Froude number (-) 

g )2Acceleration due to gravity (m/s 

hd Dynamic head at the bed surface (m) 

h 
Mean depth of water column above the 

bed surface (m) 

mh 
Half-amplitude of the head distribution 

(m) 



xxix 
 

 xI Horizontal correlation length (m) 

K Hydraulic conductivity (m/s) 

k  Turbulent kinetic energy (J/Kg) 

bk Bedform wave number (-) 

M (t) Average depth of solute penetration (m) 

Me (t) 

Effective average depth of solute 

penetration per unit area of the water 

)1-surface as a function of time (m 

n Porosity (-) 

P Local hydrostatic pressure (Pa) 

maxP Maximum hydrostatic pressure (Pa) 

q  
Specific discharge of groundwater flow 

(m/s) 

botq Losing and gaining discharge (m/s) 

*
botq 

Dimensionless hyporheic flows discharge 

(-) 

���	
∗  Normalized effective flux density (-) 

Qinlet, Q 
Discharge of surface water unaffected by 

/s)3abstractions due to hyporheic flow (m 

,0Hq 
Hyporheic exchange flux in neutral 

/s)3(mconditions  

Qhyp, QHZ /s)3Discharge in the hyporheic zone (m 

surfQ /s)3Surface flow discharge (m 



xxx 
 


� Average residence time function (s) 

Re Reynolds number (-) 

S Slope of water surface and/or bed (-) 

S(e) Standard deviation of the residual (-) 

iS Sink term (-) 

t Time (s) 

 rt Mean residence time (s) 

*
rt Dimensionless residence time (-) 

u Local flow velocity vector (m/s ) 

fu   Filtration velocity vector (m/s ) 

um Maximum velocity (m/s) 

� 
Compressive velocity counteracting 

numerical diffusion (m/s ) 

υ 
Average velocity of free surface flow 

(m/s) 

 iu direction (m/s) iMean velocity in x 

v   Velocity magnitude (m/s) 

υhyp Average hyporheic flow velocity (m/s) 

zhypυ  
Vertical component of local hyporheic 

velocity (m/s) 



xxxi 
 

max)(
zhypυ  

at a given x  
zhypυ Maximum value of

(m/s) 

x Longitudinal coordinate (m) 

zf Free surface elevation (m) 

maxfz  Maximum free surface elevation (m) 

Greek symbols  

α Bed form shape coefficient (-) 

αL  Longitudinal dispersivity (-) 

αT  Transverse dispersivity (-) 

∆ Bed form amplitude (m) 

ijδ Kronecker delta (-) 

P∇   Pressure gradient (Pa) 

ε  
Rate of dissipation of turbulent kinetic 

)3/s2energy(m 

�  Forchheimer coefficient (-) 

κ )2y of the alluvium (mPermeabilit 

Λ Bed form wavelength (m) 

µ Dynamic viscosity of the water (Pa.s) 

ν /s)2Fluid kinematic viscosity (m 

tν /s)2Turbulent eddy viscosity (m 

ω )3/s2Specific rate of dissipation (m 



xxxii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

ρ )3Fluid density (Kg/m 

� Volume fraction of the water phase (-) 

κσ 2
ln Variance of lnκ data (-) 

ijτ Reynolds stresses (Pa) 

AΠ 
Dimensionless counterpart of a quantity A 

(-)  



1 

 

Chapter 1 

Introduction 

 

1.1 Motivation and purpose of research  

In rivers with moveable beds different types of bed forms can be created in the interface of 

water and the bed materials, e.g. ripples, dunes, bars, etc. Formation of bed forms results 

in changes in the pressure distribution and velocity field over the bed. Due to these changes, 

where river beds are permeable, a portion of river flow penetrates the bed and after 

following a path beneath the bed form, returns to the surface flows (Fig. 1.1). This type of 

flow is called hyporheic flow. The area of exchange between the surface water and 

subsurface environment is called the hyporheic zone.  

 
Fig. 1.1: hyporheic flows induced by a sequence of bars (top) and a sequence of dunes (bottom). 
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The existing works on hypoheric zone are in different fields, e.g. contaminant transport, 

ecology, environmental engineering, hydrology, fisheries, and geomorphology. Early 

research on the hyporheic zone focused on fish reproduction (Pollard 1955; Hansen 1975; 

Johnson 1980; Baxter and Hauer, 2000). Most of the reseach carried out so far on hyporheic 

zone are in the fields of ecology and environmental engineering, which is due to its 

importance in providing a good habitat for numerous aquatic organisms. This zone contains 

a wide variety of subterranean fauna and zoobenthos (Coleman and Hynes, 1970; Stanford 

and Gaufin, 1974; Stanford and Ward, 1988; Williams, 1989; Smock et al., 1992; Stanely 

and Boulton, 1993; Boulton et al., 1997; Dole-Oliver et al., 1997; Brunke and Gonser, 

1999; Malard and Hervant, 1999; Brunke et al., 2003; Malard et al., 2003a; Malard et al., 

2003b; Olsen and Townsend, 2003; Olsen and Towsend, 2005). Furthermore, in many 

streams and rivers, subterranean invertebrate production in the hyporheic zone rivals or 

exceeds that of benthos (Stanford and Ward, 1988; Smock et al., 1992). Hyporheic zones 

hold fascinating biota contained within a truncated functional biodiversity due to the lack 

of primary procedures and limited numbers of top predators (Gilbert and Deharveng, 

2002). These biotas also hold significant insights to stream and river ecology and overall 

water quality. For example, land use effects and human activity strongly influence the biota 

of hyporheic zones (Boulton et al., 1997; Brunke and Gonser, 1997). Some works have 

revealed that hyporheic zone sediments and waters are metabolically active with complex 

patterns of nutrient cycling, which vary spatially and temporally (Grimm and Fisher, 1984; 

McDowell et al., 1992; McClain et al., 1994). Limiting amount of nutrients can be 

delivered to the stream channel by upwelling waters from the hyporheic zone, which 

influences the composition of benthic algal assemblages, rates of alga primary production, 
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and the recovery of stream reaches after disturbance (Coleman and Dahm, 1990; Vallet et 

al. 1990, 1994; Pepin and Hauer, 2002).  

Hyporheic zone also has an important role in the uptake of solutes (e.g. nitrogen 

and phosphorus) and on ecosystem metabolism (Hedin et al., 1998; Valet et al., 1996; 

Vallet et al., 1997; Crimo and McDonnell, 1997; Mullholland et al., 1997; Dahm et al., 

1998; Dent et al., 2001; Hall et al., 2002; Thomas et al., 2003). In addition, hydrologic 

exchange between surface water and groundwater affects the stream metabolism (Jones et 

al., 1995; Fischer et al., 1996; Fuss and Smock, 1996; Pusch, 1996; Naegeli and Uehlinger, 

1997; Crenshaw et al., 2002) and the residence time of water in the hyporheic zone (Hoehn 

and von Gunten 1989; Brunke and Gonser 1999). The cycling of nutrients and organic 

matter in hyporheic zones also affects riprarian vegetation along stream corridors (Harner 

and Stanford, 2003; Schade et al., 2005). 

Discharge of the surface water, porosity of the bed sediment, strength of 

groundwater upwelling and downwelling, and stream slope (Dahm et al., 1998; Buffington 

and Tonina, 2009), local bed topography (e.g. channel morphology and size of bed forms) 

(Harvey and Bencala, 1993), and spatial variation in the pressure gradient that drives 

subsurface flow (Vittal et al., 1977; Savant et al., 1987) govern the depth, magnitude and 

direction of hyporheic  flows (Fanelli and Lautz, 2008; Chen et al., 2009). The size of the 

hyporheic zone is reduced by lowering the water level as it decreases the rates of 

downwelling, hydraulic gradients and the degree of saturation (Stanley and Valett, 1992).  

On the other hand, hyporheic flows are also a prime mechanism to convey 

contaminants to the bed sediments. While all contaminants are of concern, oil spills in 
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rivers, and the potential transport of oil into the bed sediment acquire particular importance 

in Canada.  

As follows from the considerations above, the quality of the bed materials in this 

zone plays a key role in the subsurface environment and health of aquatic organisms. Clean 

hyporheic flows maintain high concentrations of oxygen and remove metabolic wastes, and 

consequently, sustain embryo development. Survival of embryos results in abundance of 

fish, the health of fish habitat, and the success of sport and commercial fisheries.  

The ability to assess risk of sediment contamination requires a good understanding 

of hyporheic flows and their dependency on various hydraulic and morphological factors, 

as well as the ability to accurately predict them. As will become clear later in this thesis, 

despite extensive laboratory and numerical research on hyporheic flows induced by bed 

forms, the large majority of studies so far considered the case of laminar hyporheic flows 

induced by sand dunes. Yet dunes are not typical of gravel rivers. In this case the most 

common type of bed features are bars with only a few isolated studies so far focusing on 

the comparatively much faster and turbulent hyporheic flows induced by gravel bars. 

The work to be carried out under this thesis is intended as a contribution addressing 

two needs. The first is the need to develop a proper understanding of hyporheic flows 

induced by gravel bars, including quantifying the extent of hyporheic zone and 

investigating how rivers’ morphological and hydraulic characteristics affect the hyporheic 

flow. The second is the need to develop accurate tools to simulate and predict the hyporheic 

flow. 
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1.2 Specific objectives 

The specific objectives of this thesis are as follows: 

• To develop and test a computational model for the simulation and prediction 

of hyporheic flows induced by a single gravel bar (Chapter 3). 

• To use the model to generate a dataset from which quantitative relationships 

expressing the dependency of hyporheic flow properties induced by a single 

bar (e.g. average residence time of hyporheic flows, flow rate and average 

speed of hyporheic flow) on surface flow properties (e.g. discharge, depth, 

etc.), geometry of the interface (e.g. dimensions of the bed form, slope of 

the river bed) and properties of the bed materials (e.g. porosity, mean 

diameter of the particles, etc.), can be derived (Chapter 4). 

• To derive the predictive empirical equations (mentioned in the previous 

objective) that can be used for practical purposes by utilizing the numerical 

code to predict the characteristics of hyporheic flows through a sequence of 

gravel bars (Chapter 5). 

• To use the numerical model for deriving empirical equations to predict the 

characteristics of hyporheic flows through a sequence of sand dunes 

(Chapter 6). 

1.3 Layout of thesis  

This thesis is presented in manuscript format with each of Chapters 3, 4, 5 and 6 

corresponding to a different manuscript.  
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Chapter 2 provides background information about undertaken studies on hyporheic 

flow through gravel bars and sand dunes based on the review of the literature. 

Chapter 3 presents a developed 3D fully coupled numerical model for simulating the 

turbulent hyporheic flow induced by a gravel bar. 

Chapter 4 presents the results of 144 simulations conducted on hyporheic flows 

induced by a single bar, considering a combination of the effects of geometry of the bar, 

permeability of the porous materials and depth of alluvium parameters governing the 

hyporheic flow characteristics. Furthermore, the predictive empirical equations derived 

from the implementation of the multiregression nonlinear analysis on the generated dataset 

from the results of simulations is also presented in this chapter. 

Chapter 5 presents how the geometry of the sequence of bars, permeability of the 

porous materials and depth of the porous medium affects the characteristics of hyporheic 

flows. A dataset is generated by conducting 144 simulations, and empirical equations are 

derived for estimating the average values of velocity, discharge and residence time of 

hyporheic flows through a sequence of gravel bars.  

Chapter 6 presents the effects of depth of the porous medium, permeability of the 

porous materials and size of the bed form on characteristics of hyporheic flows induced by 

a sequence of dunes. A range of variation is considered for the aforementioned parameters, 

and by conducting 144 simulations a dataset is generated. The finals results are analyzed 

using a multiregression analysis method, and predictive equations are introduced for 

estimating the average values of velocity, discharge and residence time of hyporheic flows 

through a sequence of dunes. 
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Chapter 7 provides the main conclusions of this work and recommendations for 

future research. The material in Chapters 4, 5 and 6 are supplemented in Appendices A-J. 

These include additional information and figures in these chapters. 
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Chapter 2 

Literature review 

2.1 Introduction 

As follows from Chapter 1, extensive experimental and numerical research on hyporheic flow has 

been carried out for the past two decades, focusing particularly on the case of subsurface flows 

induced by sand dunes in rivers and streams, (Savant et al., 1987; Elliot and Brooks, 1997a, b; 

Cardenas and Wilson, 2007; Hester et al., 2013; Fox et al., 2013), and in one case through gravel 

dunes (Packman et al., 2004).  

In contrast, only a few isolated works dealt with hyporheic flow induced by gravel bars 

(Tonina et al., 2007; Gariglio et al., 2013; Trauth et al., 2013).  

In the following a review of what appear to be the most prominent works on hyporheic 

flows induced by dunes is presented first; the existing works on hyporheic flows induced by gravel 

bars are reviewed afterwards. 

2.1 Hyporheic flow induced by dunes 

Savant et al. (1987) appear to have been the first to use a laboratory experiment to examine 

the influence of the pressure distribution of the free surface flow on contaminant transport 

processes within a sediment bed covered by dunes. The experiment was conducted in a 0.5 

m deep, 0.04 m wide and 0.35 m long recirculating flume, whose side walls were made of 

Plexiglass. The flume was filled with a layer of sand (average grain size D50 = 0.37 mm) 

approximately 0.2 m thick, which was then shaped into dunes with length Λ = 0.508 m and 

height ∆ = 0.051 m (dune steepness ∆/Λ = 0.10). The flow rate was kept constant throughout 
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the duration of the experiment. The average flow depth and velocity were 0.2 m and 0.2 

m/s, respectively. These conditions ensured that the sediment was not transported by the 

flow.  

The hyporheic flows within the porous sediment were visualized by injecting water 

dyed with Erio Glaucine Supra at different points in the porous medium. Flow streamlines 

were noted visually and mapped by grease pencil onto transparent overlay paper taped to 

the side of the channel. Pore water velocities were obtained by time-of-flight 

measurements. 

Fig. 2.1 shows the observed hyporheic flow lines, as well as the associated flow 

velocities. As can be inferred from this figure, the hyporheic flow velocities were several 

orders of magnitude smaller than the velocity of the free stream. The velocity decreased 

with increasing distance to the sand-water interface. 

 

Fig. 2.1: Observed flow patterns above and within the sand bed 

(from Savant et al., 1987). 

The aforementioned authors developed also a numerical model for the simulation 

of hyporheic flows, and applied it to a laboratory experiment using Mississippi River sand 

with porosity of 0.4 and permeability of 17.9×109 cm2. The model provided a solution to 

Darcy's law, which was based on the boundary element method. As illustrated in Fig. 2.2, 
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their model yielded a reasonably good agreement between the observed and simulated 

flows paths within the porous medium.  

 

 

Fig. 2.2: Comparison of simulated and experimental dye trajectories for 

the sand bed (from Savant et al., 1987). 

Table 2.1 presents a comparison between the observed and predicted velocities 

along three streamlines in the hyporheic flow field. The observed and predicted values of 

velocity diverged more and more from each other as the sand interface was approached. 

The average absolute error between measured and calculated velocities was 10.7%.  

Table 2.1: Observed and numerically simulated velocity values for three different trajectories. 

Trajectory 

Hyporheic Flow Velocity × 103 (cm/s) 

Observed Predicted Error (%) 

Top 

Middle 

Bottom 

2.25 

2.01 

1.61 

1.84 

1.78 

1.61 

-18.22 

-11.44 

-2.48  

 

Elliot and Brooks (1997a) conducted a series of experiments in a recirculating, 

tilting flume to determine the mechanisms and rates of solute exchange between a flowing 
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stream and a porous streambed. The flume was 5 m long, 0.1525 m wide and 0.5 m deep. 

Two different types of sand were used in the experiments, namely a medium sand with D50 

= 0.47 mm (bulk porosity n = 0.325; hydraulic conductivity K = 0.11 cm/s), and a fine sand 

with D50 = 0.13 mm (n = 0.295; K = 0.0079 cm/s). A total of 14 experiments (runs) were 

carried out. The bed was flat in two of the experiments. A sequence of triangular bed forms 

was used in six of the experiments. In this case, the flow conditions were selected so that 

sediment transport was not present and the bed forms did not migrate downstream (i.e., 

they remained stationary). In the remaining experiments, bed forms naturally formed by 

the flows were used. Depending on flow velocity, these naturally formed bed forms could 

be either stationary or migrating downstream. The flow conditions in the experiments were 

as summarized in Table 2.2, in which υ is mean flow velocity in the channel, S is slope of 

water surface, h is mean depth of water column above the bed, da is depth of alluvium, and 

M and F designate mean and fine sand, respectively. The bed form speed refers to the speed 

of bed forms in relation to the predicted maximum pore water velocity. 

In the experiments, the water flowing over the sand bed was continuously 

recirculated. Dye (10 g/l stock solution) was added to the water at the start of each 

experiment. The quantity of dye was calculated so as to give a dye concentration of 5 mg/l 

in the water column. The net loss of solute from the flowing water into the initially clean 

bed was determined by measuring the slow decrease of solute concentration in the 

recirculating water. The concentration changes were measured for up to 14 days. In the 

first six experiments (Runs 1, 3, 7, 8, 9, 10) the subsurface flow was not recirculated and 

the experiments were terminated when end effects (effects of impervious tailgate that 

prevented pore water from discharging) became significant, as judged visually (usually 
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after a day or two). In subsequent experiments (after run 10) the subsurface flow was 

recirculated by a pump, with the experiments lasting up to two weeks.  

 

Table 2.2: Summary of conditions in the experiments by Elliot and Brooks (1997a). 

Run 
Bed form 

speed 

Bed form 

type 
υ (m/s) S h (cm) da(cm) Sand 

1 

3 

7 

8 

9 

10 

12 

14 

15 

16 

17 

18 

19 

20 

- 

- 

intermediate 

stationary 

stationary 

stationary 

stationary 

stationary 

stationary 

stationary 

stationary 

slow 

rapid 

intermediate 

flat bed 

flat bed 

natural 

natural 

triangular 

triangular 

triangular 

triangular 

triangular 

triangular 

natural 

natural 

natural 

natural 

0.15 

0.168 

0.26 

0.132 

0.132 

0.087 

0.132 

0.086 

0.087 

0.107 

0.087 

0.194 

0.335 

0.39 

0.0003 

0.00033 

0.00124 

0.0004 

0.00094 

0.00078 

0.0006 

0.00026 

0.00032 

0.00046 

0.00031 

0.00144 

0.0041 

0.0035 

3.7 

5.15 

6.45 

6.45 

6.45 

3.1 

6.48 

6.48 

6.48 

6.48 

6.45 

6.45 

6.45 

5.23 

12.5 

12.5 

13.3 

13 

13.5 

12.6 

12.5 

22 

22 

22 

22.5 

23 

22 

22 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

F 

M 

F 

M 

The penetration of the dye front into the bed was observed using a portable 

ultraviolet lamp. At various times during each experiment the dye front position (the 

boundary between areas of dyed and undyed interstitial water, as determined by eye) was 

recorded on the flume walls. These records were later photographed and transferred to 

drawings. In some experiments the streamlines of the flow were determined by following 

a small amount of dye injected into the bed near the wall. 

Dye fronts at different times during the experiments for Run 14 (triangular bed 

forms), Run 17 (natural stationary bed form), Run 18 (slowly moving bed forms) and Run 

19 (rapidly moving bed forms) are shown in Figs. 2.3a to d, respectively. 
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As follows from Fig. 2.3a, the dye fronts were initially quite regular, as expected for a 

sequence of identical bed forms. However, at the later stages, the hyporheic flow paths 

became unrelated to the shape of the bed surface. Elliot and Brooks (1997a) attributed these 

anomalous dye fronts to flows created by large-scale pressure variations induced by inlet 

disturbances or slight variations in flume width due to (slightly) contracting or expanding 

flume walls. According to the same authors, longitudinal variations in permeability, which 

would result in fluid being drawn into the bed in areas with higher permeability (to supply 

the higher underflow to those areas), may be another reason for the anomalous streamlines. 

Naturally formed bed forms are irregular, in the sense that they exhibit different 

lengths and heights. This irregularity is evident in the pattern in Fig. 2.3b (Run 17). Note 

from this figure that initially the dye fronts reflect the smaller bed forms. However, as time 

progresses the dye patterns merge into larger and deeper features, reflecting the fact that 

the larger bed forms can induce hyporheic flow deeper into the bed.  

In the case of slowly moving bed forms in Fig. 2.3c (Run 18), the hyporheic flow 

patterns themselves move downstream. However, the hyporheic flow paths in the case of 

the rapidly moving bed forms (Fig. 2.4d; Run 19) do not conform to the typical pattern of 

hyporheic flow induced by dunes. According to Elliot and Brooks (1997a), this is because 

the bed forms which cause the interstitial flow are moving very fast and do not allow the 

fluid to move far.   

Elliot and Brooks (1997b) conducted also a theoretical analysis of the exchange of 

nonsorbing solutes between a permeable streambed and the overlying water of a stream or 

river in the presence of ripples and dunes. According to these authors, the head variation 

over dune-shaped bed forms is well approximated by: 
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Fig. 2.3: Dye fronts for representative runs (from Elliot and Brooks, 1997a). The downstream half of the 

flume is shown in each case; the half way across each diagram corresponds to a vertical support strut on the 

flume. (a) Stationary triangular bed forms (Run 14) at 1, 2, 4.3, 9, 24, 51 and 100 hours (dashed line), 7 

days (double dashed line) and 11 days (triple dashed line); (b) stationary natural bed forms, fine sand (Run 

17) at 5, 23, 49, and 101 hours (dashed line), 67 hours (double-dashed line), 240 hour (triple–dashed line), 

336 hours (quadruple-dashed line); (c) slowly moving bed forms (Run 18) at 0.5 hour (heavy full line), 5 

hours (dashed line), 22 hours (double-dashed line) and 81 hours (triple-dashed line); and (d) rapidly 

moving bed form (Run 19) at 0 .25, 0.752, 2, 9, 20 and 45 hours (dot-dashed line) and 114 hours (dashed 

line). 

 

(a) Stationary triangular bed forms (Run 14) 

(b) Stationary natural bed forms (Run 17) 

(c) Slowly-moving bed forms (Run 18) 

(d) Rapidly-moving bed forms (Run 19) 
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)sin( xkhh bmd =  (2.1)

Here hd is the dynamic head at the bed surface (equal to the velocity head υ2/2g, in which 

υ is mean stream velocity and g is acceleration due to gravity); hm is the half-amplitude of 

the head distribution; kb is the bed form wave number (related to the wavelength, Λ, by kb 

= 2π/Λ); x is the downstream coordinate parallel to the streambed; and hm is given by the 

semi-empirical relationship:  
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in which ∆ is bed form height (trough-to-crest); and h is mean depth of the stream. Here α 

is a coefficient that depends on the bed form shape (steepness, asymmetry). From a meta-

analysis of a number of laboratory experiments with different bed form shapes, Elliot and 

Brooks (1997b) found an average value of α = 0.28. 

Using Darcy’s law, the just mentioned authors found that for the maximum velocity 

at the bed surface um, and the hyporheic exchange flux in neutral conditions, qH,0, are well 

represented by the following relations: 

)tanh( abmbm dkhKku =  (2.3)

Λ
== mmb

H

KhhKk
q

2
0, π

  (2.4)

where K is the hydraulic conductivity of the bed sediments; and da is the depth of the 

sediment bed (with the bed depth restricted by an impermeable boundary). 

Salehin et al. (2004) investigated the effects of sediment structure on hyporheic 

exchange, by performing salt and dye injection experiments in a recirculating laboratory 
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flume using two different heterogeneous sediment beds. These authors developed also a 

new finite element model, combined with a particle tracking approach, to determine the 

pore water flow field, the resulting hyporheic residence time distribution and the net mass 

transfer of solutes into the heterogeneous streambeds. The turning bands method of 

Tompson et al. (1989) was used to design two-dimensional heterogeneous sediment beds. 

This method generates a single realization of a second-order stationary, lognormally 

correlated, multidimensional random permeability field with user specified correlation 

scales, mean permeability, and variance )( 2

lnκσ  such that the generated mean permeability 

field follows the negative exponential model.  

Two different heterogeneous porous media were generated, for use in both 

laboratory tests and numerical simulations, namely a lower heterogeneity case, in which

12

ln =κσ , and a higher heterogeneity case, in which 22

ln =κσ . In both cases, the porous 

medium was 0.225 m long; its depth was 0.2 m in the lower heterogeneity case, and 0.155 

m for the higher.  

The test cases were conducted in a 2.1 m long, 0.2 m wide and 1 m deep test section 

of a laboratory flume. The channel walls were transparent, which allowed observation of 

dye transport in the porous medium. The heterogeneous beds generated as described above 

were reproduced in the laboratory by installing 0.05 m high and 0.01 m long blocks of 

compacted sands of different grain size, arranged in such a way as to match the statistical 

block design. Once the heterogeneous bed was in place, a uniform layer of sand 

approximately 2.5 cm thick, having D50 = 0.5 mm and κ = 1.82×10-6 cm2 was placed over 

the  bed  surface,  and  triangular  dune-shaped  bed  forms  were manually formed. In total,  
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eight experiments involving injection of reagent-grade salt and dye solutions were carried 

out with conditions as summarized in Table 2.3, in which da is alluvial depth and Λ and ∆ 

are bed form wavelength and height, respectively. Sensient FD&C Blue No.1 and FD&C 

Red No. 40 were used as dyes. 

A sodium chloride (NaCl) solution was added uniformly to the recirculating stream 

in the flume over one recirculation period, and the decrease in the tracer concentration due 

to exchange with sedimentary pore water was monitored over time. The initial in-stream 

sodium chloride (NaCl) concentration was typically 300 mg/L above the preexisting 

background salt concentration. Salt concentrations were measured throughout the 

experiments. The net tracer exchange with the bed was calculated from the rate of change 

of solute concentration in the stream by considering the mass balance between the 

recirculating stream and pore water in sediment bed. The dye solutions were also injected 

into the stream over one recirculation period. The penetration of the dye into the streambed 

was traced by taking photos at various times, and by tracing the dye front locations on the 

transparent sidewall of the flume. Following each experiment, the recorded dye fronts were 

traced onto transparent sheets and digitized, in order to determine the average depth of 

solute penetration, M(t). As bed form-induced hyporheic exchange is dominated by 

advection, the dye fronts were sharp enough that the error in tracing the front positions was 

estimated to be of the order of a few grain diameters, i.e., 1 – 2 mm.  

The experimental results and model simulations showed that heterogeneity had 

several distinct effects on hyporheic exchange. 

Fig. 2.4 illustrates the simulated interfacial water flux in experiment 5. For a 

homogeneous bed, the pattern of influx was identical for each bed form. Heterogeneity 
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caused variable influx into the bed forms even though they had the same shape. 

Furthermore, the average influx was 18% higher than that for the homogeneous bed.  

 

Table 2.3: Conditions in the experiments by Salehin et al., (2004). 

Experiment Tracer kσ
2
ln  da (cm) Λ (cm) ∆ (cm) h (cm) υ (cm/s) 

1 

2 

3 

4 

5 

6 

7 

8 

salt 

salt 

salt 

salt 

salt 

salt 

dye 

dye 

1.0 

1.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

22.5 

22.5 

15.5 

15.5 

15.5 

15.5 

15.5 

15.5 

15.0 

25.0 

25.0 

25.0 

15.0 

25.0 

25.0 

25.0 

3.0 

3.0 

2.0 

3.0 

2.0 

3.0 

3.0 

3.0 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

14.5 

15.0 

17.0 

16.5 

10.1 

10.2 

14.0 

14.0 

10.1 

 

 

Fig. 2.4: Simulated interfacial water flux through the eight bed forms 

 in experiment 5 (from Salehin et al., 2004). 

Similar trends were observed in the simulations for all the experiments, with 15– 20% 

higher influx found in model simulations with heterogeneous bed. 

Fig. 2.5 shows the simulated hyporheic exchange streamlines for experiment 5. As 

follows from this figure, when the bed was homogeneous and the bed forms were regular, 

the same pore water flow field was found under all bed forms. This became considerably 
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more irregular in the case of heterogeneous bed. In this particular case, the bed had an 

effective anisotropy because of the 10:1 ratio of longitudinal and normal correlation length 

scales, which resulted in steeper pore water head gradients in the longitudinal direction. 

Thus the simulated streamlines for the heterogeneous bed are flatter and more vertically 

compressed than those for the homogeneous bed. As a result, solutes moved along shorter 

and faster preferential flow paths, and the overall penetration depth was reduced. A few 

preferential flow paths went deep into the bed, e.g., under bed forms 3, 4 and 8, but the 

head gradients, and thus the pore water velocities, dropped off very rapidly with depth. 

Thus the simulations indicate nearly negligible net vertical solute transport below ≈ 8 cm 

depth.   

The observed and simulated dye fronts under bed forms 2 and 3 for experiment 8 

are shown in Fig. 2.6. The results are consistent with the in-stream salt concentration data 

from experiments 1 – 6, which also indicated that heterogeneity enhanced solute flux to 

the bed early in the experiments but that the net mass transfer rate became extremely slow 

after 40 to 60 hours. 

Fig. 2.7 illustrates the effect of heterogeneity on the average residence time 

distributions.  The average residence time function, ��, represents the fraction of a solute 

pulse at the bed surface that still remains in the bed after time t. It is obvious that when the 

bed is heterogeneous, solutes are initially transported faster through the hyporheic zone. 

However, the slope of the residence time function for heterogeneous beds becomes much 

shallower than that for homogeneous beds at later times, indicating that the rate of solute 

release back to the stream water eventually becomes slower in the heterogeneous bed. 
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Fig. 2.5: Simulated hyporheic flow paths in experiment 5 considering (a) an equivalent homogeneous bed 

and (b) the actual heterogeneous bed structure. These flow paths are equivalent to streamlines and were 

found by numerical particle tracking for a period of t = 70 hours (from Salehin et al., 2004). 

 

Packman et al. (2004) conducted a series of laboratory experiments to examine 

solute exchange with gravel streambeds. Both flat beds and beds covered by dune-shaped 

bed forms were studied. The experiments were carried out in a recirculating flume; the test  

 

a)  Homogeneous bed form 

 

b) Heterogeneous bed form 
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Fig. 2.6: Observed dye fronts and the corresponding simulated solute penetration fronts for experiment 8 

(from Salehin et al., 2004). 



27 

 

 
Fig. 2.7: Average residence time distribution functions (from Salehin et al., 2004). 

section was 2.5 m long, 0.2 m wide and 0.5 m deep. The streambed consisted of commercial 

pea gravel (D50 = 56 mm; mean bulk porosity = 0.38; hydraulic conductivity = 15 cm/s). 

The conditions for all runs were as summarized in Table 2.4. The hyporheic flow was 

visualized by injecting dye into the gravel bed and observing its transport through the 

channel walls, as illustrated by Fig. 2.8. 

Table 2.4: Conditions in the flume experiments by Packman et al. (2004). 

Bed depth was 19 cm in all experiments. 

 

 

 

 

 

 

Run number υ (m/s) h (m) S (-) ∆ (m) Λ (m) Re (-) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

0.361 

0.274 

0.179 

0.091 

0.179 

0.092 

0.177 

0.09 

0.268 

0.177 

0.091 

0.114 

0.113 

0.114 

0.114 

0.201 

0.202 

0.204 

0.205 

0.204 

0.203 

0.204 

0.00091 

0.00068 

0.00035 

0.0001 

0.00046 

0.00014 

0.00039 

0.00038 

0.0004 

0.0003 

0.00028 

flat 

flat 

flat 

flat 

flat 

flat 

0.035 

0.035 

0.021 

0.021 

0.021 

flat 

flat 

flat 

flat 

flat 

flat 

0.32 

0.32 

0.32 

0.32 

0.32 

41000 

31000 

20000 

10000 

36000 

19000 

36000 

19000 

55000 

36000 

19000 
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In contrast to the results of previous studies that had assumed that in the flat bed 

case, only horizontal pore water flows would occur, in these flat bed tests vertical pore 

water flows were also observed. Turbulent mixing was noticeable in the upper few 

centimeters of the bed (within ≈ 5 to 10) grain diameters. When the injection point was just 

below the stream–subsurface interface some of the dye migrated out of the bed, because of 

turbulent diffusion. Further, it was observed that dye that penetrated deeper into the bed 

sometimes followed preferential flow paths and could be seen to pulsate as it traveled, 

indicating that there was a temporal variation in the pore water flow field due to the 

interaction of the turbulent surface flow with the subsurface flow. 

Some results of experiments with flat beds are presented in Fig. 2.8, where C/C0 is 

the final normalized concentration value (C0 = initial concentration). From this figure it is 

obvious that the exchange with flat beds is highly dependent on the stream velocity, and as 

the stream velocity increases the exchange rate also increases. Packman et al. (2004) have 

also shown that the rate of solute exchange with the bed is affected by stream depth. In 

particular, the initial rate of exchange is greater in deeper streams. This shows an effect of 

the coupling of the stream and pore water flows beyond that simply due to the stream 

velocity, and implies a relationship between the exchange rate and a dimensionless 

parameter such as the Reynolds number. 

Fig. 2.9, produced on the basis of the runs with dune-shaped beds (bed depth of 

19.0 cm; stream depth ≈ 20.3 cm), illustrates the effects of velocity on hyporheic exchange 

in the presence of bed forms. This figure suggests that the stream velocity, υ, has a 

significant effect on the induced stream–subsurface exchange regardless of the bed form 

height. 
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Fig. 2.8: Effect of stream velocity on hyporheic exchange with flat gravel beds. Upper panel presents 

results for a stream depth h =11.4 cm (±0.1 cm), and lower panel for h = 20.3 cm (±0.2 cm) (from Packman 

et al., 2004; d = h). 

 
Fig. 2.9: Effect of stream velocity on hyporheic exchange with gravel beds with bed forms. Upper panel 

presents results for the larger size class of bed forms used in the experiments, and lower panel presents 

results for the smaller bed forms (from Packman et al. 2004). 
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It was further concluded that the presence of bed forms considerably increases exchange 

relative to the flat bed case, whilst bed form height does not affect the exchange very much. 

Cardenas and Wilson (2007) investigated numerically the characteristics of 

hyporheic flow induced by dunes. A steady state two-dimensional turbulent water flow 

over triangular dunes was simulated by solving a finite-volume formulation of the 

Reynolds-averaged Navier-Stokes (RANS) equations using the k-ω turbulence model. Use 

was made of CFD-ACE+, a commercial Computational Fluid Dynamics (CFD) solver. 

Model generation, solution and post-processing for the porous media domain was 

implemented using the generic finite element analysis code COMSOL Multiphysics. In 

their simulations, dune length was Λ=1.0 m; the depth of water above the trough was equal 

to 0.5 m. The dune height and the horizontal distance between the crest and the upstream 

trough were varied to effectively change the dune steepness and asymmetry. The 

permeability and porosity of the porous medium were equal to 1.12 × 10-10 m2 and 0.325, 

respectively.  

A few selected streamlines for the porous medium are shown in Fig. 2.10. The 

interfacial exchange zone (IEZ) depth, dz, is the vertical distance between the trough and 

the deepest portion of the dividing streamline that envelopes all porous flow originating 

from the sediment-water interface, which has area Az. 

Fig. 2.11a illustrates the simulated dz for laminar and turbulent flow conditions. As 

follows from this figure, under laminar free surface flow conditions, the IEZ depth 

monotonously increased with stream flow Reynolds number, whilst in fully turbulent free 

surface flow it remained constant. It was also found that steeper dunes (higher ∆/Λ) have 
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shallower IEZs (Fig. 2.11b); and that like dz, the exchange zone area, Az, is relatively 

constant for fully turbulent flow.  

 

Fig. 2.10: Porous media flow in the sediments with a few selected streamlines 

(from Cardenas and Wilson, 2007). 

 

The flux into the porous medium was shown to increase exponentially with the 

Reynolds number (Re) of the surface flow with the steeper dunes resulting in less flux for 

a given Re (see Fig. 2.11c, where ����
∗ , a normalized effective flux density (per unit length) 

was obtained by dividing the volumetric discharge by the bed form length Λ and the 

hydraulic conductivity of the porous medium K). The mean residence time can be 

calculated from:  

*
intqK

A
t z

r
Λ

=  (2.5)

where Λ is length of dune. These are plotted in dimensionless form ΛKtt r

*

r = versus Re 

in Fig. 2.11c. As follows from this figure, there is a sharp decrease in residence time with 

increase in Re. 
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Hester et al. (2013) numerically modeled mixing between hyporheic flow paths 

induced by riverbed dunes and flow paths of adjacent upwelling of deeper groundwater. 

They constructed a groundwater flow and transport model using MODFLOW, a modular 

finite-difference flow model that solves the three-dimensional groundwater flow equation, 

 

Fig. 2.11: Results from the simulations by Cardenas and Wilson, 2007 (L and H in this figure imply Λ and 

∆, respectively). (a) dimensionless interfacial exchange zone depth (dz/Λ) as a function of Re; (b) simulated 

dz/Λ for turbulent flow over different dune steepness, and dimensionless area of the IEZ (Az/Λ 2) for the case 

where H/Λ = 0.05 (gray-filled triangles); (c) dimensionless interfacial fluxes (�	
�
∗ ) corresponding to the 

same cases in (b), and the dimensionless residence times ( *
rt ) for ∆/Λ = 0.05 (gray-filled triangles). 

as well as MODPATH, a particle tracking code that uses the output of MODFLOW, and 

MT3DMS, a transport model that uses also the output of MODFLOW and solves the 
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advection, dispersion, and chemical reaction equation for dissolved constituents in 

groundwater systems. 

The groundwater hydraulics was modeled in steady state mode. The surface water-

groundwater interface was represented in the flow model as a specified head boundary 

condition that varied along the length of the interface based on laboratory measurements 

by Fehlman (1985) for a surface water depth of 0.254 m above the dune crests and average 

depth of 0.3228 m (to halfway up the dune face). The vertical model boundaries on the 

upstream and downstream sides of the model domain (left and right in Fig. 2.12) were 

specified as no-flow. The lower boundary was specified as a constant flow boundary to 

represent upward groundwater discharge. 

They conducted a sensitivity analysis where controlling factors were varied relative 

to a homogeneous and heterogeneous base case. A summary of base case inputs and ranges 

for parameters varied in the sensitivity analysis is given in Table 2.5. In this table horizontal 

to vertical anisotropy (A) was determined by keeping the horizontal K as a constant and 

varying vertical K with anisotropy. 

The results of the sensitivity analysis are summarized in Figs. 2.13 and 2.14. Fig. 

2.13 shows total mixing flux and mixing depth versus hydraulic conductivity (Fig. 2.13a), 

lower boundary groundwater flux (Fig. 2.13b), horizontal to vertical anisotropy (Fig. 

2.13c), and total mixing flux versus transverse dispersivity (Fig. 2.13d). Here mixing flux 

is given as a percent of total tracer flux entering from lower boundary (i.e., upwelling from 

deeper groundwater). 

Fig. 2.14 shows the hydraulic heads, particle traces, and tracer concentrations 

underneath one dune for the homogeneous model with the variation of the same parameters 



34 

 

used in Fig. 2.13 (hydraulic conductivity, lower boundary groundwater flux, etc.). As 

follows from Figs. 2.13 and 2.14, the sensitivity analysis has shown that: 

 

Fig. 2.12: Two-dimensional groundwater flow and transport model domain (from Hester et al., 2013). 

Table 2.5: Summary table of base case inputs and ranges for parameters varied in the sensitivity analysis 

by Hester et al. (2013). 

Parameter Abbreviation 
Base Case 

Value 

Range Varied in 

Sensitivity Analysis 
Unit 

Hydraulic Model  

(MODFLOW) 

Hydraulic conductivity 

Lower boundary groundwater 

flux 

Horizontal to vertical anisotropy 

Variance 

Correlation Scale ratio 

Horizontal correlation length 

K 

Lower Bdy q 

A 

σ
2 ln k 

N/A 

Ix 

84.4 

1.09 

1:1 

1 

10:1 

4 

25 - 150 

0.55 – 5.47 

1:1 – 20:1 

0.0 – 2.5 

2:1 – 10:1 

0.91 - 10 

m/d 

m/d 

- 

- 

- 

cm 

Transport Model 

(MT3DMS) 

Longitudinal dispersivity 

Transverse dispersivity 

αL 

αT 

0.01 

0.001 

0.0005 – 0.05 

0.00005 – 0.005 

m 

m 
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1. Increasing the hydraulic conductivity (K) results in an increase in the mixing depth, 

total mixing flux and size of the hyporheic zone (Figs. 2.13a and 2.14a). The 

increasing trend in mixing depth and total mixing flux is nonlinear, leveling off 

somewhat at higher values of K. 

2. As groundwater flux at the lower boundary increases, the hyporheic flow region 

contracts, simultaneously decreasing the mixing depth and total mixing flux (Figs. 

2.13b and 2.14b). This trend is also nonlinear, leveling off somewhat as flux at the 

lower boundary increases. 

3. As horizontal to vertical anisotropy increases, the hyporheic flow region contracts 

and flattens, simultaneously decreasing mixing depth (Figs. 2.13c and 2.14c). Total 

mixing flux exhibits little overall trend with anisotropy.  

4. Increasing dispersivity results in an increase in the total mixing flux, but the mixing 

depth and size of the hyporheic zone remain the same (Figs. 2.13d and 2.14d). 

Fox et al. (2014) investigated the effects of losing and gaining flow conditions on 

hyporheic exchange fluxes induced by dune shaped bed forms. They conducted 

measurements in a laboratory flume (6.40 m long and 0.30 m wide) under a combination 

of average overlying velocities and losing/gaining fluxes. The flume was packed with 

natural silica sand having an average diameter of 384 mm and a porosity of 0.33. 

Furthermore, a new conceptual framework was used for analyzing and modeling the 

hyporheic exchange fluxes. The results showed that interfacial transport increases 

proportionally to the square of the overlying velocity and linearly with increasing fluxes of 

losing and gaining conditions in the sand bed. 
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Fig. 2.13: Total mixing flux and mixing depth versus (a) K; (b) lower boundary groundwater (Darcy) flux; 

and (c) horizontal:vertical anisotropy; and (d) Total mixing flux versus transverse dispersivity. Mixing flux 

is given as a percent of total tracer flux entering from lower boundary (i.e., upwelling from deeper 

groundwater) (from Hester et al., 2013). 

For this reason, hyporheic exchange flux becomes smaller than the exchange under 

neutral conditions when the losing or gaining fluxes increases. Furthermore, hyporheic 

exchange fluxes under losing and gaining flow conditions are similar (Fig. 2.15). 

Chen et al. (2015) conducted a series of multiphysics computational fluid dynamics 

models both in 2-D and 3-D with similar open channel Reynolds numbers (Re). They 

compared hyporheic exchange through a series of dunes with a sinuous crest line and with  
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Fig. 2.14: Hydraulic heads, particle traces, and tracer concentrations throughout dune for the homogeneous 

model varying (a) hydraulic conductivity (K), (b) lower boundary groundwater flux (q), (c) anisotropy (A), 

and (d) transverse dispersivity (αT) (from Hester et al., 2013). 
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Fig. 2.15: Conceptual illustration of flow patterns and model notation under (a) neutral conditions, (b) 

losing conditions, and (c) gaining conditions (from Fox et al., 2014). 

similar wavelength and height in 2-D and 3-D numerical simulations. The geometry of 

their numerical simulations was created based on the dimensions of the 3-D and 2-D dunes 

in the laboratory studies of Maddux et al. (2003a) and McLean et al. (1994), respectively. 

The 3-D dune in the laboratory experiment of Maddux et al. (2003) had a mean wavelength 

of 0.8 m and a mean height at the crest of 0.04 m. The stoss side of the dunes was a half-

cosine wave running from its low point at the trough to its high point at the crest. The angle 

of the lee slope was 30°. The mean height, wavelength, steepness, and cross section of the 

3-D dune matched the 2-D dune of McLean et al. (1994). 

The surface flow was simulated using the commercial code FLUENT, by solving 

the RANS equations with the k-ω turbulence model. The pressure data from the bottom 

boundary of the RANS solution was applied to COMSOL software to solve the 

groundwater flow equations in the porous sediment using Darcy’s law. Fig. 2.16 illustrates 
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their numerical modeling methodology and the applied boundary conditions. The width b 

and the wavelength Λ of the dune were 0.9 and 0.8 m, respectively; the permeability of the 

porous medium was identified with 10101 −× m2 for all the simulations.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17 shows the comparison between measured longitudinal flow velocity ux 

in the experimental Run T3 of Maddux et al. (2003a) and simulated results at two cross 

stream locations: y = 0m (the centerline) and y = -0.225 m (halfway between the centerline 

and the vertical side boundary of the domain). According to this figure, along the axis of 

the bed form (y = 0 m), the simulation slightly overestimates the velocity in certain areas 

and tends to have a larger vortex. That is, flow reattachment occurs further down the wake 

of the dune (see profile at y = 0m and x = 0.96m in Fig. 2.17). However, the simulated 

Fig. 2.16: Illustration of the numerical modeling methodology and meshes and typical simulated flow 

depth, respectively (from  represent the water depth, the dune height and the hyporheic zdand  H, wdfield; 

Chen et al., 2015). 
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values of ux tend to better match the measurements along the axis of the bed forms (i.e., at 

y = -0.225 m). 

 

 

Fig. 2.18 shows pressure distributions along several longitudinal sections of the 3-

D dune and how this compares with the case of a 2-D dune. The contours in this figure are 

the contours of normalized pressure 

p* = (p - pmin) / (pmax - pmin)                                                                                                       (2.6) 

where p is pressure, and pmin and pmax are the minimum and maximum for each simulation.   

As follows from this figure, the pressure field of a 2-D simulation is different from 

that of a 3-D simulation. Along the different longitudinal sections of the 3-D dune, the 

pressure maximum and pressure minimum are different from a 2-D dune.  

To investigate the hyporheic fluxes (q) in 2-D and 3-D simulations, the flux across 

the hyporheic zone was calculated by integrating the magnitude of normal fluxes across 

the sediment-water interface, and then dividing by two, since the integration does not 

discriminate between inward and outward flows. The effective hyporheic flux density           

( *

intq ) was normalized using the following equation: 

ΛbK

q
q* =int

 (2.7) 

 

 

(2003a)  .et alMaddux  un T3 ofin experimental R xuvelocities  longitudinal flowComparison of : 17Fig. 2.

and simulated velocity profiles. 
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where Λ and b are the bed form wavelength and width, respectively, and K is the hydraulic 

conductivity of the porous media.  

According to Fig. 2.19a, for both 3-D and 2-D bed forms, the hyporheic flux 

increases with the surface flow Re via power functions ( baq Re*

int = ). The results of the 

simulations showed that the fitted coefficient a is equal to 9.783 × 10-10 and 8.385 ×10-9 

for the 3-D and 2-D cases, respectively, and the coefficients b are 2.308 and 2.011, 

respectively. Also, in this figure it is obvious that for Re < 5000, the volumetric fluxes of 

3-D/2-D bed forms are more or less equal to each other under lower Re. Compared to the 

Fig. 2.18: Flow and pressure fields for 2-D/3-D simulations with similar Reynolds numbers. Arrows 

illustrated in the sediment show the flow directions but not the magnitudes; black lines delineate the 

hyporheic zone (from Chen et al., 2015). 
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2-D cases, the 3-D bed form-induced fluxes are much more sensitive to higher Re where 

the flow is fully turbulent. 

Fig. 2.19b illustrates the variation of the dimensionless hyporheic zone volume 

Vz/(AsΛ), where As is the area of the sediment-water interface) versus the surface flow Re. 

It is clear that compared to the 2-D bed forms, the volume of 3-D cases is slightly larger, 

and Vz is relatively constant at fully turbulent flow. 

The mean residence time (tr) of water flow through the hyporheic zone were 

calculated using the following equation: 

*
intKqA

V
t

s

z
r =                                                                                                                               (2.8) 

The dimensionless form of tr is defined as ΛKtt rr /* = . According to Fig. 2.19c, 

same as hyporheic flux, the form of variation of mean residence time with Re is via power 

functions ( b

r at Re* = ) both for 2-D and 3-D cases. The residence time decreases sharply 

with an increase in Re, and the differences in residence time for 2-D/3-D cases mainly exist 

where Re is less than 10000. 

The simulated hyporheic zone depths (dz) for both 2-D and 3-D cases are plotted in 

Fig 2.19c. From this figure, it can be concluded that for both 2-D/3-D, the hyporheic flow 

depth increases under laminar water column conditions (i.e. Re <5000), and after flow 

transitions into fully turbulent condition, the dz almost remains constant. Also, the dz values 

of the 3-D case are larger than for the 2-D case. 
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Fig. 2.19: (a) Dimensionless hyporheic fluxes as a function of Reynolds number (Re) for 3-D/2-D cases; 

the ratios of the fluxes (3-D/2-D) are shown by the gray curve with corresponding secondary y axis. Black 

curves in Fig. 2.26a are fitted power models with R2 > 0.999. (b) is dimensionless hyporheic zone volume 

(V/AsL), and (d) the simulated dimensionless depth dz/L; As is the area of the sediment-water interface 

(SWI). Presented in Fig. 2.19c are the dimensionless residence times for 3-D/2-D cases with fitted inverse 

power law curves (R2 > 0.999); the ratios of the residence times (3-D/2-D) are shown by the gray curve 

with corresponding secondary y axis (from Chen et al., 2015). 

Ren et al. (2019) investigated the effects of flow velocity (υ), water depth (h), dune wave 

height (∆), and bed substrate permeability (κ) on hyporheic exchange in the bed hyporheic 

zone. Their simulation methodology was the same as Cardenas and Wilson (2007). Their 

numerical calculation model was based on the flume tests reported by Janssen et al. (2012) 

which has a length of 1.5 m, and seven identical triangular dunes with crest curvature radius 

of 0.02m. The bed substrate height was 0.09m and water depth (h) was 0.1m. They assumed 

the fluid to be incompressible, the flow to be steady, dune configurations to be free of any 

shifts, and bed substrates to be homogeneous, and isotropic and Fig. 2.20 shows a 

schematic representation of the 2-D flume model. 
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Fig. 2.20: Two-dimensional flume model (from Ren et al., 2019). 

Fig. 2.21 shows hyporheic exchanges when υ = 0.056 m/s, 0.070 m/s and 0.084 m/s. 

According to this figure, there is a positive relationship between depth and range of 

hyporheic exchange of solutes per unit time and the flow velocity. In other words, as the 

flow velocity increases, the hyporheic exchange increases, too. 

Fig. 2.22 illustrates the pressure distributions at υ = 0.056 m/s, 0.070 m/s and 0.084 

m/s. Considering this figure, it can be concluded that the pressure increased continuously 

with flow velocity. The pressure distribution was independent from flow velocities. In all 

cases the maximum, minimum, and negative pressure zones were observed at midstream 

of the upstream face, at the crest, and the downstream face, respectively. 

To investigate the effect of water depth on hyporheic exchange, three simulations 

were conducted with h = 0.08 m, 0.1 m, and 0.12 m. The results are shown in Figs. 2.23 

and 2.24. Fig. 2.23 shows that the relationship between h and hyporheic exchange is 

evidently negative, as by increasing the flow depth, the migration depth of solute per unit 

time decreases, which results in a reduced affected area. 
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Fig. 2.21: Distribution of concentrations (from Ren et al., 2019). 

 

Fig. 2.22: Distribution of the pressure field (from Ren et al., 2019; u in this figure implies υ). 
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From Fig. 2.24 it is inferred that by increasing the flow depth the pressure 

decreases, whilst the pressure distribution remains independent from the variations in flow 

depth.  

To investigate the effect of dune amplitude on hyporheic exchange, Ren et al. 

(2019) conducted three simulations for ∆ = 0.08 m, 0.1 m, and 0.12 m (Figs. 2.25 and 2.26). 

As shown in Fig. 2.25, it was found that by increasing the height of dunes the hyporheic 

exchange increased, too. It was also found that the patterns of pressure distribution as a 

function of ∆ were very similar to those as a function of υ and h, although the pressure 

values were different. The values of pressure in negative pressure zone for different 

amplitude of dunes were homogeneous, whereas the maximum pressure for ∆ = 0.016 m 

was half that for ∆ = 0.024 m.  

 

Fig. 2.23: Distribution of concentrations (from Ren et al., 2019; H in this figure stands for flow depth h). 
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Fig. 2.24: Distribution of pressure field (from Ren et al., 2019; H in this figure stands for flow depth h). 

 

Fig. 2.25: Distribution of concentrations (from Ren et al., 2019; h in this figure stands for bed form height 

∆). 
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Fig. 2.26: Distribution of the pressure field (from Ren et al., 2019; h in this figure stands for bed form 

height ∆). 

The results of the effects of permeability of bed substrate on the hyporheic exchange, are 

shown in Fig. 2.27 for κ = 1.2 × 10−11 m2, 1.5 × 10−11 m2, and 1.8 × 10−11 m2. They found 

that the depth and range of solute exchange increased with κ, indicating that hyporheic 

exchange was positively related to κ.  

Fig. 2.28 shows that pressure distribution is only dependent on κ, and its variation 

is independent from changes in υ, h, and ∆. 

2.2 Hyporheic flow induced by bars 

Tonina et al. (2007) conducted a total of 12 laboratory experiments of hyporheic 

exchange in gravel pool-riffle channels, primarily to examine the effects of discharge and  
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Fig. 2.27: Distribution of concentrations (from Ren et al., 2019). 

 

Fig. 2.28: Distribution of the pressure field (from Ren et al., 2019). 

bed form amplitude on hyporheic exchange. The experiments were carried out in a 14.6 m 

long, 0.9 m wide and 0.6 m deep tilting flume. The experimental bed was 13.92 m long, 

over which an immobile pool-riffle topography was shaped using a mixture of sand and 

gravel ranging from <1 to 27 mm (D50 ≈ 10 mm). The flow was uniform and steady; mean 

sediment depth=30 cm; mean porosity=0.34. The range of flow conditions and 

characteristics of the pool-riffle systems are given in Table 2.6.  
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Table 2.6: Hydraulic and pool-riffle characteristics of the experiments. 

Run 

number 

Discharge 

(l/s)  

Water 

depth 

(m) 

Mean 

velocity 

(m/s) 

Channel 

slope 

Bed form 

amplitude 

(∆) (m) 

Ratio ∆/Λ Re Fr 

1  

2  

3  

4 

5  

6  

7  

8  

9  

10  

11  

12 

12.5  

21 

32.5 

12.5 

20.83 

32.5 

12.5 

21.1 

32.83 

12.93 

21.17 

32.58 

0.065 

0.075 

0.104 

0.056  

0.064 

0.087 

0.044 

0.053 

0.086 

0.039 

0.052 

0.082  

0.282  

0.384 

0.369 

0.308 

0.413 

0.421 

0.365 

0.46 

0.425 

0.367 

0.452 

0.442 

0.0041 

0.0041 

0.0018 

0.0041 

0.0041 

0.0018 

0.0041 

0.0041 

0.0018 

0.0041 

0.0041 

0.0018 

0.12 

0.12 

0.12 

0.09 

0.09 

0.09 

0.06 

0.06 

0.06 

0.036 

0.036 

0.036 

0.022 

0.022 

0.022 

0.016 

0.016 

0.016 

0.011 

0.011 

0.011 

0.007 

0.007 

0.007 

18330  

28800  

38376  

17248 

26432  

36627  

16060  

24380  

36550  

14313  

23504  

36244 

0.35  

0.45  

0.37  

0.42 

0.52  

0.46  

0.56  

0.64  

0.46  

0.59  

0.63  

0.49 

 

Fluorescein was used as a tracer to assess solute exchange between in-stream water and 

subsurface pore water. Fluorescein concentration was measured using a fluorometer. 

Fig. 2.29 shows the effective average depth of solute penetration per unit area of the 

water surface as a function of time (Me (t)). According to this figure, in which the results 

have been grouped by discharge and slope, Me does not always decrease with lower bed 

form amplitude. This result indicates that the hyporheic exchange is not controlled only by 

the bed form amplitude. Rather there is a complex interaction between discharge and bed 

form topography that drives the flow regime (wetted perimeter, water surface profile, 

depth, and near-bed pressure) and the consequent magnitude and pattern of hyporheic 

exchange. 

Tonina and Buffington (2011) conducted a series of three-dimensional simulations 

to investigate the effects of bed topography, depth of alluvium, and stream discharge on 
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hyporheic flow in pool-riffle reaches with variable bed form submergence. To define the 

boundary conditions for the hyporheic flow model, they used the near-bed pressure 

distributions measured in their previous work (Tonina and Buffington, 2007). Their three 

dimensional groundwater simulation was based on Darcy’s law, and carried out using the 

well-known code FLUENT. 

The results of the numerical simulations were used to developed empirical equations 

for predicting the mean depth of exchange and characteristic values of the residence time 

distribution (mean and standard deviation). It was assumed that the mean hyporheic depth, 

dhyp, is a function of mean flow velocity, υ, average water depth, h, fluid density, ρ, fluid 

dynamic viscosity, µ, gravity, g, bed slope, S, alluvial depth, da, permeability of the 

alluvium, κ, bed form amplitude, ∆, and bed form wavelength, Λ. However, the authors 

stated that the hyporheic depth is meaningful only if it is shallower than the impervious 

layer (alluvium depth), which would otherwise constrain and define the hyporheic depth. 

Taking this into account (i.e. da > dhyp), and assuming also that the permeability κ has a 

given value, enabled the authors to exclude da and k from the list of characteristic 

parameters. Application of the Π-theorem, using υ, ρ and h as repeaters, yielded five 

dimensionless groups, namely Reynolds number, Re, Froude number, Fr, bed slope, the 

ratio of bed form amplitude to water depth, and the ratio of bed form wavelength to water 

depth. 

S
hh

∆

gh

h =∏′Λ=∏′=∏′=∏′=∏′
54321    ;   ;   ;   ;

υ
µ

ρυ  
(2.9)

The resulting empirical equation for mean depth of exchange is:  
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Fig. 2.29: Average effective depth of fluorescein penetration per unit water surface area (Me) for large- to 

small amplitude bed forms grouped by given values of discharge and slope (from Tonina et al., 2007). 

( )






 ∏′= ∑
=

5

1

lnexp
i

ii

hyp
A

h

d
 (2.10)

where A1 = 0.152, A2 = -0.058, A3 = -0.509, A4 = 0.074 and A5 = 0.906.  

As pointed out by Tonina and Buffington (2011), it should be noted that by 

considering all of the above-mentioned nine variables in dimensional analysis, the 

following six dimensionless groups can be derived: 

	
κκκ

υ
µ

κρυ h

h
S

h

g
=∏∆=∏=∏=∏=∏=∏ 6543

2

21    ;   ;   ;   ;   ;  (2.11)

Trauth et al. (2013) investigated the interplay between turbulent surface flow and 

hyporheic flow in streams with pool-riffle beds under various ambient groundwater flow 
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conditions. The OpenFOAM numerical code was used to simulate the surface flow, and 

the derived streambed pressures were assigned at the top boundary of the MIN3P software 

to simulate the hyporheic flows. Boundary fluxes were assigned at the bottom boundary 

for simulating losing and gaining conditions denoted by qbot. The model parameters used 

for the numerical simulations were as follows (see Table 2.7): stream slope = 2%; stream 

width = 10 m; wavelength of pool-riffle sequence = 10 m; amplitudes of pool-riffle 

sequence = 0.1, 0.2, 0.3, 0.4, 0.5 m; hydraulic conductivity = 5 × 10-4 m/s; porosity = 0.3; 

and depth of aquifer = 3 m ± amplitude of pool-riffle sequence. In total, 31 simulations 

were conducted, the range of flow characteristics of the stream scenarios being as listed in 

Table 2.7. 

Table 2.7: Range of stream flow characteristics of the CFD scenarios. 

Discharge (m3/s) Mean depth (m) Mean velocity (m/s) Mean Re (-) Mean Fr (-) 

5.38 – 35.34 0.42 – 1.29 0.93 – 3.7 4.63×105 – 3.6×106 0.44 – 1.21 

Fig. 2.30 shows the relationship between dimensionless qbot
*, calculated as qbot / K, 

and the ratio of discharge in the hyporheic zone to the surface flow discharge (QHZ / Qsurf) 

for high and low Re. The stream flow characteristics corresponding to the results of this 

figure are given in Table 2.8.  

From Fig. 2.30 it follows that the ambient groundwater flow, represented by the 

inflow and outflow via the bottom boundary of the groundwater model, has a strong effect 

on hyporheic exchange. For the neutral case (qbot
*

 = 0), QHZ is at a maximum (Qsurf is 

constant in each scenario). An increase in the magnitude of qbot results in a decrease of QHZ 
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Table 2.8: Stream flow characteristics of the CFD scenarios used in Fig. 2.30. 

Morphology-run Q (m3/s) h (m) υ (m/s) Re (-) Frmean (-) 

A 05-3 

A 05-10 

A 03-2 

A 03-11 

A 01-2 

A 01-8 

11.01 

34.52 

10.33 

31.8 

7.46 

32.61 

0.81 

1.29 

0.62 

0.94 

0.47 

0.92 

1.48 

2.78 

1.76 

3.39 

1.94 

3.6 

1.06×106 

3.27×106 

1.04×106 

3.22×106 

9.01×105 

3.28×106 

0.57 

0.83 

0.74 

1.12 

0.91 

1.21 

for both the losing and the gaining case. Even low magnitudes of qbot
* have a significant 

impact on QHZ. Exchange flows for both gaining and losing conditions are of the same 

order of magnitude and change similarly with the magnitude of qbot
* for a given 

morphology. However, under losing conditions, QHZ is consistently slightly lower than 

under gaining conditions. 

Trauth et al. (2013) suggested also that there is an exponential relationship between 

QHZ / Qsurf and qbot
* as follows: 

*
botbq

Surf

HZ ae
Q

Q =  (2.12)

with the values of the coefficients a and b being different in each scenario. 

Fig. 2.31 illustrates the relationship between QHZ and the pool-riffle amplitude and 

qbot for a special value of Re = 1.4×106. The QHZ values on the ordinate are normalized by 

QHZ of morphology A01. Figure 2.31a, representing gaining conditions (upper graph), 

shows that QHZ is relatively constant for pool-riffle amplitude heights above ∆ = 0.1 m; 

while in Fig. 2.31b, representing losing conditions, the relationship between amplitude ∆ 

and QHZ levels off beyond ∆ = 0.2 m. 
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Fig. 2.30: Fitted exponential curves for the relationship between qbot and QHZ/Qsurf for high and low Re 

scenarios of runs presented in Table 2.8 (from Trauth et al., 2013). 

In addition to these results, it was revealed that by increasing Re the residence times 

(total tracking times) reduced. The study showed that losing and gaining conditions reduce 

the spatial extent of the hyporheic zone as well as rates of hyporheic exchange flow. The 

ratio between hyporheic exchange flow and stream discharge was of the order of 1×10-5 to 

1×10-6 per meter stream length and decreased with increasing stream discharge. 

Lee et al. (2014) studied the overall flow pattern in different types of pool-riffle 

structures. FLOW 3D, a fully coupled CFD model, was use to analyze the hyporheic 

exchange flow. Water depth was treated as a free surface boundary. Along the bottom and 

sides of the model, no flow boundary conditions were specified, and free water surface 

boundaries were established at the upstream and downstream ends. The upstream water 

depth was equal to 0.6 m. To represent the gravel protrusion length, substrate roughness 

along  the  bed  was  set  to 0.4 cm.  The  porosity  of  the  porous  media  component  was 
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Fig. 2.31: Hyporheic exchange flow as a function of maximum pool-riffle amplitude height (∆) under 

constant stream discharge of Qsurf=12.0 m3/s. All QHZ values are normalized to QHZ of the scenario with a 

maximum amplitude height of ∆=0.1 m. 

set to 0.3. Porous media drag coefficients were set to establish a permeability of 3×10-6 

cm2. In the simulations, two pool-riffle shapes were considered (types 1 and 2). Type 1 

represented a simplified shape of pool-riffles normally observed in rivers (Fig. 2.32a). Type 

2 (Fig. 2.32b) was a reversed version of the shape of the simplified normal pool-riffle type. 

The bed slope was assumed to be 1/300, and three sequential pools were constructed to 

exclude the effect of the upstream and downstream boundaries (Fig. 2.33). 

 

Fig. 2.32: Artificial pool-riffle shapes (a) type 1; (b) type 2 (from Lee et al., 2014). 

∆
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Fig. 2.33: Computational domain for type 1 pool-riffle sequence (from Lee et al., 2014). 

Fig. 2.34 shows the characteristics of exchange flow in bed form type 1, including 

the locations of the downwelling zone, upwelling zone, maximum downwelling point, and 

maximum upwelling point. In this figure, the locations of the maximum downwelling 

points are in the middle of the front side of the riffles, and most of the downwelling flow 

is generated in the front sides. Upwelling flow was formed in the back sides of the riffles, 

and in the lower part of the front sides of the riffles, and the maximum upwelling points 

were near the tops of the riffles. The reverse exchange flow (exchange flow from 

downstream to upstream) was formed in the lower third of the front sides of the riffles. 

Also, it is obvious that only a small part of the downwelling flow contributed to permanent 

groundwater, and most of the downwelling exchange flow generated in the front of the 

riffles was discharged in the back side of the riffles. 

In the bed forms of type 2, as illustrated in Fig. 2.35, the downwelling flow was 

generated in the lower back side of the riffles and the front side of the riffles, excluding the 

first pool. Upwelling flow was only formed in the upper back side of the riffles, and the 

reversal upwelling flow was observed in the middle of the back side of the riffles. As in 

the bed forms of type 1, only a small part of the downwelling flow contributed to permanent 

groundwater, and this flow was generated in the first pool.  

 



58 

 

 

Fig. 2.34: Flux at the bed boundary and streamlines of groundwater and surface water for type 1 pool-riffle 

system (from Lee et al., 2014). 

 

Fig. 2.35: Flux at the bed boundary and streamlines of groundwater and surface water for type 1 pool-riffle 

system (from Lee et al., 2014). 
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Huang and Chui (2018) carried out a research to derive predictive empirical 

equations for estimating the scale, median residence time, and flux of hyporheic exchange 

in a single pool-riffle sequence. They considered stream discharge, bed form geometry, 

streambed hydraulic conductivity, and groundwater flow as parameters affecting the 

hyporheic flow characteristics. To derive the empirical equations, they used the dataset 

from Trauth et al. (2013). About 80% of the data was used to calibrate the equations, while 

the remaining 20% was used to validate the derived equations. For the validation, in 

addition to the 20% of the Trauth et al. (2013) dataset, data from Tonina (2005) and Tonina 

and Buffington (2011) were also used because they provided the mean hyporheic depth, 

median residence time, and exchange flux under various streambed amplitudes and 

discharges.  

Their methodology was the same as Tonina and Buffington (2011). They assumed that the 

mean hyporheic depth, dhyp, the median residence time, tr, and the exchange flux per unit 

bed area, vhz, are functions of the mean flow velocity, υ, average surface water depth, h, 

fluid density, ρ, fluid dynamic viscosity, µ, bed form amplitude, ∆, bed form wavelength, 

Λ, and groundwater flow, often represented by the inflow and outflow through the bottom 

of a study domain, qbot. To reduce the number of variables, the Buckingham π theorem was 

then applied and the following relationships were found:  

                               (2.13) 
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where Re is the surface flow Reynold number. 

Similar to Trauth et al. (2013), it was assumed that the relationships between dH/h 

and qbot/υ, trυ/h and qbot/υ, and υhz/υ and qbot/υ, is exponential:  
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where the subscripts s, t, r for both a and b denote the scale, residence time, and flux of 

hyporheic exchange, respectively; qbot/υ is the ratio of groundwater flow to mean surface 

flow velocity; and the “+” and “−” in the exponents correspond to gaining and losing 

groundwater conditions, respectively.  K is hydraulic conductivity and Kt is the streambed 

hydraulic conductivity of Trauth et al. (2013) and equal to 4
105

−× m/s. The fitting 

parameters, as and bs, at and bt, and ar and br were further assumed to be functions of Re, 

∆/h, Λ/h, and were determined for various scenarios by performing exponential regression. 

Using the results of the research by Tonina and Buffington (2011), the equations below 

were used to relate the fitting parameters to the natural logarithm of the dimensionless 

terms.  
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For scale:  
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For median residence time:  
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For flux:  
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Finally, the coefficients,
x

iA and 
x

iB , where x refers to s, t, or r for the scale, residence 

time, or flux, respectively, were determined using a multiple linear regression analysis for 

the three groundwater scenarios (i.e., gaining streams, losing streams, and no groundwater 

flow). The value of R2 was used to evaluate the goodness of fit. Using this methodology 

the coefficients of the derived equations were obtained as listed in Table 2.9. 
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Table 2.9: Coefficients of the derived empirical equations and corresponding significance, confidence 

intervals for mean hyporheic depth (dH), median residence time (T) and exchange flux (vhz) (from Huang 

and Chui, 2018). 

 

Fig. 2.36 illustrates the results of the validation in which the values of dH, tr, and vhz 

predicted by the derived equations were compared with the 80% of the Trauth et al., (2013) 

dataset used for the regression. To evaluate the calibration, the average percent bias (APB) 

was used, and to show the overall deviation between the predicted and original values, a 

linear regression with an intercept at the origin was also performed. As shown in this figure, 

the slope of the linear regression line is less than 1, which means the predicted values were 

generally lower than the original ones. Generally, the agreement between predicted and 

original data is good, linear regression lines have high values of R2 and the APB of 23% 

was also relatively small. 

Fig. 2.37 shows results of the comparison between the estimated data using the 

derived equations and the remaining 20% of the data from Trauth et al. (2013) in addition 

to two other datasets: one from Tonina (2005) and Tonina and Buffington (2011) and the 

other from Storey et al. (2003). To validate the mean hyporheic depth, dH, median residence 

time, tr, and flux of hyporheic exchange, vhz, 20% of the data from Trauth et al. (2013) and 

the Tonina (2005) and Tonina and Buffington (2011) datasets were used whereas the Storey 

et al. (2003) dataset was only used to validate the hyporheic exchange flux, vhz. To evaluate  
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Fig. 2.36: Calibration using 80% of the data from Trauth et al. (2013). The graphs show comparisons of the 

original values of (a) mean hyporheic depth (dH), (b) median residence time (T), and (c) exchange flux (vhz) 

with those predicted by the empirical equations. APB refers to the average percent bias. The percent bias 

was calculated as follows: (predicted value – original value)/original value × 100% (from Huang and Chui, 

2018; T = tr). 

 

Fig. 2. 37: Validation using the data from Trauth et al. (2013), Tonina (2005), Tonina and Buffington 

(2011), and Storey et al. (2003) datasets. The graphs compare the original values of (a) mean hyporheic 

depth (dH ), (b) median residence time (T), and (c) exchange flux (vhz) with those predicted by the empirical 

equations. Empirical equations refer to those proposed by this study unless specified otherwise in the 

legends. APB refers to the average percent bias. The percentage bias was calculated as follows: (predicted 

value − original value)/original value × 100%. Both the solid and hollow triangles are from Tonina (2005) 

and Tonina and Buffington (2011), but correspond to different bed form amplitudes. The hollow triangles 

correspond to amplitudes of 0.12, 0.09, and 0.06 m, whereas the solid triangles correspond to an amplitude 

of 0.036 m. (from Huang and Chui, 2018; T = tr). 
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the validation, both linear regression with the intercept at the origin and APB were used. 

According to Fig. 2.37, it is inferred that in general the predicted values agree reasonably 

well with the original data. 

2.2 Conclusions 

The summary of the undertaken studies on hyporheic flows induced by bed forms is 

presented in Table 2.10. As follows from this table the most comprehensive numerical 

simulation of hyporheic flows has been done by Lee et al. (2014). However, in their 

simulations the permeable wall which exist in the interface of surface flow and porous 

medium was treated as an impermeable wall, which separates the surface flow zone from 

porous medium. This is while for having the most realistic simulations of bed form induced 

hyporheic flows the surface and subsurface zones have to be connected to each other, and 

changes in the properties of each zone affect the characteristics of flow in the other zone. 

Furthermore, their simulations were conducted using Flow-3D which is an expensive 

commercial software, and no quantitative relations were derived showing how 

characteristics of hyporheic flows change with variations in morphological and hydraulic 

properties.   

This research aims at addressing this gap in the literature. It focuses on the fully 

coupled surface water and groundwater numerical simulations by defining a suitable 

boundary condition for the permeable wall in the interface of surface flow and porous 

medium. Simulations are conducted using a free open source CFD software, will make the 

simulations cost effective. Furthermore, quantitative relationships are derived from the 

results of more than 140 simulations by which characteristics of hyporheic flows can be 
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estimated based on the properties of surface flow, bed form geometry and properties of bed 

materials. 

 

Table 2.10: Summary of undertaken studies on hyporheic flows induced by bed forms 
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Chapter 3 

A 3D fully coupled numerical model for turbulent free surface 

and hyporheic flows induced by a gravel bar 

 

3.1 Introduction   

The hyporheic zone constitutes an important habitat for numerous aquatic organisms 

ranging from bacteria to incubating fish embryos (Boulton et al., 1998; Brunke et al., 2003; 

Williams, 1989; Stanford and Ward, 1988; Edwards, 1998; Tonina and Buffington, 

2009a,b); it is a source of nutrients and oxygen for hyporheic and riprapian organisms 

(Triska et al., 1989, 1993b; Findlay, 1995; Harvey and Fuller, 1998; Doyle et al., 2003); 

and it controls the distribution of solutes and colloids from bed form to watershed scales 

(Elliot and Brooks, 1997a; Woessner, 2000; Packman and Brooks, 2001; Sophocleous, 

2002; Kasahara and Wondzell, 2003). Furthermore, some species of fish (e.g. salmon, 

trout, charr, etc.) use the region near the interface between hyporheic zone and free surface 

flow for spawning (Hansen, 1975; Moring, 1982; Geist and Dauble, 1998; Dauble and 

Geist, 2000; Woessner, 2000; Bjornn and Reiser, 1991). After hatching, the alevins live in 

the hyporheic zone before emerging into the stream (Levy and Slaney, 1993).  

Extensive numerical and experimental research on bed form induced hyporheic 

flow has been carried out for the past two decades, focusing particularly on the case of 

subsurface flows induced by sand dunes in rivers and streams (Savant et al., 1987; Elliot 

and Brooks, 1997a, b; Salehin et al., 2004; Packman et al., 2004; Cardenas and Wilson, 

2007; Hester et al., 2013; Fox et al., 2013). In contrast only a few isolated works dealt with 
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hyporheic flow induced by gravel bars (Tonina et al., 2007; Tonina and Buffington, 2011;  

Gariglio et al., 2013; Trauth et al., 2013, Button, 2017; Fruetel et al., 2019).  

Although great insight into hyporheic flows can be derived from numerical 

simulations, but the undertaken numerical works lack accuracy due to bypassing the major 

challenges in simulating the bed form induced hyporheic flows. These challenges are as 

follows: 

1. The wall which exist in the interface between streamflow and porous medium is 

permeable, which acts simultaneously as a wall for surface flow and as an intake port for 

porous medium. For having a highly accurate numerical simulation, a suitable boundary 

condition must be defined for this permeable wall so that the effects of hydrodynamic 

pressure and velocity head on hyporheic flows are not neglected in the simulations. 

2. The pressure distribution on upper boundary of the porous medium is one of the 

key factors affecting the characteristics of hyporheic flows. By assuming a Symmetry 

boundary condition of the free surface, or by conducting simulations treating the interface 

between streamflow and porous medium as a solid wall a noticeable error occurs in 

capturing the free surface accurately. 

3. Darcy’s law is only valid for laminar flow regimes, whilst coarse bed sediments 

can admit pore water velocities that are sufficiently high that Darcy’s law is not valid (Bear, 

1972). Conducting simulations for turbulent flow regimes using Darcy’s law would cause 

serious error in final results. 

From abovementioned it can be concluded that the existing numerical works in 

literature do not give a good understand of the hyporheic flows in nature, where there is 

interaction between the surface and subsurface flows such that the hydraulic conditions of 
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surface flow affect the patterns of hyporheic flows, and the porosity of the substrate affects 

the hydraulic conditions of the surface flow 

To address the abovementioned challenges and fill the research gap in literature, in 

this study a fully coupled three-dimensional model was utilized to simulate the hyporheic 

flows by defining an appropriate boundary condition on the interface between the surface 

and subsurface flows so that there would be an interaction between the two regions, and 

changing in characteristics of one, affects the other. For simulation of hyporheic flows 

Forchheimer equation was utilized which is capable of governing the groundwater flows 

both in laminar and turbulent flow regimes (Teng and Zhao, 2000).  

3.2 Flow governing equations 

The problem under consideration requires the solution of the governing equations of free 

surface turbulent flows, as well as the governing equations of the subsurface hyporheic 

flow.  

The turbulent free surface flow is governed by the well-known Reynolds Averaged 

Navier-Stokes (RANS) equations, namely: 
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and the equation of continuity: 

0=⋅∇ u  (3.2)

where t = time; ui (i=1,2,3) = mean velocity in xi direction; P = total pressure; k = turbulent 

kinetic energy; δij = kronecker delta; νt = turbulent eddy viscosity; u = local flow velocity 

vector and j=1,2,3. There are essentially five terms: a transient term and a convective term 
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on the left-hand side of the equation; and a pressure/kinetic term, a diffusive term and a 

stress term on the right-hand side. In this study it is assumed that the fluid density of water 

is constant throughout the computational domain.  

As previously mentioned, the substrate flow can be laminar or turbulent. Similar to 

free surface flows, the Reynolds number (Re) is used to determine if the groundwater flow 

is of one type or the other. For groundwater flow Re is defined as:  

ν
50Re

qD
=  (3.4)

where q is specific discharge, D50 is the median particle size, and ν is fluid kinematic 

viscosity. 

The laminar substrate flow is governed by Darcy's law, according to which pressure 

drop and velocity through the porous media are related as follows (Bear, 1972): 

)(
1

fP u⋅⋅−=∇ µ
κ

 (3.5)

Here P∇  is pressure gradient, κ is permeability of the porous medium, µ is fluid dynamic 

viscosity, and uf is filtration velocity vector. 

According to Bear (1972), Darcy's law is valid for Reynolds number less than 1, 

but this upper limit can be extended up to 10. On the basis of their studies involving laser 

anemometry and other visualization techniques, Dybbs and Edwards (1984) subdivided the 

different types of flow in the porous medium as follows: 

Re < 1: flow is laminar, viscous forces are dominant, and pressure gradient varies 

linearly with velocity;   

~ 1 < Re < ~ 150: there is a transition that brings fluid to be dominated by inertial 

effect instead of viscous forces. Flow remains laminar; 
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~ 150 < Re < ~ 300: in this range there are oscillations and instabilities that generate 

vortices. Flow tends to become a turbulent fully developed flow; 

Re > 300: flow is dominated by turbulence, and is fully developed. Pressure losses 

are high.  

Forchheimer (1901) generalized Darcy’s law to produce an equation valid for both 

laminar and turbulent flows. He found that the discrepancy between experimental data from 

fast filtration flows and results obtained from Darcy’s law is related to the effects of inertial 

forces and suggested to add a term representing kinetic energy to Darcy's equation. The 

Forchheimer equation can be expressed as follows (Teng and Zhao, 2000): 

)|()(
1

fff
P u|uu ⋅⋅−⋅⋅−=∇ ρϕµ

κ
 (3.6)

where � is the Forchheimer coefficient. The expression for � has been studied by several 

researchers (e.g., Schneebeli, 1955; Irmay, 1964; Ward, 1964;  Scheidegger, 1974). 

According to Teng and Zhao (2000), the most widely used expression for � is that given 

by Ergun (1952):  

κ
ϕ EC=  (3.7)

where CE is the so-called "Ergun constant". The Ergun constant is dimensionless, however, 

it is not a universal constant as it has been found to vary with changes in porosity and 

structure of the porous medium (Teng and Zhao, 2000). Furthermore, this coefficient 

accounts for inertial (kinetic) effects, and it is strongly dependent on the flow regime. For 

laminar flow regime, CE is very small. Thus the second term on the right-hand side of Eq. 

(3.6) can be neglected, and the Forchheimer equation reduces to the Darcy equation. 



 
 

74 
 

Substitution of Eq. (3.7) in Eq. (3.6) yields the Ergun’s version of the Forchheimer 

equation, namely (Kaviany, 1991; Nield & Bejan, 1992): 

ff

C

fk
P E u|uu |ρ

κ
µ −−=∇  (3.8)

Irmay (1958) derived an alternate equation of the form: 

( ) ( )
ffDD

P f u|uu |
11

3
50

32

50

2

ε
εαρ

ε
εβµ −−−−=∇  (3.9)

where D50 is the median particle diameter, ε is porosity of the porous medium and α and β 

are shape factors that must be determined empirically. According to Bear (1972), Irmay 

(1958) later adopted the values α = 0.6 and β = 180. With α = 1.75 and β = 150, this equation 

is known as Ergun’s equation. 

3.4 Modeling framework 

Numerical modeling of the surface and subsurface flow was performed using the 

OpenFOAM CFD package (open source) developed by OpenFOAM Ltd. The OpenFOAM 

CFD-toolbox consists of a C++ library enabling the utilization and/or customization of 

predefined numerical solvers for the (numerical) simulation of various engineering 

problems. OpenFAOM uses the Finite-Volume method which can be applied to 

unstructured meshes. The meshes was constructed using the blockMesh utility supplied 

with OpenFOAM.  

3.4.1 Surface flow simulation 

The Reynolds-averaged approach to turbulence modeling requires that the Reynolds 

stresses in Eq. (3.1) be appropriately modeled. This can be accomplished through the 
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implementation of various turbulence models, classified in terms of the number of partial 

differential equations which are solved in addition to the RANS equations (e.g. one or two-

equation turbulence models). These equations are added for determining the turbulent eddy 

viscosity νt. For modeling of separated flows over bed forms, most RANS models involve 

the use of two-equation turbulence models. The k-ε and k-ω models are the most common 

two-equation models. Here k is the turbulent kinetic energy, ε is the turbulent dissipation 

and ω is the specific dissipation rate. The turbulent eddy viscosity is determined by the 

following relationships for the ε and ω models, respectively:  

   and 
2

ω
ν

ε
ν µµ

k
C

k
C tt ==  (3.10)

where Cµ=0.09 is a constant. According to Menter (1994) and Wilcox (2006) the accuracy 

of k-ω based models yield more accurate results than k-ε models when modeling wall-

bounded flows and separated flows.  

In the present simulations, the shear stress transport (SST) k-ω model was utilized. 

This is formed by combining the equations of the original k-ω and standard k-ε turbulence 

models (Menter, 1994). In this turbulence model, the use of a k-ω formulation in the inner 

parts of the boundary layer makes the model directly usable all the way down to the wall 

through the viscous sub-layer, hence the SST k-ω model can be used as a Low-Re 

turbulence model without any extra damping functions (Menter, 1994). The SST 

formulation also switches to a k-ε behavior in the free-stream and thereby avoids the 

common k-ω problem that the model is too sensitive to the inlet free-stream turbulence 

properties (Menter, 1994).  

To provide realistic flow simulations, the free surface was simulated by applying a 

two-phase (water and air) model approach with the volume of fluid (VOF) method. In the 
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Volume of Fluid (VOF) method the position and shape of the free surface is tracked by 

solving an additional advection equation for the volume fraction in each cell. In this 

method, one fluid cannot occupy the volume which is occupied by another fluid; this 

verifies the continuity law at all times. The main disadvantage of the VOF method is that 

in a numerical model with large grid sizes, the formation of small bubbles or droplets 

smaller than the minimum size of the grid, is ignored (Rusche, 2002). The advection 

equation takes the form: 

( ) ( )( ) 01 =−⋅∇+⋅∇+
∂
∂ δαδδ

rU
t

u  (3.11) 

in which u is flow velocity vector; � is the volume fraction of the first phase (water); and 

	
 is the compressive velocity counteracting numerical diffusion. This equation describes 

the transport of the volume fraction �. For counteracting numerical diffusion in the VoF 

equation, an artificial compression velocity 	
 is introduced which creates a flux in the 

direction of the gradient of the volume fraction ∇�, e.g. the smeared interface is artificially 

compressed. It only acts within the zone of the interface as it becomes 0 where � = 0 or � 

= 1. 

The advection Eq. (3.11) is solved simultaneously with the continuity and 

momentum equations for each cell during each time step (Rusche, 2002). 

3.4.2 Hyporheic flow simulation 

Following the approach in OpenFOAM, the flow through porous media was modeled by 

adding a sink term to the Navier-Stokes equations (http:/www.openfoam.com/) 
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where ui (i = 1, 2, 3) is flow velocity in i direction, t is time, P is pressure, ρ is density of 

the fluid, and ijτ are Reynolds stresses. The term, Si, is Forchheimer equation that in 

OpenFOAM is represented by the following equation: 

 
(3.13)

where u is the velocity magnitude, Dij and F are the viscous resistance and viscous inertia 

tensors, respectively. For the case of simple homogeneous porous media this equation can be 

rewritten as:  

 
(3.14)

In Eq. (3.14) viscous resistance D and viscous inertia F are calculated by: 

 
(3.14)

 
(3.15)

3.5 Description of test cases 

The proposed numerical simulation model was evaluated using as test cases the laboratory 

experiments on hyporheic flow induced by gravel bars performed by Button (2017) at the 

Queen's University Coastal Engineering Research Laboratory. The experiments were 

carried out in a 21 m long, 0.76 m wide, and 0.5 m deep flume. The flume side walls were 

made of glass. A sand layer (approximately 0.15 m high) was placed from x = 4 m to x = 8 

m and from x = 12 m to x = 15 m (see Fig. 3.1). A geotextile was tightly placed over the 

sand to prevent any sand movement. A thin layer (approximately 0.05 m) of gravel was 
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placed on top of the geotextile to simulate a gravel bed. The middle section (x = 8 m to x = 

12 m) was filled with a layer of gravel approximately 0.2 m thick and flush with the gravel 

immediately upstream and downstream of it. The top of the gravel layer was sloped at 

1/750. The gravel was a peastone with grain sizes between 4.75 mm and 15.85 mm and a 

median grain size (D50) of 9.5 mm (see Fig. 3.1). For subsequent purposes in this paper, 

the permeability κ of the gravel will be identified 31076.1 −× with m2. 

In total, nine experiments were conducted three distinct gravel bars with  involving

the same height of 0.06 m and different lengths namely 1, 1.6 and 2.5 m; and three surface 

flow depths of (12, 15 and 18 cm). A summary of the hydraulic conditions in the 

experiments is given in Table 3.1. Here h is flow depth of free surface flow, Q is flow rate, 

υ is average flow velocity, Λ and ∆ are bar length and height, respectively (Fig. 3.2), and 

Re (= υh / ν) and Fr (= avgh/υ ) are Reynolds number and Froude number of the free surface 

flow. The values of flow depth h are those of the uniform flow, undisturbed by the presence 

of the bar. The particular combination of flow rate and opening of the gate that would lead 

to a uniform flow of desired depth was determined in advance over the flat gravel bed, 

before installing the bar, and kept unchanged throughout the duration of the tests. 

Flow depth was measured at several locations along the flume. The hyporheic flow 

was visualized and quantified by injecting a mixture of food coloring and water (always at 

the same concentration) in the gravel at several points along the transect of the bar, both at 

the surface and within the gravel itself. Dye injections into the bar and underlying gravel 

were recorded using a remote-controlled 18 megapixel digital camera, and the hyporheic 

flow paths were determined by using the image processing technique introduced in Fruetel 

et al. (2019).  
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Fig. 3.1: Schematic of the flume showing the gravel bar. Not in scale. 

Table 3.1: Hydraulic characteristics of the experiments. 

Test h 

(m) 
Q 

(l/s) 
υ 

(m/s) 
Λ 

(m) Re Fr ∆/Λ ∆/h 

H12-BL1.0 0.12 34.2 0.38 1.0 45000 0.35 0.06 0.50 

H15-BL1.0 0.15 57.6 0.51 1.0 75840 0.42 0.06 0.40 

H18-BL1.0 0.18 81.9 0.60 1.0 107740 0.45 0.06 0.33 

H12-BL1.6 0.12 34.2 0.38 1.6 45000 0.35 0.038 0.50 

H15-BL1.6 0.15 57.6 0.51 1.6 75840 0.42 0.038 0.40 

H18-BL1.6 0.18 81.9 0.60 1.6 107740 0.45 0.038 0.33 

H12-BL2.5 0.12 34.2 0.38 2.5 45000 0.35 0.024 0.50 

H15-BL2.5 0.15 57.6 0.51 2.5 75840 0.42 0.024 0.40 

H18-BL2.5 0.18 81.9 0.60 2.5 107740 0.45 0.024 0.33 

The work by Button (2017) was extended by Ahadi (2021), who for the tests with 

the 1.6 m long bar and flow depths of 12, 15 and 18 cm measured flow velocities at 29 
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verticals along the flume with the aid of a 3D Nortek Vectrino Profiler. Such measurements 

are also invoked in this work to test the present model.   

 

Fig. 3.2: Schematic representation of hyporheic flow. 

3.6 Model Set up 

3.6.1 Computational domain and boundary conditions 

The computational domain was as shown in Fig 3.3 with vertical exaggeration (VE) of 

1:22. Almost like in the experiments, the porous medium extended from x = 8.0 m to x= 

12 m. This was assumed to be bounded by solid (impervious) walls, except at the interface 

with the free surface flow. The streambed upstream and downstream of the porous medium 

and the flume sidewalls were also defined as solid walls. As can be inferred from Figs. 3.3 

and 3.4, finer meshes were used near solid walls, as well as at the interface between the 

free surface flow and the porous medium. To correctly capture the free surface, a finer 

mesh was also used at the interface of the surface water and air phases. 

Boundary conditions were specified at the domain inlet, outlet, atmosphere, solid 

walls, and interface between streamflow and porous medium as outlined below. Further 
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detailed information on the nature of the adopted boundary conditions is provided in the 

OpenFOAM documentation (http:/www.openfoam.com/). 

 

 
Fig. 3.3: The computational grid (overall view; bar length = 1.6 m; VE: 1:22). 

 
Fig. 3.4: The computational grid along the porous medium (bar length = 1.6 m; VE: 1:22). 

Inlet and outlet 

At the inlet of the domain, a constant discharge was applied, representing steady state 

stream discharge. The boundary condition for pressure was set to fixedFluxPressure, which 

adjusts the pressure gradient such that the flux on the boundary is that specified by the 

velocity boundary condition. Turbulence quantities such as k and ω were also set as 
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constant (4.6% turbulence intensity was used to set the turbulence level). At the outlet, the 

pressure and velocity boundary conditions were chosen as zeroGradient, while for 

turbulence quantities the inletOutlet boundary condition was adopted. That act as 

a zeroGradient condition when flow is outwards and fixedValue when flow is inwards. 

Atmosphere 

The top boundary of the domain is the free surface, which needs to permit both outflow 

and inflow according to the internal flow. To simulate a natural atmospheric condition, the 

boundary condition denoted as totalPressure in the OpenFoam code, was applied. This 

boundary condition is a fixedValue condition calculated from specified total pressure p0 

and local velocity u. For velocity, the pressureInletOutletVelocity boundary condition was 

implemented. This applies zeroGradient on all components, except where there is inflow, 

in which case a fixedValue condition is applied to the tangential component. As in the case 

of the outlet boundary, inletOutlet, boundary condition was applied for turbulence 

quantities. 

Solid walls 

At the solid walls (flow streambed, with the exception of the part over the porous medium; 

side and bottom walls confining the porous medium; and the flume side walls) the no-slip 

condition (u = 0) was applied; while for pressure the fixedFluxPressure boundary condition 

was adopted. The was in which turbulence quantities are specified at solid walls depends 

on whether these are smooth or rough. In the case of rough walls, the normal gradient of 

turbulent kinetic energy k is set to zero, while for smooth walls the value of k has to be 
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specified. In the present simulations all walls were treated as smooth wall and the value of 

k was calculated using the equation below (Fluent user's guide 2006):  

2)(
2

3
uIk = (3.16)

where u is the average flow velocity, and I is the turbulence intensity. In this work this was 

calculated using the following equation (Fluent user's guide 2006):   

8

1

)(Re16.0
−

= HDI  

in which 

(3.17)
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hB
DH +

=
2

4
 (3.18)

where DH is the hydraulic diameter and B is the width of the channel. Hence:  

m 488.0
76.018.02

76.018.04 =
+×
××=HD  (3.19)

055.0)488.0107740(16.0 8

1

=×=
−

I  
(3.20)

32 1063.1)055.06.0(
2

3 −×=×=k  (3.21)

 Interface between streamflow and porous medium 

The interface between surface flow and porous medium is a permeable wall, which acts 

simultaneously as a wall for the streamflow and a porous surface for the hyporheic flow. 

However, no predefined boundary conditions exist in OpenFOAM for defining such 

boundaries. Therefore, in order to stablish the most adequate way of defining this interface, 
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three different types of boundary condition were investigated, as described in the next 

section. 

3.6.2 Selection of permeable wall type 

As pointed out in the introduction, in all of the existing numerical studies on bed form 

induced hyporheic flows, it is invariably assumed that the top boundary of the porous 

medium is a solid wall. The numerical solution of the streamflow yields velocities and 

pressure at the interface that are then used as boundary conditions to solve the groundwater 

equation. In agreement with this standard solution to the problem, a simulation was first 

conducted for the case H18-BL1.6 (h = 18cm) by treating the interface as a solid wall. The 

results of the simulation are shown in Fig. 3.5, together with the results of the 

measurements of free surface profiles and hyporheic flow by Button (2017), as well as 

stream velocities by Ahadi (2021). As follows from this figure there is considerable 

disagreement between the measured data and the results of the simulation. The streamflow 

velocities by far exceed the measured velocities, especially in the downstream side of the 

bar. Simulated hyporheic flow velocities are also considerably larger than the measured 

ones. The substantial differences just described arise because the simulated free surface 

exhibits much larger depression just after the bar top than the measured one. 

From the aforementioned, it was concluded that for the present cases, where 

filtration is comparatively large, it is of critical importance to capture the exchange between 

groundwater and surface water, and define the boundary condition at the interface in such 

a way that the two regions (i.e. surface flow and porous medium) are connected to each 

other. Therefore, a new simulation was conducted in which a Cyclic boundary condition 
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was used at the interface. This boundary condition treats two boundary regions as if they 

are physically connected (http:/www.openfoam.com/).  

The results of this simulation are shown in Fig 3.6, from where it can be inferred 

that the adoption of the Cyclic boundary condition leads also to substantial disagreement 

between the results and the experimental data. In this case, the free surface depression after 

the bar top is strongly underestimated, and as a result both the calculated streamflow and 

hyporheic flow velocities are underestimated. Furthermore, the hyporheic flow pattern is 

quite distinct from the observed one, especially after the crest of the bar where a fictitious 

vortex zone emerges inside the porous medium.  

The results of the two simulations detailed above suggest that using a combination 

of Wall and Cyclic boundary conditions could help in defining a boundary that acts 

simultaneously as a wall for the streamflow and a porous surface for the hyporheic flow, 

and that would lead to realistic results. To this end the interface between streamflow and 

porous medium was divided into 30 parts and for each part Wall and Cyclic boundary 

conditions were alternatively defined as shown in Fig. 3.7. In this case the   parts with Wall 

boundary condition act as solid wall and the Cyclic parts act as the pore parts of the porous 

medium. To consider the effect of porosity of the bed materials (n = 50%), the ranges of 

the sections were chosen in a way that the cyclic boundary condition is applied to 50% of 

the length of the interface. 

As detailed under “Results” (Section 3.7), the adoption of such a combination of 

Wall and Cyclic boundary conditions led to realistic results, and as such was adopted 

throughout this work. 
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Fig. 3.5: Plot of numerical and experimental free surface, vertical surface water velocity profiles and 
hyporheic flow paths for h = 18 cm (Λ = 1.6 m) when Wall boundary condition is defined for the permeable 

wall (numbers on hyporheic streamlines represent the hyporheic velocities in cm/s). 

 

Fig. 3.6: Plot of numerical and experimental free surface, vertical surface water velocity profiles and 
hyporheic flow paths for h = 18 cm (Λ = 1.6 m) when Cyclic boundary condition is defined for the 

permeable wall (numbers on hyporheic streamlines represent the hyporheic velocities in cm/s). 
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Fig. 3.7: Schematic representation of boundary condition applied at the interface between streamflow and 
porous medium. 

3.6.3 Grid size tests 

As is well known, in numerical simulation it is important to achieve results that are grid 

independent. The grid independence was tested by considering three progressively finer 

grids (coarse, medium and fine) obtained by changing the number of nodes by a factor of 

1.3 in each coordinate direction. Table 3.2 presents the number of nodes in different 

directions in the main channel, porous medium and air phase for different grid types, as 

well as the approximate time of simulation for each type of grid. The simulations were 

carried out using desktop computer which had a 3.5 GHz Core i7-4770 CPU with 32 GB 

RAM. 

Fig. 3.8 shows the calculated free surface, mean velocity profiles and hyporheic 

flows for the three grids for the three grids (fine, medium and coarse) and the flow depth h 

= 18 cm. As follows from Fig. 3.8, the results obtained with the medium and fine grids are, 

for all practical purposes, indistinguishable from each other. The coarser grid yields 

velocity profiles that are identical to those of the medium and fine grids, except at two 

cross- sections. However, the difference is not significant and thought to be irrelevant for  
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Table 3.2: Number of nodes in different grid types and the approximate time of simulation. 

(days) st 4N 3N  2N  1N  Grid Type 

8 4462500 12×105×476 236×105×51 476×105×52 Fine 

4 1892160 9×81×347 163×81×39 347×81×40 Medium 

1 875936 7×62×274 133×62×30 274×62×30 Coarse 
            

                             N1: Number of nodes in length, width and depth of the main channel (x, y, z) 
                             N2: Number of nodes in length, width and depth of the porous medium (x, y, z) 
                             N3: Number of nodes in length, width and depth of the air phase (x, y, z) 
                             N4: Total number of the nodes 
                             ts: Approximate time of simulation 

the hyporheic flow. Taking this into account the coarser grid was adopted for subsequent 

calculations in this work, as this leads to a considerable gain in simulation time. 

 

Fig. 3.8: Numerical free surface, vertical velocity profiles and hyporheic flow paths along the  
gravel bar for fine, medium and coarse grids. 
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3.7 Results 

The measured and simulated free surface profiles, streamflow velocity profiles and 

hyporheic flow paths in the substrate for the 1.6 m long bar and 12, 15 and 18 cm surface 

water levels are shown in Figs. 3.9, 3.10 and 3.11, respectively. Equivalent plots for the 

1.0 and 2.5 m long bars are provided in Appendix A (Figs. A1 – A6). As follows from 

these figures, in general the model captures well the free surface, and also the streamflow 

velocity profiles and hyporheic flow patterns. 

 The computed and simulated free surface profiles are in good agreement in 12 and 

15 cm flow depths (Figs. 3.9 and 3.10), and especially in the case of the latter. In the case 

of the 12 cm flow depth, the simulated free surface exhibits a somewhat smaller depression 

after the bar. As a results, the simulated hyporheic flow velocities of the upstream to 

downstream flow are also somewhat smaller than the measured ones except towards the 

bottom of the layer of porous material. However, the measured and simulated velocities of 

the downstream to upstream flow are in closer agreement. 

For the 18 cm flow depth (Fig. 3.11), and in contrast to the case of the 12 cm flow depth, 

the simulated free surface exhibits a larger depression after the bar. Hence, the simulated 

hyporheic flow velocities of the upstream to downstream flow tend to be somewhat larger 

(again, except towards the bottom of the porous medium). Standing waves as observed in 

the experiment are produced by the model, but they are out of phase with the experimental 

ones. Formation of such standing waves in the experiments could be due to the short length 

of the flume and the effect of the tailgates which are used in the outlet for controlling the 

water level in the flume.  
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From Figs. A1-A3 it is inferred that same as the 1.6 m long bar, the numerical 

model is very accurate in simulating the flow both in surface and substrate regions for 1.0 

m long bar. As follows from these figures in all 12, 15 and 18 cm flow depths, except the 

regions around the crest of the bar (from x = 9.9 m to x = 10.3 m) the simulated streamflow 

velocity profiles correspond very well with the measured data from the experiments. The 

reason of the disagreement between simulated and experimental velocity profiles in the 

region around the crest of the bar can be due to this fact that as streamflow reaches the crest 

of the bar, the difference between the captured free surface by the numerical model, and 

the observed ones in the experiments increases. By increasing the depth of surface flow 

and formation of larger standing waves this difference gets more noticeable. Furthermore, 

in this region the surface flow is very turbulent and this turbulence is occurring on a 

permeable wall for which the defined boundary condition in the numerical model is not 

very accurate. As a results, the simulated streamflow velocities are smaller than the 

measured ones in the region around the crest of the bar.  

The free surface velocity profiles over the porous medium and hyporheic flow paths 

in the substrate for Λ = 2.5 m and for 12, 15 and 18 cm surface water levels are shown in 

Figs. A.4, A.5 and A.6, respectively. As follows from these figures, in all cases the free 

surface the numerical model captures the free surface very well. The main difference 

between the numerical and experimental free surfaces occurs downstream of the bar top 

where the turbulence effects and surface fluctuations are large. Comparison of the 

measured and calculated velocity profiles shows that as the surface water level increases, 

the agreement between the numerical and experimental data improves further.  
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Comparison between Figs. 3.9 – 3.11 and Figs. A1 – A6 shows that the hyporheic 

flow patterns are almost independent from the depth of streamflow. The geometry of the 

bar affects the flow characteristics both in surface and substrate regions. As length of the 

bar increases the depression in the water surface level decreases, and this decrease is more 

noticeable from Λ = 1.6 m to Λ = 2.5 m. By increasing the length of the bar the size of the 

region where hyporheic flows move from upstream to downstream increases, and 

consequently the region in which hyporheic flows move from downstream to upstream gets 

smaller.    

 

 

Fig. 3.9: Plot of numerical and experimental free surface, vertical surface water velocity profiles and 
hyporheic flow paths for Λ = 1.6 m and h = 12 cm (numbers on hyporheic streamlines represent the 

hyporheic velocities in cm/s). 



 
 

92 
 

Fig. 3.13, illustrates plots of measured and simulated vhyp /K versus ∆/h at 8 and 16 

cm from the bottom of the porous medium for three ∆/Λ values of 0.060, 0.038 and 0.024. 

As can be inferred from this figure, both at 8 and 16 cm from the bottom of the porous 

medium, the simulated flow velocities correspond well with the ones observed in the flow 

visualization experiment. However, there is a better agreement between simulated and 

experimental data in 8 cm from the bottom of porous medium. The plot of vhyp/K versus ∆/h  

 

Fig. 3.10: Plot of numerical and experimental free surface, vertical surface water velocity profiles and 
hyporheic flow paths for Λ = 1.6 m and h = 15 cm (numbers on hyporheic streamlines represent the 

hyporheic velocities in cm/s). 
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Fig. 3.11: Plot of numerical and experimental free surface, vertical surface water velocity profiles and 
hyporheic flow paths for Λ = 1.6 m and h = 18 cm (numbers on hyporheic streamlines represent the 

hyporheic velocities in cm/s). 

consists of curve patterns, which exist for any given point in the hyporheic flow domain. 

Considering the data in Fig. 3.13 indicates that the maximum of the curves occurs at ∆/h ≈ 

0.5, and then the values of vhyp/K slightly decreases. 

Fig. 3.14 was produced using the experimental and simulated velocities under the 

crest of the bar (x=10.05 m from the flume entrance, where the direction of the hyporheic 

flows are from upstream). From this figure it can be inferred that in the case of the 2.5 m 

long bar, the velocities are approximately 30% less than those for the 1 and 1.6 m long 

bars. This is clearly due to the fact that as the surface flow passes the crest of the bar, the 

drop in free surface elevation in the case of the 2.5 m long bar is less than the tests with 1.0 

and 1.6 m long bars. 
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Comparison between the simulated and experimental velocities shows that in the 

case of 1.6 m long better there is a better correspondence between numerical and 

experimental data. 

 

Fig. 3.12: Plot of vhyp /g1/2 κ1/4 at the bar top location (x = 10.05 m) versus ∆/h for each bar length. (top) 
Shows hyporheic velocity recorded at 8 cm from bottom of porous medium. (bottom) shows hyporheic 

velocity measured at 16 cm from bottom of porous medium. 

Fig. 3.14 illustrates the normalized values of flow rate entering the bars (Qhyp/Qinlet) 

from their upstream ends to the bar tops versus free surface flow depths in both simulated 

and experimental cases. The simulated flow rate values were calculated by calculating the 

average flow velocity under the bar top (x=10.05 m), where all of the penetrated flow from 

the surface into the porous medium has to go through, and then multiplying it to the area  
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Fig. 3.13: Plots of simulated and experimental hyporheic flow velocities versus flow line distance to the 
flume floor for upstream to downstream flows in h=12, 15 and 18 cm and bar lengths of: Λ=1.0 m (top), 

Λ=1.6 m (middle) and Λ=2.5 m (bottom). Velocities were measured under the crest of the bars. 
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perpendicular to the flow paths. As can be inferred from this figure, the flow rate entering 

the 2.5 m long bar is noticeably less than the flow rate entering the 1.0 and 1.6 m long bars. 

This is mainly due to this fact that the drop in the elevation of surface flow (i.e. pressure 

difference between before and after the crest of the bar) in the case of 2.5 m bar is less than 

the other two cases, which results in slower hyporheic flows and consequently, less 

discharge in the hyporheic zone. Furthermore, this figure shows that in the case of 1.6 m 

long the agreement between numerical and experimental data is better than the other two 

cases. 

 

Fig. 3.14: Plots of normalized simulated and experimental flow rate entering the bar versus flow depth for 
Λ=1.0 m, Λ=1.6 m and Λ=2.5 m. 

3.8 Conclusions 

The main findings of this chapter can be summarized as follows:   

1. Applying a combination of Wall and Cyclic boundary conditions on the interface 

between streamflow and porous medium got the best results in capturing the flow 

fields both in surface and porous medium regions. 
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2. The penetrated surface flow into the porous medium restore the free surface after 

the crest of the bar in the region where the streamflow has the lowest depth. 

3. The hyporheic flow induced by the bar consists of two regions. In the first region, 

starting somewhere upstream of the bar, the subsurface flow moves from upstream 

to downstream, while in the second region, starting somewhere downstream of the 

bar, it moves from downstream to upstream.  

4. By increasing the length of the bar the size of the region in which hyporheic flow 

moves from downstream towards upstream gets smaller, and consequently larger 

downstream-to-upstream hyporheic flow region is formed. 

5. For any given bar geometry, changing the depth of streamflow does not have a 

remarkable effect of the hyporheic flow patterns, and the areas of upstream to 

downstream and downstream to upstream hyporheic flow regions. 

6. The speed of hyporheic flow velocities has direct relationship with the amount of 

pressure difference between before and after the crest of the bar (i.e. elevation of 

surface flow). Due to this reason, the hyporheic flow velocities induced by the 2.5 

m long bar, are approximately 30% less than those for the 1 and 1.6 m long bars.  

7. When Λ = 2.5 m the hyporheic flow rate is noticeably less than the cases with Λ = 

1.0 and 1.6 m. This is mainly due to this fact that the drop in the elevation of surface 

flow (i.e. pressure difference between before and after the crest of the bar) in the 

case of 2.5 m bar is less than the other two cases, which results in slower hyporheic 

flows and consequently, less discharge in the hyporheic zone. 

8. Re and Fr of the free surface flow almost have no effect of the characteristics of the 

hyporheic flows.  
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Chapter 4 

New empirical equations for the determination of turbulent 

hyporheic flow induced by a single gravel bar 

 

4.1 Introduction   

Formation of bars is ubiquitous in mountain rivers, as flowing water transports the mobile 

sediment (Li et al., 2014). In the areas where river bed is permeable, existence of gravel 

bars results in pressure variation along the bed of a river which leads to exchange of water 

between stream flow and underlying porous medium known as hyporheic flows (Tonina et 

al., 2007; Gariglio et al., 2013; Trauth et al., 2013, Fruetel, 2016; Button, 2017). Streambed 

sediments are rich in nutrients, making the hyporheic zone a biologically rich habitat for 

the aquatic organisms living in the substrate materials (Stanford and Ward, 1988; Edwards, 

1998; Geist and Dauble, 1998; Boulton et al., 1998; Vollmer et al., 2002; Brunke et al., 

2003; Tonina and Buffington, 2009a,b).  Discharge of the surface water, porosity of the 

bed sediment, strength of groundwater upwelling and downwelling, and stream slope 

(Dahm et al., 1998; Buffington and Tonina, 2009), local bed topography (e.g. channel 

morphology and size of bed forms) (Harvey and Bencala, 1993), spatial variation in the 

pressure gradient that drives subsurface flow (Vittal et al., 1977; Savant et al., 1987), are 

the parameters governing the depth, magnitude and direction of hyporheic flows. The size 

of the hyporheic zone is reduced by lowering the water level as it decreases the rates of 

downwelling, hydraulic gradients and the degree of saturation (Stanley and Valett, 1992).  
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The ability to assess risk of sediment contamination requires a good understanding 

of hyporheic flows and their dependency on various hydraulic and morphological factors, 

as well as the ability to accurately predict them. Despite extensive laboratory and numerical 

research on hyporheic flows induced by bed forms, the large majority of studies so far 

considered the case of laminar hyporheic flows induced by sand dunes (Savant et al., 1987; 

Elliot and Brooks, 1997a, b; Cardenas and Wilson, 2007; Hester et al., 2013; Fox et al., 

2013). Yet dunes are not typical of gravel rivers. In this case the most common type of bed 

features are bars with only a few isolated studies so far focusing on the comparatively much 

faster and turbulent hyporheic flows induced by gravel bars (Tonina et al., 2007; Tonina 

and Buffington, 2011; Gariglio et al., 2013; Trauth et al., 2013, Fruetel, 2016; Button, 

2017).  

The only empirical equations for predicting the characteristics of hyporheic flow 

through gravel bars are developed by Tonina and Buffington (2011), which has been 

described in details in Chapter 2. However, their dataset was only limited to the results of 

24 simulations conducted by a groundwater commercial code (i.e. no surface flow 

simulations were conducted). Furthermore, in their simulations it was assumed that Darcy’s 

law is governing equation. The developed relationships are only limited to predicting the 

mean hyporheic depth and residence time.  

From the aforementioned, it should be clear that no quantitative relations have been 

derived for predicting the characteristics of hyporheic flows through a gravel bar in 

turbulent flow regimes. This is while utilization of predictive equations will help river 

engineers to avoid conducting time consuming simulations for estimating the 
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characteristics of hyporheic flows, and consequently in case of contamination they can 

quickly develop appropriate clean-up strategies to minimize damage to the aquatic habitat. 

This research focuses on the fully coupled three dimensional numerical simulations 

to develop empirical equations for predicting the characteristics of hyporheic flows induced 

by a single gravel bar. A total of 144 simulations have been conducted, considering a 

combination of the effects of geometry of the bar, permeability of the porous materials and 

depth of alluvium parameters governing the hyporheic flow characteristics. 

4.2 Dimensional considerations 

The phenomenon under consideration is the hyporheic flow induced by a gravel bar. It is 

assumed that the porous medium is homogeneous and isotropic; the alluvium is bounded 

at the bottom by an impervious layer. The undisturbed free surface flow (i.e. without the 

bar) is steady and uniform.  

The phenomenon is specified by the following nine 

characteristic parameters: 

 ρ, ν, ∆, Λ, υ, h, g, da, κ (4.2)

where ρ is fluid density, ν is fluid kinematic viscosity, ∆ and Λ are bar amplitude and length, 

υ and h are average velocity and depth of free surface flow, g is gravitational acceleration, 

da is alluvium depth and κ is porous medium permeability. Here the variables ρ and ν define 

the fluid; ∆ and Λ define the bar geometry; υ, h and g define the free surface flow; κ defines 

the properties of the porous medium; and da defines the spatial extent of the porous 

medium. 
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It follows that any property A related to the phenomenon under study can be 

expressed as 

),,,,,,,,( κυνρ aA dghfA Λ∆=                                                            (4.3) 

Using the Π-theorem, adopting ρ, h and υ as repeaters, one obtains: 

),,,,,(
hh

d

hhgh

h a
AA

κυ
ν
υϕ Λ∆=Π  (4.6) 

where ΠA is the dimensionless counterpart of A and Re (= υh/ν) and Fr (= gh/υ ) are 

Reynolds and Froude numbers of the free surface flow. Taking into account that (∆/ 

h)×(Λ/h)-1 = ∆/Λ, Eq. (4.6) can be equivalently written as  

),,,,,Re(
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d

h
Fr a

AA

κϕ Λ
Λ
∆=Π  (4.7) 

in which is ∆/Λ used to replace ∆/h. 

In this work, the focus will be on the following three hyporheic flow characteristics: 

average hyporheic flow velocity υhyp, average residence time of hyporheic flow tr, and 

discharge of water into the hyporheic zone Qhyp. Identifying ΠA with υhyp/(g1/2κ1/4), trg1/2/κ1/4 

and Qhyp/Qinlet, in which Qinlet is the free surface flow rate (unaffected by abstractions due 

to the hyporheic flow) yields for each of these quantities the following relations:   
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Note that ∆/Λ could equally well have been used to substitute Λ/h, instead of ∆/h, yielding 

the following alternative equivalent form of Eq. (4.6): 
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hh

d

h
Fr a

AA

κϕ ∆
Λ
∆=Π  (4.11) 

Again identifying ΠA with υhyp/(g1/2κ1/4), trg1/2/κ1/4 and Qhyp/Qinlet, Eq. (4.11) yields 
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4.3 Description of numerical tests 

An extensive series of numerical simulations was carried out to generate the necessary data 

to analyze the effect on υhyp, tr and Qhyp of the different variables upon which these three 

characteristics of hyporheic flows depend, as well as develop predictive equations for these 

characteristics.  



109 
 

The simulations were conducted using the numerical model developed in Chapter 

3. The hydraulic conditions of the free surface flow were those of BL1.6-test H18  in Button 

(2017), i.e. the flow depth h was fixed and equal to 18 cm (see Table 3.1). This means that 

the streamflow Reynolds number Re (= 107740) and Froude number Fr (= 0.45) were not 

varied in the present analysis.  

The conditions for the simulations were conceived taking into account the set of 

Eqs. (4.8) - (4.10), instead of Eqs. (4.12) - (4.14). Accordingly, the resulting equations are 

expressed in terms of the dependent variables in Eqs. (4.8) - (4.10) (except for Re and Fr). 

It is recognized that the characteristics of hyporheic flows induced by bed forms are 

strongly dependent on ∆/h, and thus from a practical standpoint, it may have been 

preferable to devise the conditions for the simulations by taking into account the set of Eqs. 

(4.10) - (4.12). The reason to plan the simulations on the basis of Eqs. (4.8) - (4.10), is 

entirely because with this approach the maximum length of the bars and consequently the 

length of the porous medium, where a higher resolution grid is used, could be reduced by 

half, limiting the computational times. However, it is possible to use the data resulting from 

the present simulations to develop also predictive equations in terms of the dependent 

variables in Eqs. (4.12) - (4.14), albeit with a few limitations. This matter will be addressed 

at the end of this paper.  

The computational domain was a 21 m long, 0.76 m wide and 0.38 m high straight 

channel. The porous medium region was located between x = 8 m and x = 12 m from the 

beginning of the channel. Four bar lengths were used in the simulations, namely 0.9, 1.8, 

2.7 and 3.6 m, yielding Λ/h = 5-20 at increments of 5. For each bar length, four bar 

amplitudes were used, given by ∆ = 0.02 – 0.05 Λ at increments of 0.01 Λ (i.e. ∆/Λ = 0.02 
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– 0.05 at increments of 0.01). The geometry of all bars is given in Fig 4.1. Three values of 

permeability κ of the porous medium were adopted (κ = 2.5×10-9, 3.36×10-8, 1.0×10-7), 

yielding κ1/2/h = 2.78×10-4 - 1.76×10-3 at increments of 7.41×10-4. Finally, the depth of 

alluvium was varied between 1h and 4h at 1.5h increments (i.e.  da /h = 1-4 at increments 

of 1.5). A summary of the just described conditions is given in Table 4.1. These yielded a 

total of 144 numerical simulations, which are detailed in Appendix B.  

 

 

Fig. 4.1: Geometry of bars in the simulations. 

 

Table 4.1: Summary of numerical simulations 

Parameter Range of variation Number of cases Increment 

∆/Λ 0.02 – 0.05 4 0.01 

Λ/h 5 – 20 4 5 

κ1/2/h 2.78×10-4 – 1.76×10-3 3 7.41×10-4 

da/h 1 – 4 3 1.5 
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Fig. 4.2 shows an example of the geometry of the computational domain for the 

case of ∆/Λ = 0.04, Λ/h = 15 and da/h = 2.5. As shown in this figure near wall boundaries, 

interface between the surface and subsurface regions and interface between the free surface 

and atmosphere zones the size of the mesh is finer. Fig. 4.3 illustrates a better view of the 

grid in the computational domain along the porous medium section. The total number of 

nodes in the computational domain was 875,936, and the average time of each simulation 

was 1.0 day using a workstation which had a 3.4 GHz Core i7-4770 CPU with 32 GB 

RAM. 

 

Fig. 4. 2: Overall view of an example of the computational grid (∆/Λ = 0.04, Λ/h  = 15 and da/h = 2.5; 
VE:1:22). 

 

4.4 Results 

In the first part of this section, pertinent results of the numerical simulations are presented, 

with the aim of highlighting the effect of the independent variables on hyporheic flow 

characteristics. In the second part, the proposed equations for υhyp, tr and Qhyp are detailed.  
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Fig. 4. 3: The computational grid along a portion of the porous medium (∆/Λ = 0.04, Λ/h  = 15 and da/h = 
2.5; VE: 1:22). 

 

4.4.1 Results of numerical tests 

4.4.1.1 Hyporheic flow patterns 

The effect of ∆/Λ and Λ/h on the hyporheic flow pattern is illustrated with example results 

of the simulations in Fig. 4.4. This figure corresponds to 31076.1/ −×=hκ and da/h = 1.0. 

The complete set of simulation results for these values of h/κ  and da/h is given in Fig. 

C.1, Appendix C. The rows in Fig. 4.4 show the flow pattern for a constant value of Λ/h 

and two values of ∆/Λ; the columns show the flow pattern for a constant value of ∆/Λ and 

two values of Λ/h. The free surface profiles are also shown in Fig. 4.4. These were 

normalized using the value of maximum free surface elevation, 
maxfz occurring in all related 

simulations, for namely m 0.271=
maxfz , which occurred for ∆/Λ = 5 and Λ/h = 20. The 

results of the numerical tests are detailed in Appendix D. 

As follows from Chapter 3, the hyporheic flow induced by the bar consists of two 

regions. In the first region, starting somewhere upstream of the bar, the subsurface flow 
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moves from upstream to downstream, while in the second region, starting somewhere 

downstream of the bar, it moves from downstream to upstream. The upstream to 

downstream flow occurs because free surface elevation decreases as the flow travels 

towards the bar top, invariably reaching its maximum deformation at some location 

downstream of the bar top. Consequently, the pressure continually decreases in this region. 

As the flow passes over the downstream side of the bar and returns to its undisturbed (by 

the bar) state, the free surface elevation and the pressure then gradually increase, leading 

to the downstream to upstream flow. The two flow regions are separated by a nearly vertical 

flow divide line on the downstream side of the bar, along which flow velocities of both 

upstream to downstream and downstream to upstream flow are the largest.  

As indicated by Fig. 4.4 and D.1, all other conditions remaining the same, including 

Λ/h, the location of the maximum depression of the free surface moves downstream as ∆/Λ 

increases (follow rows in the just mentioned figure), while the location of the flow divide 

line moves upstream. Thus, while in general the location of the flow divide line occurs 

downstream of the location of maximum free surface depression, for large values of ∆/Λ (

05.0→∆/Λ ) these two locations nearly coincide. 

Fig. 4.5 illustrates the effect on the hyporheic flow pattern of h/κ  and da/h. The 

figure corresponds to ∆/Λ = 0.02 and Λ/h = 15.0; the rows show the flow pattern for a 

constant value of da/h and varying values of h/κ , and the columns show the flow pattern 

for a constant value of h/κ and varying values of da/h. 
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Fig. 4.4: Variation of hyporheic flow paths with ∆/Λ and Λ/h for 31076.1/ −×=hκ and da/h = 1.0 (

m 0.271
max

=fz ). 

Even though the subsurface flow and streamflow interact, the free surface is not 

affected by the porous medium characteristics (permeability and depth of alluvium). This 

is reflected by the fact that the free surface profiles in Fig. 4.5 are all identical. This figure 

further indicates that all other conditions remaining the same (∆/Λ, Λ/h, da/h), the flow 

pattern remains invariant no matter the value of h/κ  (follow the rows in Fig 4.5). On 

the other hand, for given values of ∆/Λ, Λ/h and h/κ , the flow pattern varies considerably 

depending on da/h (follow the columns in Fig 4.5). In all of the present simulations, the 

depth of the hyporheic zone matches the depth of alluvium. As da/h increases, the flow 
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pathlines acquire more circular shapes; and the region where pathlines associated with the 

upstream to downstream flow re-emerge at the gravel-streamflow interface expands in its 

length. This means that the aerial extent of the region of upstream to downstream flow 

increases with increasing values of da/h.   

 

Fig. 4.5: Variation of hyporheic flow paths with 
avh/κ and da/h for ∆/Λ = 0.02 and Λ/h = 15 

 ( m 0.271=
maxfz ). 

4.4.1.2 Hyporheic flow velocity field 

The effect of ∆/Λ and Λ/h on the velocity field of the hyporheic flow is illustrated with the 

aid of the sample results of the simulations in Fig. 4.6. Like Fig. 4.4, Fig. 4.6 corresponds 

to the 31076.1/ −×=hκ and da/h = 1.0. The complete set of simulations for these values of 

h/κ and da/h is shown in Fig. C.2, Appendix C. The rows in Fig. 4.6 show the velocity 



116 
 

field for a constant value of Λ/h and two values of ∆/Λ; the columns show the flow field 

for a constant value of ∆/Λ and two values of Λ/h. The profiles of  

hydrostatic pressure, P, at the bed surface are also shown in Fig. 4.6. These were 

normalized using the value of maximum hydrostatic pressure, Pmax, occurring in all related 

simulations, namely Pmax = 2.66 KPa, which occurred when ∆/Λ = 0.05 and Λ/h = 20.  

Fig. 4.6 and D.2 show that the velocity field is affected by both ∆/Λ and Λ/h. 

However, the effect of ∆/Λ is much more significant with increasing values of ∆/Λ (follow 

the rows in Fig. 4.6), and only minimally with increasing values of Λ/h (follow the columns 

in Fig. 4.6). As can be inferred from Fig. 4.6 the reason for this lies entirely on the effect 

of bar geometry on the pressure distribution of the streamflow. By increasing just the bar 

length (i.e. by increasing Λ/h, while keeping all remaining variables constant, including 

∆/Λ) the drop in pressure over the bar does not increase significantly. However, the higher 

the bar the more it acts as a blockage, to the streamflow and the larger become the flow 

depth, and consequently the pressure, upstream of the bar. That is, the total pressure drop, 

which is the main derive of the magnitude of velocities in the hyporheic zone, is directly 

correlated to bar height. Hence, by changing just bar height (i.e. by changing ∆/Λ, while 

keeping all remaining variables constant, including Λ/h), considerable changes in the total 

pressure, and consequently hyporheic flow velocities, can be induced.   

Fig. 4.7 illustrates the effect of da/h and h/κ on the hyporheic flow velocity field. 

Like Fig. 4.5, this figure corresponds to ∆/Λ = 0.02 and Λ/h = 15, and includes also plots 

of normalized P/Pmax (Pmax = 2.26 KPa) as follows from this figure by increasing the depth 

of the porous medium the hyporheic flow average velocity slightly decreases, whilst 

increasing the permeability of the porous materials results in formation of velocity fields  
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Fig. 4.6: Variation of hyporheic flow average-velocity field with ∆/Λ and Λ/h for 31076.1/ −×=hκ and 
da/h = 1.0 (Pmax = 2.26 KPa). 

with a remarkably higher magnitude. In this figure, it is also obvious that pressure 

distribution over the bar is almost independent from da/h and h/κ . 

4.4.1.3 Hyporheic flow vertical-velocity field 

The patterns and amounts of upwelling and downwelling water in the hyporheic zone is 

one of the key elements determining the underlying physiochemical environment in the 

porous medium which can affect the composition and abundance of microorganisms living 

in the hyporheic zone (Williams, 1984; Stanford and Ward, 1988; Hakencamp and Palmer, 

2000; Halda-Alija et al., 2001; Wondzell, 2011). Therefore, due to its importance, the  
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Fig. 4.7: Variation of hyporheic flow average-velocity field with h/κ and da/h for ∆/Λ = 0.02 and Λ/h = 
15 (Pmax = 2.26 KPa). 

effect of independent dimensionless parameters on hyporheic flow vertical velocity field 

(υhypz), is investigated in this section. 

Fig. 4.8, which like in previous figures corresponds to 31076.1/ −×=avhκ and da/h 

= 1.0, shows colour plots of υhypz-field illustrating the effect of ∆/Λ (follows the rows) and 

Λ/h (follow the columns) on υhypz. The figure includes also plots of (υhypz)max versus x. Here 

(υhypz)max was determined along the centerline of the computational domain, and at any 

given x, it represents the maximum value of υhypz at a vertical line extending from the top 
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to the bottom of the porous medium. The figure is supplemented by Fig. C.3, showing a 

complete set of all related simulations. 

Contours in the first row of the figure shows that when Λ/h = 5.0 maximum 

downwelling is generated in the region at the beginning of the bar. As flow moves towards 

the crest of the bar negligible amounts of upwelling and downwelling is seen. Existence of 

such sequence could be related to the way that the permeable wall in the interface of porous 

medium and surface flow has been treated in simulations. In most of the cases high amounts 

of downwelling occurs in sections where Wall boundary condition has been defined, whilst 

in sections with Cyclic boundary condition small amount of upwelling is observed. 

Packman et al. (2004) observed such upwellings in their experiments in which dye was 

injected in the bed surface close to the interface. Therefore, observation of such small 

upwellings in the sections with Cyclic boundary condition, where the porous medium and 

surface flow are connected, corresponds better to real conditions compared to the sections 

with Wall boundary condition. However, such non-monotonic interface behavior is not 

observed after the crest of the bar. The upwelling region starts right after the top of the bar 

and as ∆/Λ increases this region expands and the upwelling velocity in this region increases 

as well. Comparison of the vhypz contours in other rows of the figure reveals that from Λ/h 

= 10.0 to Λ/h = 20.0 the pattern of downwelling and upwelling regions is the same. From 

beginning of the bar towards its crest the are sequences of upwelling and downwelling 

regions. By increasing in the steepness of the bar (∆/Λ) the downwelling region gets 

dominant specifically in a region near the top of the bar. The downwelling region starts 

right after the crest of the bar. In lower values of ∆/Λ the maximum downwelling is 
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generated at the end of the bar, but increasing the steepness results in movement of this 

region towards the crest of the bar.  

 

Fig. 4.8: Variation of hyporheic flow vertical-velocity field with with ∆/Λ and Λ/h for 31076.1/ −×=hκ
and da/h  =  1.0. 

Variations of upwelling and downwelling amounts and patterns with respect to da/h 

and h/κ  is shown in Fig. 4.9. According to this figure, increasing the depth of porous 

medium results in formation of upwelling and downwelling regions with higher velocity 

magnitudes, and this increase gets more noticeable as the permeability of the porous 

medium increases. The trend of the variations of upwelling and downwelling regions with 

respect to h/κ  reveals that in lower values of permeability the difference between the 

velocity magnitude in upwelling and downwelling regions is not remarkable. As 
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permeability gets higher, the rate of increase in upwelling velocity is more than the one in 

downwelling region. 

 

Fig. 4.9: Variation of hyporheic flow vertical-velocity field with h/κ and da/h for ∆/Λ = 0.02 and Λ/h = 
15. 

 

4.4.2 Predictive equations 

In this section. The analysis carried out to develop the predictive equations for υhyp, tr, Qhyp 

and the equations themselves are presented.  
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4.4.2.1 Approach 

For each numerical test, values of discharge in the hyporheic zone Qhyp, the average flow 

velocity υhyp and average residence time tr were determined as described below.  

For the present purposes, consider the schematic Fig. 4.10, showing a longitudinal 

view of the bar and porous medium underneath it, together with representative hyporheic 

flow streamlines.  

To calculate the average hyporheic flow velocity in the hyporheic zone, first a 

longitudinal slice was created in the centerline of the geometry volume (Fig. 4.10). Next, 

the area confined between the top boundary of the porous medium and the last hyporheic 

flow line (the flow line shown in green in Fig. 1) was calculated. Then, by performing the 

flow rate integration on the cells in this area the discharge was calculate. Finally, the 

average velocity was calculated by dividing the discharge over area. The procedure was 

repeated for a transverse slice in the crest of the bar (the line shown in blue in Fig. 4.10). 

In most of the cases the extracted data from both slices were very close, and their average 

was considered as the average hyporheic flow velocity. 

As can be inferred from the drawn streamlines in Fig. 4.10, from the beginning of 

the bar up to its crest, the streamflow enters the porous medium. All of the streamlines, 

which represent a portion of flow rate entering the hyporheic zone, pass through the section 

under the top of the bar, shown with a red line. Therefore, the discharge in this section, 

which is already found for calculation of average hyporheic flow velocity, represent the 

average discharge in the hyporheic zone. 
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The average hyporheic flow residence time was calculated by dividing the value of 

average hyporheic flow velocity by the average length of the twenty streamlines shown in 

Fig. 4.10. 

 

Fig. 4.10: Schematic of a longitudinal slice of hyporheic zone. The green line represents the last 
hyporheic flow line, and the red line represents the location of bar top. 

 

After conducting the simulations, to investigate the linearity of the relationships 

between dependent (i.e. vhyp/g1/2κ1/4, trg1/2/κ1/4 and Qhyp/Qinlet) and independent (i.e. ∆/Λ, 

Λ/h, κ1/2/h and da /h) variables, the scatter plot of each dimensionless dependent parameter 

versus each independent parameter was constructed. The results revealed that in most of 

the cases the variation of a dependent variable with respect to an independent variable was 

nonlinear. In another analysis the plots were constructed using the values of |ln(∆/Λ)|, 

|ln(Λ/h)|, |ln(κ1/2/h)| and |ln(da /h)| for dependent variables, and values of )/ln( 4/12/1 κgvhyp

, )/ln(4 4/12/1 κgtr
and )/ln( inlethyp QQ  for independent variables.  These plots can be found in 

Appendix E. Compared to the first analysis, the linearity between dependent and 

independent variables improved a lot, however, in some of the cases a nonlinear 

relationship was still visible (e.g. Figs. E.8 and E.12 in the appendix). Although, the 

nonlinearity was not very remarkable, and it was possible to perform a multiregression 
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linear analysis on the data set, but in order to derive an empirical equation with high level 

of accuracy, a more complicated analysis was done on the data set. In this method, first the 

type of trendline (e.g. logarithmic, polynomial, power, exponential) fitted the best in each 

plot was found. In cases that a polynomial line fitted the data very well, the order of the 

trendline was determined based on the value of correlation coefficient (R2). The order of 

the polynomial line was increased, and the first order which fitted the data with R2 = 1 was 

chosen as the order of the polynomial trendline. Then the equation of that trendline was 

added to the predictive equation considering variable parameters instead of its coefficients. 

Therefore, the form of the predictive equation gets similar to the equation below:  
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where A, B, C, D, E and F are variable parameters. To find the value of these parameters, 

and initial value of 1 was assumed for each of them. Then, the values of the dependent 

variable (i.e. left side of the Eq.1) the dataset were used as input, and by doing iterations 

the best values for coefficients in the final predictive equation were found. 

4.4.2.2. Predictive equation for discharge in the hyporheic zone 

The resulting predictive equation for discharge in the hyporheic zone is as follows: 
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To provide an example of the correspondence between the predicted and simulated 

values of dimensionless discharge parameter, the plots of )/ln( inlethyp QQ  versus |ln(Λ/h)| 

for the case  ∆/Λ = 0.05 and different values of h/κ and da/h are shown in Fig. 4.11. As 
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follows from this figure, in most of the cases the predicted and simulated data almost match 

each other, and differences are noticeable in only a few cases.  

 

 

Fig. 4.11: Plots of predicted and simulated values of )/ln( inlethyp QQ  versus |ln(Λ/h)| for the case ∆/Λ = 

0.05. 

Fig. 4.12 shows the plot of the predicted data by the present equation and the data 

obtained from the simulations. As illustrated in Fig. 4.12a the predicted data are in very 

good agreement with their simulated counterparts.  The standardized residual plot in which 

the is depicted if Fig. 4.12b. This was calculated using the equation below: 

)( i

i

eS

e
 (4.17) 
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where e = 
predicted

inlethyp
simulated

inlethyp QQQQ )/ln()/ln( − , S(e) is the standard deviation of the 

residual, and the subscript i =  1,2,…,n refers to the ith data point. As follows from Fig. 

4.12b, only 8 data point, i.e. less than 1% of the data fall outside of the range σ2± . The 

data are randomly dispersed around horizontal axis and they do not exhibit any trend. 

  

 

Fig. 4.12: Results of application of present equation for dimensionless discharge parameter: (a) predicted 

versus simulated values of )/ln( inlethyp QQ ; and (b) standardized residual plot. 

The histogram of the residuals is shown in Fig. 4.13a, in which the abscissa is

simulated
inlethyp

predicted
inlethyp

simulated
inlethyp QQQQQQ )/ln(/])/ln()/ln([ − , and the ordinate is 

the frequency of residuals. It is inferred that 92% of the data fall within the 5% error range. 

The residuals deviate from a normal distribution, as their distribution is moderately 

skewed. Further insight is provided by the normal Quantile-Quantile plot of the residuals 

in Fig. 4.13b. As illustrated by this figure, most of the data tends to fall along the straight 

reference line. There are some deviations at the low and high ends of the line, constituting 

approximately 17% of the total number of cases. 

(a) (b) 
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Fig. 4.13: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless discharge parameter; and (b) normal Q-Q plot of the residuals. The curve and the straight 

line shown in black represent the normal distribution curve and reference line, respectively. 

The results of application of the present equation to predict the values of Qhyp are 

shown in Figs. 4.14 and 4.15. From Fig. 4.14a it is inferred that when the empirical equation 

is used to predict the values of discharge in the hyporhec zone the deviations of the data 

from the fitted line increases. However, most of the data are within the 15% range of error 

(Fig. 4.14a), with less than 1% outside of the range σ2±  (Fig. 4.14b). The assumption of 

constant variance of data is violated to some extent, because in the second half of the 

abscissa almost all of the data are below the zero line. Fig. 4.15a illustrates that the 

distribution of residuals is positively skewed, and 87% of the data are within the 10% error 

range. The normal Q-Q plot of the residuals in Fig. 4.15b reveals that most of the data 

follow the reference straight line, confirming that the residuals are approximately normally 

distributed. 

(a) (b) 
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Fig. 4.14: Results of application of present equation for hyporheic discharge: (a) predicted versus simulated 
values of Qhyp; and (b) standardized residual plot. 

 

 

4.4.2.3 Predictive equation for average residence time in the hyporheic zone 

The resulting predictive equation for average residence time of flow in the hyporheic zone 

is as follows: 

(a) (b) 

(a) (b) 

Fig. 4.15: (a) Frequency plot of the residuals resulting from application of present equation for hyporheic 
discharge; and (b) normal Q-Q plot of the residuals. The curve and the line shown in black represent the 

normal distribution curve and reference line, respectively. 
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Fig. 4.16, in which )/ln(4 4/12/1 κgtr
 is plotted versus |ln(Λ/h)| for different values of 

h/κ and da/h for the case of  ∆/Λ = 0.05 represents an example to show the accuracy of 

the equation above when predicting the dimensionless residence time parameter. As seen 

in this figure, in all of the cases there is a very good correspondence between predicted and 

simulated data.  

The plot of simulated versus predicted values of )/ln(4 4/12/1 κgtr
is shown in 

Fig.4.17a. As follows from this figure, the data are very close to the perfect agreement line. 

From Fig. 4.17b, it follows that more than 99% of the standardized residuals are within the 

±2σ range, with only 7 data points falling outside this range. Random scattering of points 

and the almost similar variance of the residual with respect to the zero line are also evident 

in this figure. As shown in Fig. 4.18a, the histogram of the distribution corresponds well 

with the curve of normal distribution. From this figure it is also inferred that 99% of the 

data are within the 2% error range. The normal Q-Q plot of the data in Fig. 4.18b shows 

that except for one data at the high end of plot, the data are almost on the reference line or 

very close to it.  

To show accurately the present equation can predict the values of hyporheic flow 

residence time, the predicted values were plotted versus the simulated ones, with the results 

being shown in Figs. 4.19 and 4.20. From Fig. 4.19a it is inferred that that in some cases 

the data deviate from the 15% error range, but generally the agreement is reasonable. From 
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Fig. 4.16: Plots of predicted and simulated values of )/ln(4 4/12/1 κgtr
 versus |ln(Λ/h)| for the case ∆/Λ = 

0.05 

Fig. 4.19b it is evident that there are eight cases falling outside the range σ2± , while in the 

distribution of standardized residuals, the constant variance assumption in the regression 

analysis is violated to some extent. However, the histogram of the residuals in Fig. 4.20a 

shows that the distribution of residuals closely approximates the normal distribution curve. 

The normal Q-Q plot of the data in Fig. 4.20b, with only two data points at both ends 

deviating from the reference line, proves that the distribution of residuals in almost normal. 
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Fig. 4.17: Results of application of present equation for dimensionless residence time parameter: (a) 

predicted versus simulated values of )/ln(4 4/12/1 κgtr
; and (b) standardized residual plot. 

 

Fig. 4.18: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless residence time parameter; and (b) normal Q-Q plot of the residuals. The curve and the line 

shown in black represent the normal distribution curve and reference line, respectively. 

(a) (b) 

(a) (b) 
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Fig. 4.19: Results of application of the equation for average residence time: (a) predicted versus simulated 
values of tr; and (b) standardized residual plot. 

 

Fig. 4.20: (a) Frequency plot of the residuals resulting from application of present equation for average 
residence time of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve and the line shown 

in black represent the normal distribution curve and reference line, respectively. 

4.4.2.4 Predictive equations for average velocity in the hyporheic zone 

The resulting equation for average hyporheic flow velocity and independent dimensionless 

parameters was as follows:  

(a) (b) 

(a) (b) 
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In Fig. 4.21 the values of )/ln( 4/12/1 κgvhyp
 obtained from the equation above and 

the simulated  data  are  plotted  versus |h/Λln| )( for different values of h/κ and da/h 

for  the  case  of ∆/Λ = 0.05. As shown in the figure, the accuracy of the predicted data is 

high, and in most of the cases their difference from the simulated data is negligible. 

As shown in Fig. 4.22, in more than 95% of the cases, the error of the predicted 

data by the present equation is ±15% (Fig. 4.22a), and with more than 95% of the 

standardized residuals falling in the ±2σ range and with almost constant variance around 

the zero line. It can thus be inferred that the distribution of standardized residuals is normal 

(Fig. 4.22b). 

The histogram of the residuals in Fig. 4.23a is negatively skewed with the value of 

-0.385. However, since this skewness value is less than two times the value 0.202 of the 

standard error of skewness, it can be neglected. According to this figure, 85% of the data 

has an error within the range of 9%. From the Q-Q plot in Fig. 4.23b it is inferred that the 

residuals are distributed diagonally, and most of them fall on the reference line, which 

means both the residuals and the normal distribution have comparable quantiles.        
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Fig. 4.21: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(Λ/h)| for predicted and simulated values for the case of 

∆/Λ = 0.05. 

From Fig. 4.24 it is inferred that show that the predictive equations have good 

accuracy in estimating the values of hyporheic velocity as most of the data points are very 

close to the regression line and are within ±15 error range (Fig. 4.24a). The standardized 

residuals are randomly scattered around the zero line, and most of them are within ±2σ 

(Fig. 4.24b).  The histogram of the residuals which is illustrated in Fig. 4.25 shows that 

more than 97% of residuals are within ±15% error range (Fig. 4.25a), and since most of the 

data points are almost on the Q-Q plot reference line, the distribution of residuals is normal 

(Fig. 4.25b).  



135 
 

 

Fig. 4.22: Results of application of present equation for dimensionless velocity parameter: (a) predicted 

versus simulated values of ))(( 4121 //
hyp g/vln κ ; and (b) standardized residual plot. 

 

Fig. 4.23: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless velocity parameter; and (b) normal Q-Q plot of the residuals. The curve and the line shown 

in black represent the normal distribution curve and reference line, respectively. 

 

(a) (b) 

(a) (b) 
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Fig. 4.24: Results of application of present equation for average velocity of hyporheic flow: (a) predicted 
versus simulated values of vhyp; and (b) standardized residual plot. 

 

 
 

Fig. 4.25: (a) Frequency plot of the residuals resulting from application of present equation for average 
velocity of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve and the line shown in black 

represent the normal distribution curve and reference line, respectively 

 

 

(a) (b) 

(a) (b) 
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4.4.3 Predictive equations based on ∆/h parameter 

As mentioned in section 4.3 ∆/h is an important parameter affecting the characteristics of 

hyporheic flow induced by bed forms. To provide predictive equations which are more 

useful from practical standpoint, ten bar amplitudes within the range 0.1h-1.0h at 

increments of 0.1 was considered, and new values of Λ/h parameter was generated. By 

keeping the range of variation and number of cases of all other parameters (i.e. ∆/Λ, h/κ

,da/h) exactly the same as the values used for conducting numerical simulations a dataset 

with a total of 360 cases was generated. A summary of the numerical cases is given in 

Table 4.2, and the details of the cases can be found in the table in Appendix F. A nonlinear 

multiregression analysis was conducted on the dataset and new predictive equations 

developed which are described in this section. 

Table 4.2: Summary of the range of variations of parameters used for generating a dataset 

Parameter Range of variation Number of cases Increment 

∆/Λ 0.02 – 0.05 4 0.01 

∆/hav 0.1 – 1.0 10 0.1 

κ1/2/h 2.78×10-4 – 1.76×10-3 3 7.41×10-4 

da/h 1 – 4 3 1.5 

 

4.4.3.1 Predictive equation for discharge in the hyporheic zone 

The equation below shows the resulting predictive equation for discharge in the hyporheic 

zone: 
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Fig. 4.26 illustrates an example of the correspondence between the predicted and 

simulated values of dimensionless discharge parameter. According to this figures which 

shows the plots of )/ln( inlethyp QQ  versus |ln(Λ/h)| for the case  ∆/Λ = 0.05 and different 

values of h/κ and da/h, except in few cases, there is no remarkable difference between 

predicted and simulated data. 

The predicted data by the present equation are plotted versus the generated data 

obtained from the dataset, and the results are shown in Fig. 4.27. As follows from Fig. 

4.27a most of the data tend to fall on the 1:1 line and are far from the ±15% error line (i.e. 

the predicted data are in very good agreement with their simulated counterparts). The plot 

of standardized residuals in Fig. 4.27b reveals that less than 10% of the 360 data points fall 

outside of the range σ2± , and the dispersion of data around the horizontal line is in random 

pattern. 

From Fig 4.28a it is inferred that almost 98% of residuals are within 5% error range, 

and the residuals are skewed. The Q-Q plot in Fig. 4.28b illustrates that most of the data 

do not fall on the reference line, which proves the distribution of residuals is not normal.   

Results of application of the predictive equations in estimating the discharge in the 

hyporheic zone is shown in Fig. 4.29. As follows from this figure the error in most of the  

 

6.01.0 ≤∆≤
h

0.17.0 ≤∆≤
h
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Fig. 4.26: Plots of predicted and simulated values of )/ln( inlethyp QQ  versus |ln(Λ/h)| for the case ∆/Λ = 

0.05. 

predicted values by the equations is less than 15% (Fig. 4.29a) and the residuals are 

randomly scattered around the horizontal line with approximately 96% of data points 

within the range σ2±  (Fig. 4.29b).  

The histogram of residuals is illustrated in Fig. 4.30a. This figure shows that the 

error in estimation of 91% of the data is less than 10%. The scattered distribution of data 

around reference line in the Q-Q plot which is illustrated in Fig. 4.30b proves the non-

normal distribution of residuals. 
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Fig. 4.27: Results of application of present equation for dimensionless discharge parameter: (a) predicted 

versus simulated values of )/ln( inlethyp QQ ; and (b) standardized residual plot. 

 

 

Fig. 4.28: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless discharge parameter; and (b) normal Q-Q plot of the residuals. The curve and the straight 

line shown in black represent the normal distribution curve and reference line, respectively. 

(a) (b) 

(a) (b) 
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   (a)                                                                            (b) 

Fig. 4.29: Results of application of present equation for hyporheic discharge: (a) predicted versus simulated 
values of Qhyp; and (b) standardized residual plot. 

 

 
 
 

4.4.3.2 Predictive equation for average residence time in the hyporheic zone 

The result of the nonlinear multiregression analysis on the data of average residence time 

in the hyporheic zone yields the equations below:  

(a) (b) 

Fig. 4.30: (a) Frequency plot of the residuals resulting from application of the equation in 
predicting average hyporheic discharge; and (b) normal Q-Q plot of the residuals. The curve and 
the line shown in black represent the normal distribution curve and reference line, respectively. 
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An example of the accuracy of the above equations in predicting the values of the 

dimensionless residence time parameter can be found in Fig. 4.31. As follows from this 

figure for the case of ∆/Λ = 0.05 except in few cases, there is no remarkable difference 

between the simulated and predicted values.   

From the plots in Fig. 4.32 it is inferred that the equations are very accurate in 

predicting the dimensionless residence time values as all of the data points are very close 

to the 45° regression line (Fig. 4.32a) and more than 96% of the standardized residuals 

(350 out of 360 data points) are within σ2± range (Fig. 4.32b). 

The histogram of the residuals and the Q-Q plot which are shown in Figs. 4.33a and 

b, respectively illustrate that 80% of the data are within 10% error range. The residuals are 

slightly skewed, and since most of the data points tend to fall on the Q-Q reference line 

their distribution follows normal distribution pattern.  
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Fig. 4.31: Plots of predicted and simulated values of )/ln(4 4/12/1 κgtr
 versus |ln(Λ/h)| for the case ∆/Λ = 

0.05 

Figs. 4.34 and 4.35 show that the developed equations are also good in predicting 

the values of the average residence time in hyporheic zone. As follows from Fig. 4.34 the 

predicted data by the equations are very close to the 45° regression line (Fig. 4.34a) and 

the standardized residuals show an increasing trend (Fig. 4.34b), which means that the error 

variance increases with the predicted data. 80% of residuals are within 10% error range 

(Fig. 4.35a), and their distribution follows the normal distribution as most of the data points 

are very close to the Q-Q reference line (Fig. 4.35b). 
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Fig. 4.32: Results of application of present equation for dimensionless discharge parameter: (a) predicted 

versus simulated values of )/ln(4 4/12/1 κgtr
; and (b) standardized residual plot. 

 

 
 

 

Fig. 4.33: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless residence time parameter; and (b) normal Q-Q plot of the residuals. The curve and the line 

shown in black represent the normal distribution curve and reference line, respectively. 

 

(a) (b) 

(a) (b) 
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Fig. 4.34: Results of application of the equation for average residence time: (a) predicted versus simulated 
values of tr; and (b) standardized residual plot. 

 

 

 
 

                                                 (a) 

Fig. 4.35: (a) Frequency plot of the residuals resulting from application of the equation in predicting 
average residence time of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve and the line 

shown in black represent the normal distribution curve and reference line, respectively 

4.4.3.3 Predictive equation for velocity in the hyporheic zone 

The result of the nonlinear multiregression analysis on the data of velocity in the hyporheic 

zone yields the equations below:  

(a) (b) 

(b) 
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The above equations have been utilized for predicting the values of dimensionless 

velocity parameter for the case of ∆/Λ = 0.05 for different values of Λ/h, h/κ  and da/h, 

and the result is shown in Fig. 4.36. In most of the cases the difference between the 

predicted values and the values of the dataset is negligible, and equations have high 

accuracy for estimation of dimensionless velocity parameter.  

The plot of the generated values of dimensionless parameter in the dataset versus 

predicted values by equations is illustrated in Fig. 4.37a. As follows from this figure most 

of the regression line of the data falls on the 1:1 line and most of the data points are very 

close to the regression line. Fig. 4.37b shows that the distribution of standardized residuals 

around zero line is random, and more than 90% of data points are within σ2±  range. 

From Fig. 4.38a which shows the histogram of the residuals it is inferred that the 

error of 93% of the data points is less than 10%, but their distribution is skewed. The 

distribution of data points around reference line in Q-Q plot which is illustrated in Fig. 

4.38b proves that the distribution of residuals does not follow normal distribution pattern. 

The plot of the generated data in the dataset and the data predicted data by the 

present equation for the hypoheic velocity is illustrated in Fig. 4.39a. As shown in this 

figure the agreement between predicted data and their simulated counterparts is good. The 

standardized residual plot is depicted in Fig. 4.39b which shows that the distribution of 

data points around zero line is random and only 18 data points are outside of the ±2σ range. 
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As inferred from the histogram of residuals which is illustrated in Fig. 4.60a the error of 

the 91% of residuals is less than 10%, but as shown in Fig. 4.60b most of the data points 

do not tend to fall on the reference line of Q-Q plot, which means the distribution of 

residuals does not follow the normal pattern.   

  

 

Fig. 4.36: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(Λ/h)| for predicted and simulated values for the case of 

∆/Λ = 0.05. 
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Fig. 4.37: Results of application of present equation for dimensionless velocity parameter: (a) predicted 

versus simulated values of ))(( 4121 //
hyp g/vln κ ; and (b) standardized residual plot. 

 

  
  

Fig. 4.38: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless velocity parameter; and (b) normal Q-Q plot of the residuals. The curve and the line shown 

in black represent the normal distribution curve and reference line, respectively. 

(a) (b) 

(a) (b) 
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Fig. 4.39: Results of application of present equation for average velocity of  hyporheic flow: (a) predicted 
versus simulated values of vhyp; and (b) standardized residual plot. 

 
 

 

Fig. 4.40: (a) Frequency plot of the residuals resulting from application of present equation for average 
velocity of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve and the line shown in black 

represent the normal distribution curve and reference line, respectively 

 

 

(a) (b) 

(a) (b) 
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4.5 Conclusions 

The main findings of this work are as follows:    

1. By increasing the values of ∆/Λ and Λ/h the drop in the surface flow elevation 

increases. However, this increase is much more noticeable by increasing the value 

of ∆/Λ compared to the increase in the value of Λ/h. Furthermore, by increasing the 

values of these two parameters location of the maximum depression of the free 

surface moves downstream.  

2. The dynamics of surface flow are almost independent from the permeability of 

porous materials and depth of alluvium. 

3. h/κ  does not have any effects on the shape of the hyporheic flow paths, whilst 

the aerial extent of the region of upstream to downstream flow increases with 

increasing values of da/h. Increasing the size of the bar (i.e. increasing the values 

of ∆/Λ and Λ/h) results in formation of larger upstream-to- downstream hyporheic 

flow region. 

4. The hyporheic velocity field is highly dependent on the steepness of the bar (i.e. 

∆/Λ) and permeability of the porous materials. Hyporheic zones with higher 

velocities are induced by bars with higher values of ∆/Λ and in porous materials 

with higher values of h/κ . This is while the hyporheic velocity field is minimally 

affected by changes in the values of Λ/h and da/h. 

5. By increasing the steepness of the bar (i.e. ∆/Λ) the downwelling region gets 

dominant specifically in a region near the top of the bar. In lower values of ∆/Λ the 

maximum downwelling is generated at the end of the bar, but increasing the 

steepness results in movement of this region towards the crest of the bar. 
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6. In lower values of permeability, the difference between the velocity magnitude in 

upwelling and downwelling regions is not remarkable, whilst as permeability gets 

higher, the rate of increase in upwelling velocity is more than the one in 

downwelling region. 

7. Equations 4.15, 4.16 and 4.17 were introduced for predicting the average values of 

discharge, residence time, and velocity in the hyporheic zone, respectively. A 

thorough comparison between the predicted and simulated data was conducted. The 

results showed that more than 80% of the cases, the predicted data is within 10% 

error range, and the maximum error range was never more than 25%. 

8. Equations 4.18, 4.19 and 4.20 were developed for predicting the characteristics of 

hyporheic flows based on the ∆/Λ, ∆/h, h/κ  and da/h independent parameters, 

which is more useful from practical standpoint. The results of the comparison 

between predicted and simulated data showed that in most of the cases the 

predictive equations have high accuracy in estimating the values of characteristics 

of hyporheic flows induced by a single bar, and their average error is less than 20%.  
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Chapter 5 

New empirical equations for the determination of turbulent 

hyporheic flow induced by a sequence of gravel bars 

 

5.1 Introduction   

Pool-riffle sequences are ubiquitous in mountain rivers in which the beds are mostly 

covered with gravel particles and the slope is steep (Tonina, 2005). This type of bed forms 

is an important habitat for salmonids which typically nest in upwelling and downwelling 

areas (Geist and Dauble, 1998; Baxter and Hauer, 2000), and generally provide good areas 

for fish spawning (Tonina and Buffington, 2011). Like other types of bed forms, existence 

of pool-riffle sequences results in variation of pressure along the streambed which is one 

of the dominating drivers of hyporheic exchange (Tonina and Buffington, 2007). In recent 

year, some experimental and numerical works have been carried out to investigate the 

influence of different factors affecting the characteristics of hyporheic flows induced by 

pool-riffle sequence (Storey et al., 2003; Saenger et al., 2005; Kasahara and Hill, 2006; 

Marzadri et al., 2010; Tonina and Buffington, 2011; Trauth et al., 2013; Ward et al., 2013; 

Lee et al., 2014; Huang and Chui, 2018). Storey et al., (2003) conducted a three 

dimensional numerical modeling study using MODFLOW, a groundwater flow numerical 

code, to investigate the subsurface flow within a single riffle of a low‐gradient gravel bed 

stream. They identified the hydraulic head difference between upstream and downstream 

ends of the riffle, the hydraulic conductivity of the porous materials and the flux of 

groundwater entering the alluvium, as key factors controlling the exchange of flow within 
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the alluvial zone. Saenger et al., (2005) investigated the hydraulic exchange at a pool-riffle 

sequence in the Lahn River, Germany. They used HEC‐RAS to simulate the surface water 

flow, and for simulating the subsurface flow MODFLOW, MODPATH, and MT3DMS 

numerical codes were used. They found out that the effect of hydraulic conductivity of 

porous materials on hyporheic exchange was greater than that of the surface water flow. 

The results of their simulations also showed that the ratio of the infiltration rate to the 

surface water flow was almost independent from surface flow conditions, and by increasing 

the discharge of the surface flow the hyporheic flow residence time decreased. Kasahara 

and Hill (2006) examined the hyporheic exchange induced by natural riffles and 

constructed riffles/steps in lowland streams in southern Ontario, Canada. The simulations 

were conducted using MODFLOW, a finite‐difference groundwater flow model. They 

reported that downstream from the riffle crest, the residence time of hyporheic exchange 

was relatively short and accounted for 83% and 70% of total hyporheic exchange flow in 

a small and large riffle respectively. In contrast, upstream from the riffle crest the exchange 

had a small flux and a long residence time. Tonina and Buffington (2011) investigated the 

effect of bed topography, depth of alluvium, and stream discharge on hyporheic flow in 

pool-riffle reaches with variable bed form submergence. They also developed three 

empirical equations for predicting the mean depth of hyporheic exchange and characteristic 

values of the residence time distribution (mean and standard deviation). The three-

dimensional numerical simulations were conducted using the commercial code FLUENT 

and assuming Darcy’s law as the governing equation in the alluvium. The results showed 

that for both partially and entirely submerged pool-riffle topography, a lognormal 

distribution gave a good approximation of the hyporheic residence time. They also found 
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that when alluvial depth was less than a third of the bed form wavelength, the depth of 

alluvium had a substantial effect on hyporheic flow. Trauth et al. (2013) investigated the 

exchange between turbulent stream flow and subsurface flow in pool-riffle streams under 

various ambient groundwater flow conditions. To simulate the surface flow OpenFOAM 

CFD Toolbox was used, and groundwater flow was simulated by MIN3P, a finite volume 

flow and transport code that solves Richard’s equation for variably saturated flow (Mayer 

et al., 2002). They reported that increasing the Reynolds number of the surface flow results 

in an increase in the amount of hyporheic exchange, and a decrease in the residence time 

of hyporheic flow. Losing and gaining conditions were found to have significant effects on 

the flux and scale of hyporheic exchange. Lee et al., (2014) analyzed the overall flow 

pattern in different types of pool-riffle structures. They conducted numerical simulations 

using the commercial code FLOW 3D commercial code. The results of their simulations 

showed that in the pool-riffle structures, the recirculation zones and stagnation points are 

controlled by the upwelling and downwelling patterns. Furthermore, they found that 

downwelling flow patterns were dominated by flow patterns formed in the pools, while 

upwelling flow was affected by a pressure gradient generated by the apex of riffles. Huang 

and Chui (2018) used previously published data to derived empirical equations for 

predicting the scale, median residence time, and flux of hyporheic exchange in a single 

pool-riffle sequence. Stream discharge, bed form geometry, streambed hydraulic 

conductivity of porous materials, and groundwater flow, were considered as effective 

parameters controlling the hyporheic exchange. 

The review of the existing research undertaken shows that only a few of the 

investigations have derived quantitative relationships between the characteristics of 



159 
 

hyporheic exchange induced by a sequence of pool-riffle, and the key factors like bed form 

geometry, streambed hydraulic conductivity, stream discharge and groundwater flow. Such 

investigations have been conducted by using the data from a limited number of experiments 

and/or groundwater simulations. 

In this research a comprehensive set of numerical simulations have been conducted 

using a fully-coupled 3D numerical code to develop empirical equations for predicting the 

characteristics of hyporheic flows (i.e. discharge, average velocity and average residence 

time of hyporheic flows) induced by a sequence of pool-riffle bed forms. A total of 144 

simulations have been conducted, considering a combination of the effects of geometry of 

the pool-riffle sequence, streambed permeability and depth of alluvium parameters 

governing the hyporheic flow characteristics. 

5.2 Description of numerical tests 

The computational domain was a 55 m long, 0.76 m wide and 0.45 m high straight channel, 

with a porous medium under it. The porous medium region was located between x = 8 m 

and x = 45 m from the beginning of the channel. To make sure that the flow conditions 

along the pool-riffle sequences reached a nearly periodic state, a sequence of 10 pool-riffles 

was created in the porous medium section.  

Like in Chapter 4, the hydraulic conditions of the free surface flow were those of 

test H18-BL1.6 in Button (2017), i.e. flow depth was fixed and equal to h = 18cm (see 

Table 3.1). 
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To create the bed forms, an idealized periodic pool-riffle structure was considered. 

The elevation of the idealized bed surface z with a sloping sinusoid was expressed using 

the following equation (Bray and Dunne, 2017; Ibrahim et al., 2018): 

)
cos

2
sin(.

cos
tan0 α

π
α

α
Λ

∆++= x
xzz  (5.1) 

where z is the bed elevation at distance x, z0 is the elevation of the bed surface at x = 0, tanα 

is the average gradient of the channel bed (negative in the streamwise direction), ∆ is the 

amplitude of the sinusoidal topography, and Λ is the wavelength of the sinusoidal 

topography (see Fig. 5.1). 

 

 

Fig. 5.1: Conceptual diagram of an idealized sloping sinusoidal pool-riffle sequence underlain by a lower 
impermeable boundary. 

The range of variation of the independent parameters was the same as in Chapter 4. The 

only difference was in the range of da/h which was varied from 2.5 to 5.5 at increments of 1.5 
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(instead of 1-4 at increments of 1.5; see Table 4.1). Due to considering idealized pool-riffle 

sequence, the space between pool region and the bottom boundary of the alluvium at large values 

of ∆/Λ was so small that considering da/h = 1 was not possible. The four values of bar length, and 

three values of permeability were Λ = 90, 180, 270 and 360cm and κ = 2.5×10-9, 3.36×10-8 and 

1.0×10-7 m2 The summary of the numerical tests is shown in Table 5.1. The tests are further detailed 

in Appendix G.  

   

Table 5.1: Detail of numerical simulations. 

Parameter Range of variation Number of cases Increment 

∆/Λ 0.02 – 0.05 4 0.01 

Λ/h 5 - 20 4 5 

κ
1/2/h 2.78×10-4 – 1.76×10-3 3 7.41×10-4 

da/h 2.5 – 5.5 3 1.5 

 

Fig. 5.2 shows an example of the geometry of the computational domain for the 

case of ∆/Λ = 0.02 Λ/h = 15 and da/h = 2.5. As can be inferred from this figure, near wall 

boundaries, interface between the surface and subsurface regions and interface between the 

free surface and atmosphere zones the mesh is finer. To have a better view of the grid in 

the computational domain, a part of the longitudinal section of the domain is shown in Fig 

5.3. The total number of nodes in the computational domain was 3,102,356, and the average 

time of each simulation was 3.5 days using a workstation which had a 3.4 GHz Core i7-

4770 CPU with 32 GB RAM. 
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Fig. 5.2: Overall view of an example of the computational grid (∆/Λ = 0.02, Λ/h = 15 and da/h = 2.5, 
VE:1:31). 

 

 

Fig. 5.3: The computational grid along a portion of the porous medium (∆/Λ = 0.02, Λ/h = 15 and da/h = 2.5, 
VE: 1:31). 

5.3 Results 

As in Chapter 4, and due to the similarity of the results obtained for the simulations 

involving different values of the effects of ∆/Λ and Λ/h, results are shown only  for the case 
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of 31076.1/ −×=hκ and 5.2/ =hda . By the same reasoning, the effects of h/κ  and da/h 

are illustrated for the case of ∆/Λ = 0.02 and Λ/h = 15. 

5.3.1 Results of numerical tests 

5.3.1.1 Investigation of hyporheic flow paths 

Fig. 5.4 (see also Fig. H.1) shows the effect of ∆/Λ and Λ/h parameters on hpyorheic flow 

paths and water surface profiles along the pool-riffle sequence. As follows from this figure, 

in a pool-riffle sequence, the hyporheic flow pattern is almost independent from the size of 

the bars. The hyporheic zone is divided into two regions. In the first region, the hyporheic 

flow movement is in the direction of the streamflow and it starts from lowest point in the 

pool and covers the front side of the riffle up to the top of the bar. The second region covers 

the area between the lowest point in the pool and the crest of the bar in the back side of the 

riffle, the movement of flow in this region being from downstream towards upstream. 

Except for the cases in which Λ/h = 5, the area of the hyporheic zone equals the area of the 

porous medium under a bar. This is due to this fact that at Λ/h = 5 the size of the bar is 

small and the pressure difference is not high enough to push the surface water deep into 

the porous medium.  

To provide a better understanding of the effects of the size of the pool-riffle 

sequence on stream flow profiles over it, the values of surface flow elevations are 

normalized by the maximum depth of surface flow (zf /zfmax) which occurs in the case of 

∆/Λ = 0.05 and Λ/h = 20.  The results of the numerical tests are detailed in Appendix I. As 

follows from Figs. 5.4 and H.1, by increasing the size of the bars in a pool-riffle sequence, 

zf /zfmax increases (i.e. the depth of streamflow increases). As the flow moves towards the 
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crest of the bar, the water surface drops and it reaches its minimum level right at the top of 

the bar. Right after passing the tops of the bar, the water level rapidly increases and 

becomes almost constant. By increasing ∆/Λ and Λ/h the water surface drop decreases, and 

this is more tangible at higher values of these parameters. This is because the bars act as a 

block in front of the surface flow, and as they get larger the depth of the surface flow 

increases and consequently the drop in the elevation of surface water decreases. 

 

 

Fig. 5.4: Variation of hyporheic flow paths with ∆/Λ and Λ/h for 31076.1/ −×=hκ and da/h = 2.5      

     ( m 0.316
max

=fz ). 
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Fig. 5.5 shows how variations of da/h and κ /h affect the hyporheic flow paths. 

From this figure it can be inferred that the hyporheic flow paths are independent from the 

depth of porous medium and permeability of the porous materials, and the depth of the 

hyporheic zone equals the depth of the porous medium. The water surface profiles also 

show that changes in  da/h and κ /h do not have a remarkable effect on the elevation of 

streamflow. 

 

Fig. 5.5: Variation of hyporheic flow paths with h/κ and da/h for ∆/Λ = 0.02 and Λ/h = 15 

).m 0.316
max

=fz( 
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5.3.1.2 Investigation of hyporheic flow velocity field 

In Figs. 5.6 and H.2 the hyporheic flow velocity field, the profiles of hydrostatic pressure 

for different values of ∆/Λ and Λ/h is illustrated. The parameter P/Pmax in pressure 

distribution profiles represent the normalized values of dynamic pressure (Pmax occurs in 

the case of ∆/Λ = 0.05 and Λ/h = 20). As shown in this figure the velocity field has two 

high velocity and low velocity cores which are formed in the riffle and pool zones, 

respectively. Except for the case of Λ/h = 5, increasing the values of ∆/Λ and Λ/h results in 

the formation of a smaller high velocity zone and a larger low velocity zone, respectively. 

The reason for this phenomenon can be found in the pressure distribution over the pool-

riffle sequence. According to the pressure profiles, when Λ/h = 5 increasing the value of 

∆/Λ results in an increase in the value of P/Pmax (i.e. higher hydrostatic pressure) while the 

pressure drop slightly increases, which leads to an increase in the average velocity in the 

hyporheic zone. When Λ/h = 10-20, as steepness (i.e. ∆/Λ) of the pool-riffle sequence 

increases, the drop in the hydrostatic pressure decreases, which leads to formation of 

smaller high velocity core and larger low velocity core in the hyporheic zone. 

Fig. 5.7 illustrates the effects of variations of da/h and κ /h on the hyporheic flow 

velocity field and the pressure distribution along the pool-riffle sequence. As shown in this 

figure, variation of the permeability of the porous materials strongly affects the hyporheic 

flow velocity field. Furthermore, by increasing the depth of porous medium the area of the 

low velocity core near the bottom increases while the high velocity core does not have a 

remarkable change.  

From this figure it is also inferred that the distribution of the hydrostatic pressure 

along the pool-riffle sequence is independent from da/h and κ /h. 
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5.3.1.3 Investigation of hyporheic flow vertical-velocity field 

Figs. 5.8 and H.3 show the variation of hyporheic flow vertical velocity field with respect 

to ∆/Λ and Λ/h. From these figures it is inferred that the upwelling and downwelling  

 

 

Fig. 5.6: Variation of hyporheic flow average-velocity field with ∆/Λ and Λ/h for 31076.1/ −×=hκ and 
da/h = 2.5 (Pmax = 3.1 KPa). 

patterns are independent from the size of the bar sequence. The high velocity upwelling 

and downwelling cores are formed in riffle and pool regions, respectively. In the cases of 

Λ/h = 5 and 10, increasing the value of ∆/Λ does not have a remarkable effect on upwelling 

and downwelling velocities. In contrast, when Λ/h = 15 and 20 by increasing the value of 

∆/Λ downwelling regions get weaker.  
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Fig. 5.7: Variation of hyporheic flow average-velocity field with h/κ  and da/h for ∆/Λ = 0.02 and Λ/h = 
15 (Pmax = 3.1 KPa). 

Fig. 5.9 illustrates how the hyporheic flow vertical velocity field is affected by da/h and 

κ /h parameters. As shown in this figure, by increasing the permeability of the porous 

materials the velocity values in the vertical velocity field increases and the difference 

between velocity magnitude in upwelling and downwelling regions gets more noticeable. 

Increasing the depth of the porous medium results in formation of upwelling and 

downwelling regions with higher velocity magnitudes, and this increase gets more 

noticeable as the permeability of the porous medium increases. 

 



169 
 

 

Fig. 5.8: Variation of hyporheic flow vertical-velocity field with  ∆/Λ and Λ/h for 31076.1/ −×=hκ and 
da/h =  2.5 

5.3.2 Predictive equations 

A multiregression nonlinear analysis following the methodology detailed in Chapter 4 was 

performed on the dataset. The results of the analysis showed that unlike the characteristics 

of hyporheic flows induced by a single bar, it is not possible to derive single equations with 

high accuracy for the characteristics of hyporheic flows induced by a pool-riffle sequence. 

This is due to the more complex nature of the hyporheic exchange when stream bed is 

covered with pool-riffles. The plots of the simulated dependent variables versus 

independent variables showed that the relationship between the dependent parameters and  
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Fig. 5.9: Variation of hyporheic flow vertical-velocity field with h/κ and da/h 

 for ∆/Λ = 0.02 and Λ/h = 15. 

Λ/h does not follow a regular trend (see Appendix J). To resolve this issue, the dataset was 

divided into two groups, one with Λ/h between 5 and 10, and the other with Λ/h between 

15 and 20. Depending on the range of Λ/h a single equation is provided for estimating the 

characteristics of hyporheic flows. The results of the analysis and the predictive equations 

are presented in the following. 
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5.3.2.1 Predictive equations for discharge in the hyporheic zone 

The resulting equations for discharge in the hyporheic zone induced by a pool-riffle 

sequence are as follows: 
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To show the accuracy of the equations above, the values of predicted dimensionless 

discharge parameter have been superposed on the plots of the ln(Qhyp/Qinlet) versus |ln(Λ/h)| 

for the case of ∆/Λ = 0.05 and different values of κ / h and da/h (Fig. 5.10). As can be 

seen in this figure, except for a few cases, the difference between predicted and simulated 

values is not noticeable. 

The predicted dimensionless discharge parameter for each individual case is plotted 

versus the data obtained from the simulations in Fig. 5.11a. As shown in this figure, the 

data are within the 20% error range. The slope of the fitted line is almost 1, the value of R2 

is also very close to 1 and most of the data are very close to the fitted line, which prove the 

accuracy of the equation in predicting the dimensionless discharge parameter. Fig. 5.11b 

shows the plot of standardized residual. The random dispersion of the data around the zero 

line and the fact that more than 99% of the data fall within the range of ±2σ shows that the 

nonlinear regression model is appropriate for the data. 

0.100.5 ≤Λ≤
h

0.200.15 ≤
Λ

≤
h
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The histogram of the residuals which is illustrated in Fig 5.12a shows that 94% of 

the data are within the 5% error range and their distribution is a little skewed. The normal 

Q-Q plot of the residuals that is shown in Fig. 5.12b shows that there are only four cases  

 

 

=  Λ/∆)| for the case h/Λversus |ln( )/ln( inlethyp QQ Plots of predicted and simulated values of: 10Fig. 5.

0.05 

causing the deviation of the distribution of residuals from the normal distribution, as most 

of the data are very close to the reference line. 

To show the accuracy of the predictive equations in estimating the discharge of 

hyporheic exchange induced by a pool-riffle sequence, the discharge values obtained from 

the equations were plotted versus the data from the simulations as shown in Fig. 5.13a,  
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Fig. 5.11: Results of application of present equation for dimensionless discharge parameter: (a) predicted 

versus simulated values of )/ln( inlethyp QQ ; and (b) standardized residual plot. 

 

Fig. 5.12: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless discharge parameter; and (b) normal Q-Q plot of the residuals. The curve and the straight 

line shown in black represent the normal distribution curve and reference line, respectively. 

while the corresponding standardized residual plot is depicted in Fig. 5.13b. According to 

these figures, the ±20% error lines cover most of the data. The fitted line almost falls on 

the 1:1 line, and the value of the correlation coefficient (R2) is very close to 1, which 

(a) (b) 

(a) 
(b) 
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suggests there is a good agreement between the estimated data and that obtained from the 

simulations. The distribution of standardized residuals around the zero line follows a 

random pattern and more than 95% of data points are within the ±2σ range. Fig. 5.14a 

shows the histogram of the residuals.  According to this figure he distribution of residuals 

is positively skewed, and more than 79% of the data are within the 10% error range. The 

normal Q-Q plot of the residuals in Fig. 5.14b reveals that most of the data fall about a 

straight line, so it can be said that the skewness of residuals can be neglected, and their 

distribution follows normal pattern. 

 

(a)                                                                          (b) 

Fig. 5.13: Results of application of present equation for hyporheic discharge: (a) predicted versus simulated 
values of Qhyp; and (b) standardized residual plot. 
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5.3.2.2 Predictive equations for average residence time in the hyporheic zone 

The resulting equations for average residence time in hyporheic zone is as follows: 
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The dimensionless values of residence time resulting from the equation above for 

different values of h/κ and da/h and the case ∆/Λ = 0.05 were plotted together with the 

data obtained from the simulations as shown in Fig. 5.15. It is evident that although the 

relationship between the dependent and independent variable is nonlinear, nonetheless in 

most of the cases there is negligible difference between the original and predicted data. 

(a) (b) 

Fig. 5.14: (a) Frequency plot of the residuals resulting from application of present equation for hyporheic 
discharge; and (b) normal Q-Q plot of the residuals. The curve and the line shown in black represent the 

normal distribution curve and reference line, respectively. 

0.100.5 ≤Λ≤
h

0.200.15 ≤
Λ

≤
h
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Fig. 5.16 depicts the plot of simulated and predicted values of dimensionless 

residence time and the standardized residual plot of the predicted data. From this figure it 

is inferred that the predictive equations have a high accuracy in estimating the 

dimensionless residence time. Most of the data tend to fall on the linear fit line, and they 

are far from ±20% error lines. Except for four cases, all of the standardized residuals are 

within the ±2σ range, and they are randomly distributed around the zero line. 

 

Fig. 5.15: Plots of predicted and simulated values of )/ln( 4 4/12/1 κgt r
 versus |ln(Λ/h)| for the case ∆/Λ = 

0.05 
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Fig. 5.16: Results of application of present equation for dimensionless residence time parameter: (a) 

predicted versus simulated values of )/ln( 4 4/12/1 κgt r
; and (b) standardized residual plot. 

The histogram of the residuals shown in Fig. 5.17a reveals that the distribution of 

residuals is almost normal, and 80% of the data are within the 1% error range 

approximately. The normal Q-Q plot of the data in Fig. 4.15b shows except for one data  

point at the high end of the reference line, the rest of the data are almost on the reference 

line or very close to it. Hence, the distribution of residuals follows the normal distribution. 

The predictive equations have also been used to calculate the residence time of 

hyporheic flows for each individual case, and the plots in Figs. 5.18 and 5.19 illustrate their 

accuracy. From Fig. 5.18 it is inferred that compared to the predicted data of dimensionless 

residence time parameter, the data of residence time deviate more from the best agreement 

line, and the random distribution and variance of the standardized residuals with respect to 

the zero line is not as good as for the case of dimensionless residence time. However, the  

 

(a) (b) 
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Fig. 5.17: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless residence time parameter; and (b) normal Q-Q plot of the residuals. The curve and the line 

shown in black represent the normal distribution curve and reference line, respectively. 

histogram and the Q-Q plot of the residuals in Fig. 5.19 show that their distribution can 

still be considered as a normal distribution. From the histogram of residuals, it can also be 

inferred that 87% of data are within 15% error range, which shows the accuracy of the 

predictive equations is still high. 

  

 

Fig. 5.18: Results of application of the equation for average residence time: (a) predicted versus simulated 
values of tr; and (b) standardized residual plot. 

(a) (b) 

(a) (b) 
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Fig. 5.19: (a) Frequency plot of the residuals resulting from application of present equation for average 
residence time of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve and the line shown 

in black represent the normal distribution curve and reference line, respectively. 

 

5.3.2.3 Predictive equations for average velocity in the hyporheic zone 

The resulting equations for average hyporheic flow velocity are as follows: 
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The values of dimensionless average hyporheic velocity parameter calculated using 

the above equations were superposed on the plots of 4/12/1/ln( κgvhyp
 versus |ln(Λ/h)| for 

different values of h/κ and da/h and  the  case ∆/Λ = 0.05 shown in Fig. 5.20. From this 

(a) (b) 

0.100.5 ≤Λ≤
h

0.200.15 ≤Λ≤
h
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figure it is inferred that the predictive equations yield accurate results, and except a few 

cases the difference between simulated and predicted data point is not noticeable. 

 

 

Fig. 5.20: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(Λ/h)| for predicted and simulated values for the case of 

∆/Λ = 0.05. 

Fig 5.21a shows the plot of the predicted 4/12/1/ln( κgvhyp
 data using the equations 

above versus the data obtained from the simulations. As follows from this figure, most of 

the data are very close to the best agreement line. Except for three data points, the 

remaining data are within the ±20% error range. From the plot of the standardized residuals 

in Fig. 5.21b it is inferred that the standardized residuals are randomly distributed around 
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the zero line with almost constant variance, and less than 5% of the data fall outside of the 

±2σ range.  

From the histogram of the residuals in Fig 5.22a it is inferred that 88% of the data 

obtained from the predictive equations has an error of less than 10%. Furthermore, this  

histogram shows that the distribution of the residuals is positively skewed. However, this 

skewness can be neglected because as it is shown in Fig, 5.22b, except a few of the residuals 

the rest of them tend to fall on the Q-Q plot reference line. 

 

Fig. 5.21: Results of application of present equation for dimensionless velocity parameter: (a) predicted 

versus simulated values of ))(( 4121 //
hyp g/vln κ ; and (b) standardized residual plot. 

The accuracy of the predictive equations in estimating the hyporheic velocity can 

be inferred from Figs. 5.23 and 5.24. Fig. 5.23a shows that there is a good agreement 

between predicted and simulated values and the error of the most of the data points is less 

than 20%. However, as shown in Fig. 5.23b the standardized residuals do not have a 

random distribution around the zero line and the error variance increases with predicted  

 

(a) (b) 
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Fig. 5.22: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless velocity parameter; and (b) normal Q-Q plot of the residuals. The curve and the line shown 

in black represent the normal distribution curve and reference line, respectively. 

 

 

Fig. 5.23: Results of application of present equation for average hyporheic discharge: (a) predicted versus 
simulated values of vhyp; and (b) standardized residual plot. 

data, which means the predictive equations are not perfect in estimating the values of 

hyporheic velocities. From histogram of the residuals which is shown in Fig. 5.24a it is 

inferred that the residuals are skewed and 93% of them are within the 15% error range. The 

(a) (b) 

(a) (b) 
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distribution of residuals can be considered normal, because as shown in Fig. 5.24b most of 

the data points are very close to the reference line. 

 

Fig. 5.24: (a) Frequency plot of the residuals resulting from application of present equation for average 
velocity of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve and the line shown in black 

represent the normal distribution curve and reference line, respectively 

5.3.3 Predictive equations based on ∆/h parameter 

Following the methodology detailed in Chapter 4, predictive equations based on ∆/h 

parameter are provided in this section, which are more useful from practical standpoint. 

Tables 5.2 and K.1 provide a summary and details of the numerical cases, respectively. 

 

Table 5.2: Summary of the range of variations of parameters used for generating a dataset 

Parameter Range of variation Number of cases Increment 

∆/Λ 0.02 – 0.05 4 0.01 

∆/hav 0.1 – 1.0 10 0.1 

κ
1/2/hav 2.78×10-4 – 1.76×10-3 3 7.41×10-4 

da/hav 2.5 – 5.5 3 1.5 

  

(a) (b) 
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5.3.3.1 Predictive equation for discharge in the hyporheic zone 

The equation below shows the resulting predictive equation for discharge in the hyporheic 

zone: 
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Fig. 5.25 illustrates an example of an example of the correspondence between the 

predicted and simulated values of dimensionless discharge parameter. According to this 

figures which shows the plots of )/ln( inlethyp QQ  versus |ln(Λ/h)| for the case  ∆/Λ = 0.05 

and different values of h/κ and da/h, except in few cases, there is no remarkable 

difference between predicted and simulated data. 

The predicted data by the present equation are plotted versus the generated data 

obtained from the dataset, and the results are shown in Fig. 5.26. As follows from Fig. 

5.26a most of the data tend to fall on the 1:1 line and are far from the ±20% error line (i.e. 

the predicted data are in very good agreement with their simulated counterparts). The plot 

of standardized residuals in Fig. 5.26b reveals that out of 360 data points only 13 of them 

fall outside of the range σ2± , and the dispersion of data around the horizontal line is in 

random pattern.  

 

 

 

6.01.0 ≤∆≤
h

0.17.0 ≤∆≤
h
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Fig. 5.25: Plots of predicted and simulated values of )/ln( inlethyp QQ  versus |ln(Λ/h)| for the case ∆/Λ = 

0.05. 

From Fig 5.27a it is inferred that almost 82% of residuals are within 10% error 

range. The residuals are skewed and the values of -0.486 and 0.144 for skewness and its 

standard error means this skewness cannot be neglected (i.e. the distribution of residuals is 

not normal). The Q-Q plot in Fig. 5.27b illustrates that more than 98% of the data tend to 

fall on the reference line except 6 data points at the end of the line which are considered as 

possible outliers.  
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Fig. 5.26: Results of application of present equation for dimensionless discharge parameter: (a) predicted 

versus simulated values of )/ln( inlethyp QQ ; and (b) standardized residual plot. 

 

Fig. 5.27: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless discharge parameter; and (b) normal Q-Q plot of the residuals. The curve and the straight 

line shown in black represent the normal distribution curve and reference line, respectively. 

Results of application of the predictive equations in estimating the discharge in the 

hyporheic zone is shown in Fig. 5.28. As follows from this figure the error in most of the 

predicted values by the equations is less than 20% (Fig. 5.28a) and the residuals are 

(a) (b) 

(a) (b) 
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randomly scattered around the horizontal line with approximately 94% of data points 

within the range σ2±  (Fig. 5.28b).  

 

    (a)                                                                      (b) 

Fig. 5.28: Results of application of present equation for hyporheic discharge: (a) predicted versus simulated 
values of Qhyp; and (b) standardized residual plot. 

The histogram of residuals and Q-Q plot are illustrated in Fig. 5.29a and b, 

respectively. The histogram of residuals shows that the error in estimation of 81.39% of 

the data is less than 20%. The distribution of residuals has a slight skewness. However, 

since the skewness value of 0.258 is less than the two times of the value of standard error 

of skewness (SES = 0.144) that skewness can be neglected and distribution of residuals 

can be assumed normal. The Q-Q plot illustrates that except a few data points at the both 

ends of the reference line which are suspected outliers, the rest of the data points almost 

follow the reference line. 
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 5.3.3.2 Predictive equation for average residence time in the hyporheic zone 

The result of the nonlinear multiregression analysis on the data of average residence time 

in the hyporheic zone yields the equation below: 
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An example of the accuracy of the above equations in predicting the values of the 

dimensionless residence time parameter can be found in Fig. 5.30. As follows from this 

figure for the case of ∆/Λ = 0.03 except in few cases which are mostly at ∆/h = 0.8 and 0.9, 

(a) (b) 

Fig. 5.29: (a) Frequency plot of the residuals resulting from application of the equation in predicting 
average hyporheic discharge; and (b) normal Q-Q plot of the residuals. The curve and the line shown 

in black represent the normal distribution curve and reference line, respectively. 
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h

0170 .
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in other cases there is no remarkable difference between the simulated and predicted 

values.   

 

Fig. 5.30: Plots of predicted and simulated values of )/ln(4 4/12/1 κgtr
 versus |ln(Λ/h)| for the case ∆/Λ = 

0.05. 

From the plots in Fig. 5.31 it is inferred that the equations are very accurate in 

predicting the dimensionless residence time values as all of the data points are very close 

to the 45° regression line (Fig. 5.31a) and more than 96% of the standardized residuals 

(350 out of 360 data points) are within σ2± range (Fig. 5.31b). 
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The histogram of the residuals and the Q-Q plot which are shown in Figs. 5.32a and 

b, respectively illustrate that 82.22% of the data are within 10% error range. The residuals 

are highly skewed, and their distribution do not follow normal distribution pattern.  

 

 

 

Fig. 5.31: Results of application of present equation for dimensionless discharge parameter: (a) predicted 

versus simulated values of )/ln(4 4/12/1 κgtr
; and (b) standardized residual plot. 

 

Fig. 5.32: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless residence time parameter; and (b) normal Q-Q plot of the residuals. The curve and the line 

shown in black represent the normal distribution curve and reference line, respectively. 

(a) (b) 

(a) (b) 
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In comparison with predicting )/ln( 4 4/12/1 κgt r
, the accuracy of resulting equations 

in estimating the average residence time in hyporheic zone decreases. As follows from 

Figs. 5.33 and 5.34, the predicted data by the equations are farther from the 45° regression 

line (Fig. 5.33a) and the standardized residuals show an increasing trend (Fig. 5.33b), 

which means that the error variance increases with the predicted data. 75.56% of residuals 

fall within 20% error range and their distribution is highly skewed and are not normally 

distributed (Figs. 5.34a and b). 

 

Fig. 5.33: Results of application of the equation for average residence time: (a) predicted versus simulated 
values of tr; and (b) standardized residual plot. 

 

5.3.3.4 Predictive equations for average velocity in the hyporheic zone 

The resulting equation for average hyporheic flow velocity and independent dimensionless 

parameters was as follows:  

 

(a) (b) 
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Fig. 5.34: (a) Frequency plot of the residuals resulting from application of the equation in predicting 
average residence time of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve and the line 

shown in black represent the normal distribution curve and reference line, respectively 
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In Fig. 5.35 the values of )/ln( 4/12/1 κgvhyp
 obtained from the equation above and the 

simulated  data  are  plotted  versus |h/Λln| )( for different values of h/κ and da/h for  

the  case  of ∆/Λ = 0.05. As shown in the figure, the accuracy of the predicted data is high, 

and in most of the cases their difference from the simulated data is negligible. 

As shown in Fig. 5.36, in more than 91% of the cases, the error of the predicted 

data by the present equation is ±20% (Fig. 5.36a), and with more than 95% of the 

standardized residuals falling in the ±2σ range and with almost constant variance around 

the zero line (Fig. 5.36b). 

(a) (b) 

0.17.0 ≤∆≤
h

6.01.0 ≤∆≤
h
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Fig. 5.35: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(Λ/h)| for predicted and simulated values for the case of 

∆/Λ = 0.05 

The histogram of the residuals in Fig. 5.37a shows that almost 85% of the data has 

an error within the range of 10%. From the Q-Q plot in Fig. 5.37b it is inferred that the 

residuals are distributed diagonally, and most of them fall on the reference line, which 

means both the residuals have normal distribution.   

From Fig. 5.38a it is inferred that the data of hyporheic velocity has more deviation 

from the best agreement line in comparison with the predicted data of dimensionless 

hyporheic velocity parameter. The distribution of standardized residuals data around the  



194 
 

 

 

Fig. 5.36: Results of application of present equation for dimensionless velocity parameter: (a) predicted 

versus simulated values of ))(( 4121 //
hyp g/vln κ ; and (b) standardized residual plot. 

 

 

 

 

 

Fig. 5.37: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless velocity parameter; and (b) normal Q-Q plot of the residuals. The curve and the line shown 

in black represent the normal distribution curve and reference line, respectively. 

 

zero line in Fig. 5.38b shows that compared to the standardized residuals of the 

dimensionless hyporheic velocity parameter more data points fall out of the ±2σ range, and 

the variance of data around zero is not scattered uniformly and randomly. The histogram 

(a) (b) 

(a) (b) 
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of the residuals which is illustrated in Fig. 5.39a shows that more than 88% of residuals are 

within ±15% error range, and their distribution is skewed. From Fig. 5.39b it is inferred 

that the data are highly deviated from the Q-Q reference line and consequently, the 

distribution of residuals is not normal.  

 

 

Fig. 5.38: Results of application of present equation for average velocity of hyporheic flow: (a) predicted 
versus simulated values of vhyp; and (b) standardized residual plot. 

 

  

 

Fig. 5.39: (a) Frequency plot of the residuals resulting from application of present equation for average 
velocity of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve and the line shown in black 

represent the normal distribution curve and reference line, respectively 

(a) (b) 

(a) (b) 
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5.4 Conclusions 

The main findings of this chapter can be summarized as follows:   

1. By increasing ∆/Λ and Λ/h the drop of the water surface over the bars decreases, 

and this decrease is more tangible at higher values of these parameters. Changes in 

da/h and do not have a remarkable effect on the elevation of streamflow. 

2. Hyporheic flow paths are independent from the depth of porous medium and 

permeability h/κ  of the porous materials, and the depth of the hyporheic zone 

equals the depth of the porous medium.  

3. The area of the hyporheic zone is positively correlated with the size of the pool-

riffle sequence (i.e. ∆/Λ and Λ/h) and depth of the alluvium (i.e. da/h), and it is 

independent from the permeability of the materials in the substrate (i.e. h/κ ).  

4. Generally, by increasing the size of the pool-riffle sequence the average hypoheic 

velocity decreases.  

5. Downwelling and upwelling patterns were independent from the bed form 

geometry with downwelling occurring in pool and upwelling occurring in riffle 

regions.  

6. The values of discharge, residence time, and velocity in the hyporheic zone can be 

calculated using Equations 5.2 - 5.4 with an average error of 18%. 

7. Equations 5.8 – 5.10 provide predictive equations based on ∆/h parameter, which 

are more useful from practical standpoint. Using these equations, the characteristics 

of hyporheic flows can be calculated with an average error of 23%. 
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Chapter 6 

New empirical equations for the determination of hyporheic 

flow induced by a sequence of sand dunes 

6.1 Introduction   

Dunes are one of the most common type of bed forms which are found in rivers’ lower 

flow regimes (Yalin and Da Silva, 2001). The flow separation that occurs on the crest of 

the dune and its reattachment in the trough results in generation of a high pressure zone 

along the dune stosses, and a low pressure zone on the dune lee face (Savant, 1987; 

Thibodeaux and Boyle, 1987; Yalin and Da Silva, 2001). In rivers with permeable beds, 

this pressure variation along dunes is one of the main factors driving exchange of flow 

between surface and subsurface known as hyporheic flows (Elliott and Brooks, 1997a, 

1997b; Gooseff et al., 2006; Cardenas and Wilson, 2007b, 2007c; Tonina and Buffington, 

2007and 2011; Hunag and Chui, 2018). Fig. 6.1 illustrates a schematic representation of 

surface flow and hyporheic flow in presence of a sequence of dunes. 

Since numerous aquatic organisms live in the hyporheic zone (Boulton et al., 1998; 

Brunke et al., 2003; Williams, 1989; Stanford and Ward, 1988; Edwards, 1998; Tonina 

and Buffington, 2009a,b), and many ecological and biogeochemical process (e.g.  

distribution of nutrients, oxygen, solutes and colloids in the substrate materials) are 

controlled by hyporheic flows (Triska et al., 1989, 1993b; Findlay, 1995; Elliot and 

Brooks, 1997a; Harvey and Fuller, 1998; Woessner, 2000; Packman and Brooks, 2001; 
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Sophocleous, 2002; Doyle et al., 2003; Kasahara and Wondzell, 2003), it is critical to 

understand the mechanics of dune-induced hyporheic flows. 

 

 

Fig. 6.1: schematic representation of surface flow and hyporheic flow in presence of a sequence of dunes. 

The hyporheic flow field generated by dune-like morphology received a great deal 

of attention in the past two decades, with numerous experimental and numerical works 

focusing on hyporheic flow through sand dunes (Savant et al., 1987; Elliot and Brooks, 

1997a, b; Boano et al., 2007; Cardenas and Wilson, 2007; Hester et al., 2013; Fox et al., 

2014), and in one case through gravel dunes (Packman et al., 2004). However most of the 

undertaken numerical studies in the literature have focused on two dimensional 

simulations, either by using a groundwater flow model or two different numerical codes 

for simulating the surface and groundwater flows. This is while the most accurate results 

of simulation of water flow over a sequence of dune-like bed forms and the resulting 
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hyporheic flow can be obtained from a fully coupled three-dimensional CFD model in 

which the flow conditions in the two regions (i.e. surface and porous medium) are fully 

coupled (Endreny et al., 2011; Janssen et al., 2012; Trauth et al., 2013; Krause et al., 2014). 

In this chapter the characteristics of hyporheic flow through a sequence of dunes 

has been investigated numerically using a fully coupled three-dimensional numerical 

model. A range of variation for geometry of the dunes in the sequence, permeability of the 

porous materials and depth of the porous medium has been considered, and a total of 144 

simulations have been conducted. Predictive equations have been developed from the results of the 

simulations, which could be used for estimating the average values of velocity, discharge and 

residence time of hyporheic flows through dunes. 

6.2 Description of numerical tests 

Same as Chapter 5, the computational domain was a 55 m long, 0.76 m wide and 0.45 m 

high straight channel. The porous medium region was located between x = 8 m and x = 46 

m from the beginning of the channel. To make sure that the flow conditions along the dune 

sequences reached steady state, a number of 10 dunes was generated in the porous medium 

section.  

Fig. 6.2 shows an example of the geometry of the computational domain for the 

case of ∆/Λ = 0.045, Λ/h = 10 and da/h = 2.5. It is obvious that near wall boundaries, 

interface between the surface and subsurface regions and interface between the free surface 

and atmosphere zones the size of the mesh is finer. To have a better view of the grid in the 

computational domain, a part of the longitudinal section of the domain is shown in Fig 6.3. 

The total number of nodes in the computational domain was 3,102,356, and the average 
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time of each simulation was 3.5 days using a workstation which had a 3.4 GHz Core i7-

4770 CPU with 32 GB RAM. 

 
Fig. 6.2: Overall view of an example of the computational grid (∆/Λ = 0.045, Λ/h = 10 and da/h = 2.5; VE: 

1:31). 

 
Fig. 6.3: The computational grid along a portion of the porous medium (∆/Λ = 0.045, Λ/h  = 10 and da/h = 

2.5; VE: 1:31). 

To develop empirical equations that would be useful in predicting the 

characteristics of hyporheic flows in the field, the range of parameters in the simulations 

were chosen based on the recommended practical ranges found in the literature (Yalin and 

da Silva, 2001). Four dune amplitude of 0.03-0.075Λ, with 0.015d increments and four 

dune lengths of 4-13h with 3h increments were selected. For the permeability of the porous 
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materials 3 cases of 2.78×10-4 – 1.76×10-3 h, with 7.41×10-5h increments were considered. 

Finally, the variation of the depth of alluvium was chosen between 2.5h and 5.5h with 1.5h 

increment. The details of the numerical simulations are summarized in Table 1. The details 

of the numerical tests have been put in Table L.1 in Appendix L.   

Table 6.1: Detail of numerical simulations. 

Parameter Range of variation Number of cases Increment 

∆/Λ 0.03 – 0.075 4 0.015 

Λ/h 4 - 13 4 3 

κ
1/2/h 2.78×10-5 – 1.76×10-4 3 7.41×10-5 

da/h 2.5 – 5.5 3 1.5 

 

6.3 Results 

The first part of this section presents the results of the simulations for investigating the 

effect independent variables on characteristics of hyporheic flows. Due to the similarity of 

the results obtained from the simulation the effects of ∆/Λ and Λ/h are shown for the case 

of 41076.1/ −×=hκ and 5.2/ =hda . By the same reasoning, the effects of κ1/2/h and da /h 

are illustrated for the case of ∆/Λ = 0.03 and Λ/h = 10. The second part of this section 

presents the developed equations for estimating the values of υhyp, tr and Qhyp . 

6.3.1 Results of numerical tests 

6.3.1.1 Investigation of hyporheic flow paths 

Fig. 6.4 shows the hyporheic flow paths beneath the sequence of dunes, and the normalized 

free surface profiles over them. For normalizing the free surface profiles, the values of free 
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surface elevation were divided by the maximum free surface elevation, zfmax = 0.282 m that 

occurred in the case with ∆/Λ = 0.075 and Λ/hav = 13. The complete set of simulation results 

for these values of h/κ  and da/h is given in Fig. M.1, Appendix M. The variation of 

hyporheic flow paths with ∆/Λ, and Λ/h can be seen in the rows and columns of the figure, 

respectively. From this figure it is inferred that the area of the hyporheic zone has a positive 

correlation with the size of the dune. According to this figure, the hyporheic zone beneath 

the dunes is divided into two distinct regions. In the first region, which starts from the 

beginning of the dune the hyporheic flows move from upstream towards downstream. In 

the second region, the movement of fluid starts from the end of the dune towards upstream. 

The reason of this phenomenon can be found in the free surface profiles over the dunes. As 

shown in this figure, when the surface flow moves towards the crest of the dune, its 

elevation decreases and reaches its minimum level at a region very close to the top of the 

dune, and then it has an increasing trend as it moves toward the end of the dune (i.e. the 

hydrostatic pressure increases). Since the fluid moves from higher pressure zone towards 

lower pressure zone, such flow patterns are generated in the hyporheic zone beneath a 

sequence of dunes. 

The effects of variation of h/κ  and da/h on hyporheic flow paths are shown in 

the rows and columns of Fig. 6.5. It is clear that the hyporheic flow paths are independent 

from variations of h/κ .  The depth of the hyporheic zone matches the depth of alluvium, 

and its area has a positive relationship with da/h parameter. It is also obvious that changes 

in the values of permeability of the porous materials and depth of the porous medium do 

not have a remarkable effect on the free surface profiles. 
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Fig. 6.4: Variation of hyporheic flow paths with ∆/Λ and Λ/h for 41076.1/ −×=hκ and da/h = 2.5 

     ( m 0.282
max

=fz ). 

6.3.1.2 Investigation of hyporheic flow velocity field 

In Fig. 6.6 the effects of ∆/Λ (in the rows of the figure) and Λ/h (in the columns of the 

figure) on hyporheic flow velocity field. The profiles of hydrostatic pressure along the 

length of the sequence of dunes is illustrated. These profiles show the values of normalized 

hydrostatic pressure which were calculated using the value of maximum hydrostatic 

pressure, Pmax, occurring in all related simulations, namely Pmax = 2.77 KPa that occurred 

when  ∆/Λ = 0.075  and  Λ/hav = 13.  The  complete  set  of  simulation  results  for  these 
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Fig. 6.5: Variation of hyporheic flow paths with h/κ and da/h for ∆/Λ = 0.03 and Λ/h = 10 

.)m 0.282
max

=fz( 

values of h/κ and da/h is given in Fig. M.2, Appendix M.  As can be inferred from this 

figure both ∆/Λ and Λ/h have direct correlations with the hyporheic flow velocity. However, 

the effect of ∆/Λ on hyporheic flow velocity field is much more noticeable than Λ/h. This 

is due to the way that the hydrostatic pressure distributes over the dunes. Considering the 

hydrostatic pressure profiles, it can be said that as Λ/h increases, the drop in the hydrostatic 

pressure does not increase significantly. In all of the cases by increasing Λ/h, the value of 

P/Pmax at the beginning of the dune increases, which is due to the fact that larger dunes 

have more effect on blocking the stream flow and increasing its depth, and it drops 
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gradually with the same trend regardless of the value of Λ/h. This is while by increasing 

∆/Λ the pressure drop gets noticeably sharper and higher, resulting in remarkable increase 

in hyporheic velocity fields. 

 

Fig. 6.6: Variation of hyporheic flow average-velocity field with ∆/Λ and Λ/h for 41076.1/ −×=hκ and 
da/h = 2.5 (Pmax = 2.77 KPa). 

Fig. 6.7 illustrates how variations of da/h and h/κ affect the hyporheic flow 

average-velocity field, and the hydrostatic pressure distribution over the dunes. According 

to this figure by increasing the depth of the porous medium the hyporheic flow average 
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velocity slightly decreases, whilst increasing the permeability of the porous materials 

results in formation of velocity fields with a remarkably higher magnitude. In this figure, 

it is also obvious that pressure distribution over the dune is almost independent from the 

da/h and h/κ  parameters. 

 

 

Fig. 6.7: Variation of hyporheic flow average-velocity field with 
avh/κ and da/hav for ∆/Λ = 0.03 and 

Λ/hav = 10 (Pmax = 2.77 KPa). 
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6.3.1.3 Investigation of hyporheic flow vertical-velocity field 

Fig. 6.8 shows the variation of the vertical component of hyporheic velocity (vhypz
) contours 

with respect to ∆/Λ (horizontal) and Λ/h (vertical). The complete set of simulation results 

for these values of h/κ and da/h is given in Fig. M.3, Appendix M.  From this figure it is 

inferred that in hyporheic flows induced by dunes, the magnitude of the upwelling velocity 

is noticeably greater than the downwelling velocity. Maximum downwelling is generated 

in the region at the beginning of the dune. The upwelling region starts around the crest of 

the dune and finishes at the end of the lee face. By increasing ∆/Λ both the size and 

magnitude of the velocity in upwelling and downwelling regions increases, too. 

Variations of upwelling and downwelling amounts and patterns with respect to da/h 

and h/κ  is shown in Fig. 6.9. According to this figure, increasing the depth of porous 

medium results in formation of upwelling and downwelling regions with higher velocity 

magnitudes, and this increase gets more noticeable as the permeability of the porous 

medium increases. The trend of the variations of upwelling and downwelling regions with 

respect to h/κ  reveals that in lower values of permeability the difference between the 

velocity magnitude in upwelling and downwelling regions is not remarkable. As 

permeability gets higher, the rate of increase in upwelling velocity is more than the one in 

downwelling region. 
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Fig. 6.8: Variation of hyporheic flow vertical-velocity field with with ∆/Λ and Λ/h for 41076.1/ −×=hκ
and da/h = 2.5. 

6.3.2 Predictive equations 

6.3.2.1 Predictive equations for discharge in the hyporheic zone 

After performing the multiregression nonlinear analysis on the dataset, the following 

predictive equation was found for calculating the discharge in the hyporheic zone: 
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 Fig. 6.9: Variation of hyporheic flow vertical-velocity field with h/κ and da/h 

 for ∆/Λ = 0.03 and Λ/h = 10. 
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To provide an example of the correspondence between the predicted and simulated 

dimensionless discharge parameter, the plots of the )/ln( inlethyp QQ  versus |ln(Λ/h)| for the 

0.70.4 ≤Λ≤
h

0.130.10 ≤Λ≤
h
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case of  ∆/Λ = 0.075 for different values of h/κ and da/h are shown in Fig. 6.10. It is 

obvious in most of the cases both data almost match each other, and only in few cases the 

differences are noticeable.  

 

 

Fig. 6.10: Plots of predicted and simulated values of )/ln( inlethyp QQ  versus |ln(Λ/h)| for the case ∆/Λ = 

0.075. 

Fig. 6.11 shows the plot of the predicted data by the present equation and the data 

obtained from the simulations. As illustrated in Fig. 6.11a the predicted data are in a very 

good agreement with the simulated quantities, and most of the data points are far from the 
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20% error lines. Fig. 6.11b depicts the standardized residual plot. As follows from this 

figure, there are only 5 data out of the range of σ2± , which means that less than 1% of the 

data are considered as outliers. The data are randomly dispersed around horizontal zero 

line and they do not exhibit any trend. 

 

  

 

Fig. 6.11: Results of application of present equation for dimensionless discharge parameter: (a) predicted 

versus simulated values of )/ln( inlethyp QQ ; and (b) standardized residual plot. 

From the histogram of residuals which is shown in Fig. 6.12a, it is inferred that 

91% of the data fall within 5% error range, and their distribution is approximately normal. 

To have a better insight into the normality the normal Quantile-Quantile plot of the 

residuals is shown in Fig. 6.12b. As shown in this figure, most of the data points tends to 

fall on the reference line. There are some deviations on the low end and high end of the 

line which constitute 10% of the total number of cases, approximately. 

 

(a) (b) 
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Fig. 6.12: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless discharge parameter; and (b) normal Q-Q plot of the residuals. The curve and the straight 

line shown in black represent the normal distribution curve and reference line, respectively. 

The values of Qhyp have been calculated using the developed equations, and the 

results are plotted versus the values obtained from the simulations which is shown in Fig. 

6.13a. From this figure it is inferred that the accuracy of the equations in predicting the 

values of Qhyp is remarkably less than their accuracy in estimating the values of 

dimensionless discharge parameter. As shown in this figure the error of estimation for some 

data points is more than 20%. Fig. 6.13b depicts that the distribution of standardized 

residuals around zero line is not random, the error variance increases with predicted data. 

The histogram of residuals in Fig. 6.14a illustrates that 73% of the data are within 

20% error range, and their distribution is negatively skewed. The normal Q-Q plot of the 

residuals in Fig. 6.14b reveals that most of the data fall about a straight line, so it can be 

said that skewness of he residuals can be neglected, and the residuals are approximately 

normally distributed. 

 

(a) (b) 
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Fig. 6.13: Results of application of present equation for hyporheic discharge: (a) predicted versus simulated 
values of Qhyp; and (b) standardized residual plot.  

 

 

Fig. 6.14: (a) Frequency plot of the residuals resulting from application of present equation for hyporheic 
discharge and (b) normal Q-Q plot of the residuals. The curve and the line shown in black represent the 

normal distribution curve and reference line, respectively. 

 

6.3.2.2 Predictive equations for average residence time in the hyporheic zone 

The results of the nonlinear multiregression analysis on dataset showed that the average 

residence time of hyporheic flow can be predicted using the equation below: 

(a) (b) 

(a) (b) 
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To show an example of the accuracy of the above equations in predicting the 

dimensionless residence time parameter, )/ln(4 4/12/1 κgtr
 is plotted versus |ln(Λ/h)| for 

different values of h/κ and da/h for the case of  ∆/Λ = 0.05 which is illustrated in Fig. 

6.15. As follows from this figure in all of the cases there is no remarkable difference 

between predicted and simulated values.  

Fig. 6.16a shows the plot of simulated and predicted values of )/ln(4 4/12/1 κgtr
. 

From this figure it is inferred that the error is estimating the values of dimensionless 

discharge parameter data are very much less than 20%. There is a high correlation between 

the predicted and simulated values, and the overall distances of data from the fitted line are 

very small. and. The plot of standardized residuals versus predicted )/ln(4 4/12/1 κgtr
 which 

is depicted in Fig. 6.16b shows that the distribution of standardized residuals almost 

follows the constant variance assumption in regression analysis, the data points are 

randomly scattered around zero line. In this figure, it is also obvious that and more than 

93% of the standardized residuals are within ±2σ range. 

 

0.70.4 ≤Λ≤
h

0.130.10 ≤Λ≤
h
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Fig. 6.15: Plots of predicted and simulated values of )/ln( 4 4/12/1 κgt r
 versus |ln(Λ/h)| for the case ∆/Λ = 

0.075. 

The histogram of residuals which is depicted in Fig. 6.17a reveals that 99% of the 

data are within 2% error range, and the distribution of residuals corresponds very well with 

the curve of normal distribution. The normal Q-Q plot of the data in Fig. 6.17b shows that 

most of the data are almost on the reference line or very close to it, and the distribution of 

residuals follows the normal distribution. 
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Fig. 6.16: Results of application of present equation for dimensionless residence time parameter: (a) 

predicted versus simulated values of )/ln( 4 4/12/1 κgt r
; and (b) standardized residual plot. 

Fig. 6.17: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless residence time parameter; and (b) normal Q-Q plot of the residuals. The curve and the line 

shown in black represent the normal distribution curve and reference line, respectively. 

Figs. 6.18 and 6.19 show the accuracy of the present equation in predicting the 

values of hyporheic flow residence time. In Fig, 6.18a the predicted values are plotted 

versus the simulated ones. From this figure it is inferred that most of the data are with in 

20% error range, and generally there is a good agreement between predicted and simulated 

(a) (b) 

(a) (b) 



219 
 

values. The distribution of standardized residuals which is shown in Fig. 6.18b violates the 

constant variance assumption in the regression analysis, and 14 cases fall outside of the 

σ2± range. However, histogram of the residuals in Fig. 6.19a shows that the distribution 

of residuals almost follows the normal distribution curve. The error range of 10% contains 

80.56% of the data.  The normal Q-Q plot of the data in Fig. 6.19b with only two data on 

its both ends deviating from the reference line, proves that the distribution of residuals in 

almost normal. 

 

Fig. 6.18: Results of application of the equation for average residence time: (a) predicted versus simulated 
values of tr; and (b) standardized residual plot. 

(a) (b) 
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Fig. 6.19: (a) Frequency plot of the residuals resulting from application of present equation for average 
residence time of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve and the line shown 

in black represent the normal distribution curve and reference line, respectively. 

6.3.2.3 Predictive equations for average velocity in the hyporheic zone 

The results of the multiregression analysis revealed that the relationship between average 

hyporheic flow velocity and independent dimensionless parameters was as follows:  
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Using the equation above the values of )/ln( 4/12/1 κgvhyp
 have been calculated and 

with the simulated  data  are  plotted  versus |ln(Λ/h)|  for different values of h/κ and 

da/h for  the  case of ∆/Λ = 0.05, and the results is shown in Fig. 6.20. As shown in the 

figure, the accuracy of the predicted data is very high, and in most of the cases their 

difference from the simulated data is negligible. 

(a) (b) 

0.70.4 ≤Λ≤
h

0.130.10 ≤Λ≤
h
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Fig. 6.20: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(Λ/h)| for predicted and simulated values for the case of 

∆/Λ = 0.075. 

As shown in Fig. 6.21a, there is a good correlation between predicted and simulated 

data, and most of the data points are within ±20% error range. However, compared to plots 

of dimensionless discharge and dimensionless residence time, the deviation of data from 

best fitted line is remarkably more, which means the accuracy of the developed equation 

for predicting hyporheic velocity is not as good as the developed equations for predicting 

hyporheic discharge and residence time. From Fig. 6.21b it is inferred that except 8 cases, 

the rest of the data fall in ±2σ range with almost constant variant around the zero line. 
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Fig. 6.21: Results of application of present equation for dimensionless velocity parameter: (a) predicted 

versus simulated values of ))(( 4121 //

hyp g/vln κ ; and (b) standardized residual plot. 

The histogram of the residuals in Fig. 6.22a shows that the distribution of residuals 

is negatively skewed, and 98% of the data has the error within the range of 10%. From Q-

Q plot in Fig. 6.22b it is inferred that the residuals are distributed diagonally, and most of 

them fall on the reference line, which means the distribution of residuals follows the normal 

distribution. 

The values of hyporheic velocity were calculated using the developed equation, and 

the results are plotted versus the obtained data from simulations which is shown in Fig. 

6.23a. As follows from this figure, in most of the cases there is a good agreement between  

(a) (b) 
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Fig. 6.22: (a) Frequency plot of the residuals resulting from application of present equation for 
dimensionless velocity parameter; and (b) normal Q-Q plot of the residuals. The curve and the line shown 

in black represent the normal distribution curve and reference line, respectively. 

 

simulated and predicted data, and the error is estimation is less than 20%.  From Fig. 6.23b 

it is inferred that the random distribution and variance of the standardized residuals with 

respect to the zero line is not as good as for the case of dimensionless velocity. The 

histogram of the residuals which is illustrated in Fig. 6.24 shows that more than 92% of 

residuals are within ±20% error range, and the distribution of residuals is negatively 

skewed. However, since most of the data points are almost on the Q-Q plot reference line, 

the distribution of residuals can be considered normal (Fig. 6.24b). 

(a) (b) 
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Fig. 6.23: Results of application of present equation for average hyporheic discharge: (a) predicted versus 
simulated values of vhyp; and (b) standardized residual plot.  

 

 

 
 

Fig. 6.24: (a) Frequency plot of the residuals resulting from application of present equation for average 
velocity of hyporheic flow; and (b) normal Q-Q plot of the residuals. The curve and the line shown in black 

represent the normal distribution curve and reference line, respectively. 

 

 

(a) (b) 

(a) (b) 
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6.4 Conclusions 

The main findings of this work are as follows: 

1. The hyporheic flow paths are independent from h/κ  and is positively correlated 

with ∆/Λ, Λ/h and da/h. 

2. ∆/Λ and Λ/h have direct correlations with the hyporheic flow velocity. However, 

the effect of ∆/Λ on hyporheic flow velocity field is much more noticeable than Λ/h. 

3. By increasing the depth of the porous medium the hyporheic flow average velocity 

slightly decreases, whilst increasing the permeability of the porous materials results 

in formation of velocity fields with a remarkably higher magnitude. 

4. Maximum downwelling is generated in the region at the beginning of the 

dune. The upwelling region starts around the crest of the dune and finishes at the 

end of the lee face.  

5. By increasing ∆/Λ both the size and magnitude of the velocity in upwelling and 

downwelling regions increases, too. 

6. Increasing the depth of porous medium results in formation of upwelling and 

downwelling regions with higher velocity magnitudes.  

7. In lower values of permeability, the difference between the velocity magnitude in 

upwelling and downwelling regions is not remarkable. As permeability gets higher, 

the rate of increase in upwelling velocity is more than the one in downwelling 

region. 

8. Equations 6.1, 6.2 and 6.3 are introduced for predicting the average values of 

discharge, residence time, and velocity in the hyporheic zone, respectively. The 

results of the comparison between the predicted and simulated data showed that 
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more than 80% of the cases, the predicted data is within 10% error range, and the 

average error range of estimating characteristics of hyporheic flows was 28% 

approximately.   
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Chapter 7 

Conclusions and recommendations for future research 

 

7.1 Conclusions   

Chapter 3 of this thesis focuses on developing a 3D fully coupled numerical model by 

which the most accurate numerical simulation of turbulent hyporheic flows induced by a 

single bar can be conducted. A proper boundary condition was defined in the interface 

between surface flow and porous medium so that the two regions gets connected, and the 

exchange of flow between them could be captured. The results of the numerical simulations 

were verified using the experimental data carried out for three bars with Λ = 1.0, 1.6 and 

2.5 m at three different streamflow depths of 12, 15 and 18 cm.  

The main findings of this chapter can be summarized as follows:   

1. Applying a combination of Wall and Cyclic boundary conditions on the interface 

between streamflow and porous medium got the best results in capturing the flow 

fields both in surface and porous medium regions. 

2. The penetrated surface flow into the porous medium restore the free surface after 

the crest of the bar in the region where the streamflow has the lowest depth. 

3. The hyporheic flow induced by the bar consists of two regions. In the first region, 

starting somewhere upstream of the bar, the subsurface flow moves from upstream 

to downstream, while in the second region, starting somewhere downstream of the 

bar, it moves from downstream to upstream.  
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4. By increasing the length of the bar the size of the region in which hyporheic flow 

moves from downstream towards upstream gets smaller, and consequently larger 

downstream-to-upstream hyporheic flow region is formed. 

5. For any given bar geometry, changing the depth of streamflow does not have a 

remarkable effect of the hyporheic flow patterns, and the areas of upstream to 

downstream and downstream to upstream hyporheic flow regions. 

6. The speed of hyporheic flow velocities has direct relationship with the amount of 

pressure difference between before and after the crest of the bar (i.e. elevation of 

surface flow). Due to this reason, the hyporheic flow velocities induced by the 2.5 

m long bar, are approximately 30% less than those for the 1 and 1.6 m long bars.  

7. When Λ = 2.5 m the hyporheic flow rate is noticeably less than the cases with Λ = 

1.0 and 1.6 m. This is mainly due to this fact that the drop in the elevation of surface 

flow (i.e. pressure difference between before and after the crest of the bar) in the 

case of 2.5 m bar is less than the other two cases, which results in slower hyporheic 

flows and consequently, less discharge in the hyporheic zone. 

8. Re and Fr of the free surface flow almost have no effect of the characteristics of the 

hyporheic flows.  

Chapter 4 presents a comprehensive numerical investigation conducted to develop new 

empirical equations for predicting the discharge, velocity and residence time of flow in the 

hyporheic zone induced by a single bar. After conducting dimensional analysis, it was 

found that the characteristics of hyporheic flows are mainly dependent on four ∆/Λ, Λ/h, 

h/κ  and da/h independent parameters. A range of variation was considered for each of 

the independent variables, and a dataset was generated by carrying out a total of 144 
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simulations. A nonlinear multiregression analysis was conducted on the hyporheic 

velocity, discharge, and residence time data in the generated dataset, and predictive 

equations were developed for estimating the characteristics of hyporheic flows induced by 

a single bar. To provide predictive equations which are more useful from practical 

standpoint, Λ/h had to be substituted with ∆/h. To do that ten bar amplitudes within the 

0.1h - 1.0h range was considered, and new values of Λ/h parameter were generated. Using the 

developed predictive equations values of hyporheic discharge, velocity and residence time were 

calculated, and a new dataset with 360 data was generated. A nonlinear multiregression 

analysis was conducted on the dataset and new predictive equations were developed. 

The main findings of this chapter are as follows:    

1. By increasing the values of ∆/Λ and Λ/h the drop in the surface flow elevation 

increases. However, this increase is much more noticeable by increasing the value 

of ∆/Λ compared to the increase in the value of Λ/h. Furthermore, by increasing the 

values of these two parameters location of the maximum depression of the free 

surface moves downstream.  

2. The dynamics of surface flow are almost independent from the permeability of 

porous materials and depth of alluvium. 

3. h/κ  does not have any effects on the shape of the hyporheic flow paths, whilst 

the aerial extent of the region of upstream to downstream flow increases with 

increasing values of da/h. Increasing the size of the bar (i.e. increasing the values 

of ∆/Λ and Λ/h) results in formation of larger upstream-to- downstream hyporheic 

flow region. 

4. The hyporheic velocity field is highly dependent on the steepness of the bar (i.e. 

∆/Λ) and permeability of the porous materials. Hyporheic zones with higher 
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velocities are induced by bars with higher values of ∆/Λ and in porous materials 

with higher values of h/κ . This is while the hyporheic velocity field is minimally 

affected by changes in the values of Λ/h and da/h. 

5. By increasing the steepness of the bar (i.e. ∆/Λ) the downwelling region gets 

dominant specifically in a region near the top of the bar. In lower values of ∆/Λ the 

maximum downwelling is generated at the end of the bar, but increasing the 

steepness results in movement of this region towards the crest of the bar. 

6. In lower values of permeability, the difference between the velocity magnitude in 

upwelling and downwelling regions is not remarkable, whilst as permeability gets 

higher, the rate of increase in upwelling velocity is more than the one in 

downwelling region. 

7. Equations 4.15, 4.16 and 4.17 were introduced for predicting the average values of 

discharge, residence time, and velocity in the hyporheic zone, respectively. A 

thorough comparison between the predicted and simulated data was conducted. The 

results showed that more than 80% of the cases, the predicted data is within 10% 

error range, and the maximum error range was never more than 25%. 

8. Equations 4.18, 4.19 and 4.20 were developed for predicting the characteristics of 

hyporheic flows based on the ∆/Λ, ∆/h, h/κ  and da/h independent parameters, 

which is more useful from practical standpoint. The results of the comparison 

between predicted and simulated data showed that in most of the cases the 

predictive equations have high accuracy in estimating the values of characteristics 

of hyporheic flows induced by a single bar, and their average error is less than 20%.  
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Chapter 5 focuses on developing predictive equations for calculating the average velocity, 

discharge and residence time of hyporheic flows induced by a sequence of gravel pool-

riffle bedforms. Using the results of the dimensional analysis conducted in Chapter 4, the 

geometry of the pool-riffle sequence, permeability of the porous materials and depth of the 

porous medium (i.e. ∆/Λ, Λ/h, h/κ  and da/h ) were considered as the key parameters 

controlling the characteristics of hyporheic flows. A dataset was generated by considering 

a range of variation for each of the key parameters, and conducting 144 fully coupled three-

dimensional simulations. Due to the nonlinear relationships between some of the 

characteristics of hyporheic flows and key parameters, the dataset had to be divided into 

two groups, one 5.0 ≤ Λ/h ≤ 10.0 and the other 15.0 ≤ Λ/h ≤ 20.0, and for each group a 

unique predictive equation was derived for predicting the characteristics of hyporheic flows 

induced by a sequence of gravel bars. To develop accurate predictive equations, a nonlinear 

multiregression analysis was performed on the generated dataset from the simulations. 

Using the same methodology detailed in Chapter 4, more practical equations were 

developed, which estimates the values of hyporheic discharge, velocity and residence time 

for given values of ∆/Λ, ∆/h, h/κ  and da/h. 

The main findings of this chapter can be summarized as follows:   

1. By increasing ∆/Λ and Λ/h the drop of the water surface over the bars decreases, 

and this decrease is more tangible at higher values of these parameters. Changes in 

da/h and h/κ  do not have a remarkable effect on the elevation of streamflow. 

2. Hyporheic flow paths are independent from the depth of porous medium and 

permeability of the porous materials, and the depth of the hyporheic zone equals 

the depth of the porous medium.  
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3. The area of the hyporheic zone is positively correlated with the size of the pool-

riffle sequence (i.e. ∆/Λ and Λ/h) and depth of the alluvium (i.e. da/h), and it is 

independent from the permeability of the materials in the substrate (i.e. h/κ ).  

4. Generally, by increasing the size of the pool-riffle sequence the average hypoheic 

velocity decreases.  

5. Downwelling and upwelling patterns were independent from the bedform geometry 

with downwelling occurring in pool and upwelling occurring in riffle regions.  

6. The values of discharge, residence time, and velocity in the hyporheic zone can be 

calculated using Equations 5.2 - 5.4 with an average error of 18%. 

7. Equations 5.8 – 5.10 provide predictive equations based on ∆/h parameter, which 

are more useful from practical standpoint. Using these equations, the characteristics 

of hyporheic flows can be calculated with an average error of 23%. 

Chapter 6 provides a comprehensive numerical investigation to develop new empirical 

equations for predicting hyporheic flow characteristics induced by a sequence of dunes. A 

total of 144 simulations were carried out in different ranges of bar steepness and 

wavelength, permeability of the porous materials and depth of alluvium. To develop 

accurate predictive equations, a nonlinear multiregression analysis was permormed on the 

generated dataset from the simulations by using the same methodology detailed in Chapter 

4.   

The main findings of this work are as follows: 

1. The hyporheic flow paths are independent from h/κ  and is positively correlated 

with ∆/Λ, Λ/h and da/h. 
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2. ∆/Λ and Λ/h have direct correlations with the hyporheic flow velocity. However, 

the effect of ∆/Λ on hyporheic flow velocity field is much more noticeable than Λ/h. 

3. By increasing the depth of the porous medium the hyporheic flow average velocity 

slightly decreases, whilst increasing the permeability of the porous materials results 

in formation of velocity fields with a remarkably higher magnitude. 

4. Maximum downwelling is generated in the region at the beginning of the 

dune. The upwelling region starts around the crest of the dune and finishes at the 

end of the lee face.  

5. By increasing ∆/Λ both the size and magnitude of the velocity in upwelling and 

downwelling regions increases, too. 

6. Increasing the depth of porous medium results in formation of upwelling and 

downwelling regions with higher velocity magnitudes.  

7. In lower values of permeability, the difference between the velocity magnitude in 

upwelling and downwelling regions is not remarkable. As permeability gets higher, 

the rate of increase in upwelling velocity is more than the one in downwelling 

region. 

8. Equations 6.1, 6.2 and 6.3 are introduced for predicting the average values of 

discharge, residence time, and velocity in the hyporheic zone, respectively. The 

results of the comparison between the predicted and simulated data showed that 

more than 80% of the cases, the predicted data is within 10% error range, and the 

average error range of estimating characteristics of hyporheic flows was 28% 

approximately. 
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7.2 Recommendations for future research 

Hyporheic flows are a prime mechanism to convey contaminants to the bed sediments. 

While all contaminants are of concern, oil spills in rivers, and the potential transport of oil 

into the bed sediment acquire particular importance in Canada. There is a knowledge gap 

on the risks of contamination of river beds due to oil spills. To address this knowledge gap, 

in this thesis effort was also made for developing a numerical model which is capable of 

simulating multiphase flow in a porous medium. However, due to lack of facilities in the 

laboratory it was not possible to validate the developed numerical model by experimental 

data. This is while such numerical model will allow river engineers to predict the extent of the 

contaminated bed sediment in case of an oil spill, and develop appropriate cleanup strategies to 

protect the habitat of aquatic organism. 

Considering the aforementioned, recommendations for future research are as 

follows: 

1. Conduct a laboratory study by injecting oil into the river stream, and visualizing 

the extent of contamination in the hyporheic zone. 

2. Conduct numerical simulations using the developed numerical model, and if 

needed modifying it so that an accurate numerical model would be available for 

simulating multiphase flow in the bedform-induced hyporheic flow. 
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Supplemental figures for Chapter 3 
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Fig. A.1: Plot of numerical and experimental free surface, vertical surface water velocity profiles and hyporheic flow paths for Λ = 1.0 m and h = 18 cm 

(numbers on hyporheic streamlines represent the hyporheic velocities in cm/s). 
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Fig. A.2: Plot of numerical and experimental free surface, vertical surface water velocity profiles and hyporheic flow paths for Λ = 1.0 m and h = 15 cm 

(numbers on hyporheic streamlines represent the hyporheic velocities in cm/s). 
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Fig. A.3: Plot of numerical and experimental free surface, vertical surface water velocity profiles and hyporheic flow paths for Λ = 1.0 m and h = 12 cm 

(numbers on hyporheic streamlines represent the hyporheic velocities in cm/s). 
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Fig. A.4: Plot of numerical and experimental free surface, vertical surface water velocity profiles and hyporheic flow paths for Λ = 2.5 m and h = 18 cm 

(numbers on hyporheic streamlines represent the hyporheic velocities in cm/s). 
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Fig. A.5: Plot of numerical and experimental free surface, vertical surface water velocity profiles and hyporheic flow paths for Λ = 2.5 m and h = 15 cm 

(numbers on hyporheic streamlines represent the hyporheic velocities in cm/s). 
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Fig. A.6: Plot of numerical and experimental free surface, vertical surface water velocity profiles and hyporheic flow paths for Λ = 2.5 m and h = 12 cm 

(numbers on hyporheic streamlines represent the hyporheic velocities in cm/s). 
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Table B.1: Details of numerical tests for Chapter 4 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

1 80 18 18 2.50E-05 1.8 90 0.02 5 1 2.78E-04 

2 80 18 18 2.50E-05 3.6 180 0.02 10 1 2.78E-04 

3 80 18 18 2.50E-05 5.4 270 0.02 15 1 2.78E-04 

4 80 18 18 2.50E-05 7.2 360 0.02 20 1 2.78E-04 

5 80 18 18 2.50E-05 2.7 90 0.03 5 1 2.78E-04 

6 80 18 18 2.50E-05 5.4 180 0.03 10 1 2.78E-04 

7 80 18 18 2.50E-05 8.1 270 0.03 15 1 2.78E-04 

8 80 18 18 2.50E-05 10.8 360 0.03 20 1 2.78E-04 

9 80 18 18 2.50E-05 3.6 90 0.04 5 1 2.78E-04 

10 80 18 18 2.50E-05 7.2 180 0.04 10 1 2.78E-04 

11 80 18 18 2.50E-05 10.8 270 0.04 15 1 2.78E-04 

12 80 18 18 2.50E-05 14.4 360 0.04 20 1 2.78E-04 

13 80 18 18 2.50E-05 4.5 90 0.05 5 1 2.78E-04 

14 80 18 18 2.50E-05 9 180 0.05 10 1 2.78E-04 

15 80 18 18 2.50E-05 13.5 270 0.05 15 1 2.78E-04 

16 80 18 18 2.50E-05 18 360 0.05 20 1 2.78E-04 

17 80 18 45 2.50E-05 1.8 90 0.02 5 2.5 2.78E-04 

18 80 18 45 2.50E-05 3.6 180 0.02 10 2.5 2.78E-04 

19 80 18 45 2.50E-05 5.4 270 0.02 15 2.5 2.78E-04 

20 80 18 45 2.50E-05 7.2 360 0.02 20 2.5 2.78E-04 

21 80 18 45 2.50E-05 2.7 90 0.03 5 2.5 2.78E-04 

22 80 18 45 2.50E-05 5.4 180 0.03 10 2.5 2.78E-04 

23 80 18 45 2.50E-05 8.1 270 0.03 15 2.5 2.78E-04 
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Table B.1: Details of numerical tests for Chapter 4 (Continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

24 80 18 45 2.50E-05 10.8 360 0.03 20 2.5 2.78E-04 

25 80 18 45 2.50E-05 3.6 90 0.04 5 2.5 2.78E-04 

26 80 18 45 2.50E-05 7.2 180 0.04 10 2.5 2.78E-04 

27 80 18 45 2.50E-05 10.8 270 0.04 15 2.5 2.78E-04 

28 80 18 45 2.50E-05 14.4 360 0.04 20 2.5 2.78E-04 

29 80 18 45 2.50E-05 4.5 90 0.05 5 2.5 2.78E-04 

30 80 18 45 2.50E-05 9 180 0.05 10 2.5 2.78E-04 

31 80 18 45 2.50E-05 13.5 270 0.05 15 2.5 2.78E-04 

32 80 18 45 2.50E-05 18 360 0.05 20 2.5 2.78E-04 

33 80 18 72 2.50E-05 1.8 90 0.02 5 4 2.78E-04 

34 80 18 72 2.50E-05 3.6 180 0.02 10 4 2.78E-04 

35 80 18 72 2.50E-05 5.4 270 0.02 15 4 2.78E-04 

36 80 18 72 2.50E-05 7.2 360 0.02 20 4 2.78E-04 

37 80 18 72 2.50E-05 2.7 90 0.03 5 4 2.78E-04 

38 80 18 72 2.50E-05 5.4 180 0.03 10 4 2.78E-04 

39 80 18 72 2.50E-05 8.1 270 0.03 15 4 2.78E-04 

40 80 18 72 2.50E-05 10.8 360 0.03 20 4 2.78E-04 

41 80 18 72 2.50E-05 3.6 90 0.04 5 4 2.78E-04 

42 80 18 72 2.50E-05 7.2 180 0.04 10 4 2.78E-04 

43 80 18 72 2.50E-05 10.8 270 0.04 15 4 2.78E-04 

44 80 18 72 2.50E-05 14.4 360 0.04 20 4 2.78E-04 

45 80 18 72 2.50E-05 4.5 90 0.05 5 4 2.78E-04 

46 80 18 72 2.50E-05 9 180 0.05 10 4 2.78E-04 
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Table B.1: Details of numerical tests for Chapter 4 (Continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

47 80 18 72 2.50E-05 13.5 270 0.05 15 4 2.78E-04 

48 80 18 72 2.50E-05 18 360 0.05 20 4 2.78E-04 

49 80 18 18 2.03E-04 1.8 90 0.02 5 1 7.92E-04 

50 80 18 18 2.03E-04 3.6 180 0.02 10 1 7.92E-04 

51 80 18 18 2.03E-04 5.4 270 0.02 15 1 7.92E-04 

52 80 18 18 2.03E-04 7.2 360 0.02 20 1 7.92E-04 

53 80 18 18 2.03E-04 2.7 90 0.03 5 1 7.92E-04 

54 80 18 18 2.03E-04 5.4 180 0.03 10 1 7.92E-04 

55 80 18 18 2.03E-04 8.1 270 0.03 15 1 7.92E-04 

56 80 18 18 2.03E-04 10.8 360 0.03 20 1 7.92E-04 

57 80 18 18 2.03E-04 3.6 90 0.04 5 1 7.92E-04 

58 80 18 18 2.03E-04 7.2 180 0.04 10 1 7.92E-04 

59 80 18 18 2.03E-04 10.8 270 0.04 15 1 7.92E-04 

60 80 18 18 2.03E-04 14.4 360 0.04 20 1 7.92E-04 

61 80 18 18 2.03E-04 4.5 90 0.05 5 1 7.92E-04 

62 80 18 18 2.03E-04 9 180 0.05 10 1 7.92E-04 

63 80 18 18 2.03E-04 13.5 270 0.05 15 1 7.92E-04 

64 80 18 18 2.03E-04 18 360 0.05 20 1 7.92E-04 

65 80 18 45 2.03E-04 1.8 90 0.02 5 2.5 7.92E-04 

66 80 18 45 2.03E-04 3.6 180 0.02 10 2.5 7.92E-04 

67 80 18 45 2.03E-04 5.4 270 0.02 15 2.5 7.92E-04 

68 80 18 45 2.03E-04 7.2 360 0.02 20 2.5 7.92E-04 

69 80 18 45 2.03E-04 2.7 90 0.03 5 2.5 7.92E-04 
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Table B.1: Details of numerical tests for Chapter 4 (Continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

70 80 18 45 2.03E-04 5.4 180 0.03 10 2.5 7.92E-04 

71 80 18 45 2.03E-04 8.1 270 0.03 15 2.5 7.92E-04 

72 80 18 45 2.03E-04 10.8 360 0.03 20 2.5 7.92E-04 

73 80 18 45 2.03E-04 3.6 90 0.04 5 2.5 7.92E-04 

74 80 18 45 2.03E-04 7.2 180 0.04 10 2.5 7.92E-04 

75 80 18 45 2.03E-04 10.8 270 0.04 15 2.5 7.92E-04 

76 80 18 45 2.03E-04 14.4 360 0.04 20 2.5 7.92E-04 

77 80 18 45 2.03E-04 4.5 90 0.05 5 2.5 7.92E-04 

78 80 18 45 2.03E-04 9 180 0.05 10 2.5 7.92E-04 

79 80 18 45 2.03E-04 13.5 270 0.05 15 2.5 7.92E-04 

80 80 18 45 2.03E-04 18 360 0.05 20 2.5 7.92E-04 

81 80 18 72 2.03E-04 1.8 90 0.02 5 4 7.92E-04 

82 80 18 72 2.03E-04 3.6 180 0.02 10 4 7.92E-04 

83 80 18 72 2.03E-04 5.4 270 0.02 15 4 7.92E-04 

84 80 18 72 2.03E-04 7.2 360 0.02 20 4 7.92E-04 

85 80 18 72 2.03E-04 2.7 90 0.03 5 4 7.92E-04 

86 80 18 72 2.03E-04 5.4 180 0.03 10 4 7.92E-04 

87 80 18 72 2.03E-04 8.1 270 0.03 15 4 7.92E-04 

88 80 18 72 2.03E-04 10.8 360 0.03 20 4 7.92E-04 

89 80 18 72 2.03E-04 3.6 90 0.04 5 4 7.92E-04 

90 80 18 72 2.03E-04 7.2 180 0.04 10 4 7.92E-04 

91 80 18 72 2.03E-04 10.8 270 0.04 15 4 7.92E-04 

92 80 18 72 2.03E-04 14.4 360 0.04 20 4 7.92E-04 
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Table B.1: Details of numerical tests for Chapter 4 (Continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

93 80 18 72 2.03E-04 4.5 90 0.05 5 4 7.92E-04 

94 80 18 72 2.03E-04 9 180 0.05 10 4 7.92E-04 

95 80 18 72 2.03E-04 13.5 270 0.05 15 4 7.92E-04 

96 80 18 72 2.03E-04 18 360 0.05 20 4 7.92E-04 

97 80 18 18 1.00E-03 1.8 90 0.02 5 1 1.76E-03 

98 80 18 18 1.00E-03 3.6 180 0.02 10 1 1.76E-03 

99 80 18 18 1.00E-03 5.4 270 0.02 15 1 1.76E-03 

100 80 18 18 1.00E-03 7.2 360 0.02 20 1 1.76E-03 

101 80 18 18 1.00E-03 2.7 90 0.03 5 1 1.76E-03 

102 80 18 18 1.00E-03 5.4 180 0.03 10 1 1.76E-03 

103 80 18 18 1.00E-03 8.1 270 0.03 15 1 1.76E-03 

104 80 18 18 1.00E-03 10.8 360 0.03 20 1 1.76E-03 

105 80 18 18 1.00E-03 3.6 90 0.04 5 1 1.76E-03 

106 80 18 18 1.00E-03 7.2 180 0.04 10 1 1.76E-03 

107 80 18 18 1.00E-03 10.8 270 0.04 15 1 1.76E-03 

108 80 18 18 1.00E-03 14.4 360 0.04 20 1 1.76E-03 

109 80 18 18 1.00E-03 4.5 90 0.05 5 1 1.76E-03 

110 80 18 18 1.00E-03 9 180 0.05 10 1 1.76E-03 

111 80 18 18 1.00E-03 13.5 270 0.05 15 1 1.76E-03 

112 80 18 18 1.00E-03 18 360 0.05 20 1 1.76E-03 

113 80 18 45 1.00E-03 1.8 90 0.02 5 2.5 1.76E-03 

114 80 18 45 1.00E-03 3.6 180 0.02 10 2.5 1.76E-03 

115 80 18 45 1.00E-03 5.4 270 0.02 15 2.5 1.76E-03 
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Table B.1: Details of numerical tests for Chapter 4 (Continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

116 80 18 45 1.00E-03 7.2 360 0.02 20 2.5 1.76E-03 

117 80 18 45 1.00E-03 2.7 90 0.03 5 2.5 1.76E-03 

118 80 18 45 1.00E-03 5.4 180 0.03 10 2.5 1.76E-03 

119 80 18 45 1.00E-03 8.1 270 0.03 15 2.5 1.76E-03 

120 80 18 45 1.00E-03 10.8 360 0.03 20 2.5 1.76E-03 

121 80 18 45 1.00E-03 3.6 90 0.04 5 2.5 1.76E-03 

122 80 18 45 1.00E-03 7.2 180 0.04 10 2.5 1.76E-03 

123 80 18 45 1.00E-03 10.8 270 0.04 15 2.5 1.76E-03 

124 80 18 45 1.00E-03 14.4 360 0.04 20 2.5 1.76E-03 

125 80 18 45 1.00E-03 4.5 90 0.05 5 2.5 1.76E-03 

126 80 18 45 1.00E-03 9 180 0.05 10 2.5 1.76E-03 

127 80 18 45 1.00E-03 13.5 270 0.05 15 2.5 1.76E-03 

128 80 18 45 1.00E-03 18 360 0.05 20 2.5 1.76E-03 

129 80 18 72 1.00E-03 1.8 90 0.02 5 4 1.76E-03 

130 80 18 72 1.00E-03 3.6 180 0.02 10 4 1.76E-03 

131 80 18 72 1.00E-03 5.4 270 0.02 15 4 1.76E-03 

132 80 18 72 1.00E-03 7.2 360 0.02 20 4 1.76E-03 

133 80 18 72 1.00E-03 2.7 90 0.03 5 4 1.76E-03 

134 80 18 72 1.00E-03 5.4 180 0.03 10 4 1.76E-03 

135 80 18 72 1.00E-03 8.1 270 0.03 15 4 1.76E-03 

136 80 18 72 1.00E-03 10.8 360 0.03 20 4 1.76E-03 

137 80 18 72 1.00E-03 3.6 90 0.04 5 4 1.76E-03 

138 80 18 72 1.00E-03 7.2 180 0.04 10 4 1.76E-03 
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Table B.1: Details of numerical tests for Chapter 4 (Continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

139 80 18 72 1.00E-03 10.8 270 0.04 15 4 1.76E-03 

140 80 18 72 1.00E-03 14.4 360 0.04 20 4 1.76E-03 

141 80 18 72 1.00E-03 4.5 90 0.05 5 4 1.76E-03 

142 80 18 72 1.00E-03 9 180 0.05 10 4 1.76E-03 

143 80 18 72 1.00E-03 13.5 270 0.05 15 4 1.76E-03 

144 80 18 72 1.00E-03 18 360 0.05 20 4 1.76E-03 
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Appendix C 

Supplemental figures for Chapter 4 
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Fig. C.1: Variation of hyporheic flow paths with ∆/Λ and Λ/h for 3
1076.1/

−×=hκ and da/h = 1.0 ( m 0.271=
maxfz ) 
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Fig. C.2: Variation of hyporheic flow average-velocity field with ∆/Λ and Λ/h for 3
1076.1/

−×=hκ and da/h = 1.0 (Pmax=2.26 KPa) 
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Fig. C.3: Variation of hyporheic flow vertical-velocity field with ∆/Λ and Λ/h for 3
1076.1/

−×=hκ and da/h = 1
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Table of results of numerical tests for Chapter 4 
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Table D.1: Results of numerical tests for Chapter 4 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

1 0.02 5.00 2.78E-04 1.00 0.00427 3.25 0.400 0.19959 1.958 

2 0.02 10.00 2.78E-04 1.00 0.00400 5.14 0.472 0.20585 2.019 

3 0.02 15.00 2.78E-04 1.00 0.00395 7.98 0.500 0.22157 2.174 

4 0.02 20.00 2.78E-04 1.00 0.00362 14.38 0.540 0.22828 2.239 

5 0.03 5.00 2.78E-04 1.00 0.00529 2.65 0.532 0.20163 1.978 

6 0.03 10.00 2.78E-04 1.00 0.00518 4.38 0.720 0.21216 2.081 

7 0.03 15.00 2.78E-04 1.00 0.00489 6.77 0.800 0.23550 2.310 

8 0.03 20.00 2.78E-04 1.00 0.00421 13.80 0.820 0.24473 2.401 

9 0.04 5.00 2.78E-04 1.00 0.00646 2.22 0.700 0.20387 2.000 

10 0.04 10.00 2.78E-04 1.00 0.00656 3.68 1.000 0.22100 2.168 

11 0.04 15.00 2.78E-04 1.00 0.00607 6.24 1.100 0.24736 2.427 

12 0.04 20.00 2.78E-04 1.00 0.00480 12.78 1.000 0.25955 2.546 

13 0.05 5.00 2.78E-04 1.00 0.00776 1.86 0.880 0.20800 2.040 

14 0.05 10.00 2.78E-04 1.00 0.00779 3.10 1.200 0.23107 2.267 

15 0.05 15.00 2.78E-04 1.00 0.00667 5.62 1.220 0.25893 2.540 

16 0.05 20.00 2.78E-04 1.00 0.00609 11.27 1.452 0.26909 2.640 

17 0.02 5.00 7.92E-04 1.00 0.01123 1.23 1.000 0.19861 1.948 

18 0.02 10.00 7.92E-04 1.00 0.01075 1.91 1.200 0.20685 2.029 

19 0.02 15.00 7.92E-04 1.00 0.01053 2.99 1.400 0.22047 2.163 

20 0.02 20.00 7.92E-04 1.00 0.00992 5.24 1.400 0.22958 2.252 

21 0.03 5.00 7.92E-04 1.00 0.01379 1.02 1.300 0.20043 1.966 

22 0.03 10.00 7.92E-04 1.00 0.01321 1.72 1.800 0.21366 2.096 

23 0.03 15.00 7.92E-04 1.00 0.01272 2.60 1.900 0.23410 2.297 
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Table D.1: Results of numerical tests for Chapter 4 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

24 0.03 20.00 7.92E-04 1.00 0.01111 5.23 2.000 0.24593 2.413 

25 0.04 5.00 7.92E-04 1.00 0.01629 0.88 1.700 0.20257 1.987 

26 0.04 10.00 7.92E-04 1.00 0.01654 1.46 2.400 0.22250 2.183 

27 0.04 15.00 7.92E-04 1.00 0.01525 2.48 2.600 0.24636 2.417 

28 0.04 20.00 7.92E-04 1.00 0.01200 5.11 2.500 0.26053 2.556 

29 0.05 5.00 7.92E-04 1.00 0.01844 0.78 2.100 0.20660 2.027 

30 0.05 10.00 7.92E-04 1.00 0.01896 1.27 2.900 0.23217 2.278 

31 0.05 15.00 7.92E-04 1.00 0.01643 2.28 3.000 0.25773 2.528 

32 0.05 20.00 7.92E-04 1.00 0.01523 4.51 3.400 0.27008 2.649 

33 0.02 5.00 1.76E-03 1.00 0.02247 0.62 2.000 0.19763 1.939 

34 0.02 10.00 1.76E-03 1.00 0.02125 0.97 2.400 0.20785 2.039 

35 0.02 15.00 1.76E-03 1.00 0.02056 1.53 2.600 0.21937 2.152 

36 0.02 20.00 1.76E-03 1.00 0.01984 2.62 2.700 0.23088 2.265 

37 0.03 5.00 1.76E-03 1.00 0.02644 0.53 2.600 0.19923 1.954 

38 0.03 10.00 1.76E-03 1.00 0.02590 0.88 3.400 0.21516 2.111 

39 0.03 15.00 1.76E-03 1.00 0.02496 1.33 3.700 0.23270 2.283 

40 0.03 20.00 1.76E-03 1.00 0.02201 2.64 4.000 0.24713 2.424 

41 0.04 5.00 1.76E-03 1.00 0.03090 0.46 3.300 0.20127 1.974 

42 0.04 10.00 1.76E-03 1.00 0.03150 0.77 4.500 0.22400 2.197 

43 0.04 15.00 1.76E-03 1.00 0.02935 1.29 5.000 0.24536 2.407 

44 0.04 20.00 1.76E-03 1.00 0.02400 2.56 4.760 0.26151 2.565 

45 0.05 5.00 1.76E-03 1.00 0.03520 0.41 3.900 0.20520 2.013 

46 0.05 10.00 1.76E-03 1.00 0.03610 0.67 5.400 0.23327 2.288 
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Table D.1: Results of numerical tests for Chapter 4 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

47 0.05 15.00 1.76E-03 1.00 0.03178 1.18 5.600 0.25653 2.517 

48 0.05 20.00 1.76E-03 1.00 0.02938 2.34 6.300 0.27107 2.659 

49 0.02 5.00 2.78E-04 2.50 0.00348 5.32 0.720 0.19873 1.950 

50 0.02 10.00 2.78E-04 2.50 0.00386 7.10 1.000 0.20685 2.029 

51 0.02 15.00 2.78E-04 2.50 0.00373 11.25 1.000 0.22035 2.162 

52 0.02 20.00 2.78E-04 2.50 0.00351 19.74 1.000 0.22938 2.250 

53 0.03 5.00 2.78E-04 2.50 0.00434 4.31 0.900 0.20053 1.967 

54 0.03 10.00 2.78E-04 2.50 0.00494 6.13 1.300 0.21396 2.099 

55 0.03 15.00 2.78E-04 2.50 0.00481 9.18 1.400 0.23400 2.296 

56 0.03 20.00 2.78E-04 2.50 0.00419 18.49 1.480 0.24573 2.411 

57 0.04 5.00 2.78E-04 2.50 0.00537 3.57 1.200 0.20247 1.986 

58 0.04 10.00 2.78E-04 2.50 0.00617 5.22 1.700 0.22250 2.183 

59 0.04 15.00 2.78E-04 2.50 0.00575 8.77 1.860 0.24634 2.417 

60 0.04 20.00 2.78E-04 2.50 0.00467 17.52 1.740 0.26051 2.556 

61 0.05 5.00 2.78E-04 2.50 0.00609 3.16 1.400 0.20630 2.024 

62 0.05 10.00 2.78E-04 2.50 0.00708 4.55 2.000 0.23207 2.277 

63 0.05 15.00 2.78E-04 2.50 0.00628 7.95 2.100 0.25752 2.526 

64 0.05 20.00 2.78E-04 2.50 0.00578 15.85 2.300 0.26997 2.648 

65 0.02 5.00 7.92E-04 2.50 0.00948 1.95 1.900 0.19983 1.960 

66 0.02 10.00 7.92E-04 2.50 0.01033 2.65 2.500 0.20585 2.019 

67 0.02 15.00 7.92E-04 2.50 0.01008 4.17 2.700 0.22133 2.171 

68 0.02 20.00 7.92E-04 2.50 0.00951 7.29 2.700 0.22788 2.236 

69 0.03 5.00 7.92E-04 2.50 0.01156 1.62 2.400 0.20183 1.980 



262 

 

Table D.1: Results of numerical tests for Chapter 4 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

70 0.03 10.00 7.92E-04 2.50 0.01236 2.45 3.300 0.21276 2.087 

71 0.03 15.00 7.92E-04 2.50 0.01240 3.56 3.600 0.23530 2.308 

72 0.03 20.00 7.92E-04 2.50 0.01100 7.04 3.700 0.24433 2.397 

73 0.04 5.00 7.92E-04 2.50 0.01355 1.41 2.900 0.20367 1.998 

74 0.04 10.00 7.92E-04 2.50 0.01537 2.10 4.200 0.22100 2.168 

75 0.04 15.00 7.92E-04 2.50 0.01437 3.51 4.500 0.24732 2.426 

76 0.04 20.00 7.92E-04 2.50 0.01191 6.86 4.300 0.25951 2.546 

77 0.05 5.00 7.92E-04 2.50 0.01557 1.24 3.500 0.20740 2.035 

78 0.05 10.00 7.92E-04 2.50 0.01740 1.85 4.800 0.23087 2.265 

79 0.05 15.00 7.92E-04 2.50 0.01556 3.21 5.000 0.25851 2.536 

80 0.05 20.00 7.92E-04 2.50 0.01444 6.34 5.500 0.26887 2.638 

81 0.02 5.00 1.76E-03 2.50 0.01896 0.98 3.900 0.20074 1.969 

82 0.02 10.00 1.76E-03 2.50 0.02022 1.36 4.900 0.20455 2.007 

83 0.02 15.00 1.76E-03 2.50 0.01985 2.12 5.300 0.22231 2.181 

84 0.02 20.00 1.76E-03 2.50 0.01892 3.66 5.300 0.22668 2.224 

85 0.03 5.00 1.76E-03 2.50 0.02264 0.83 4.700 0.20323 1.994 

86 0.03 10.00 1.76E-03 2.50 0.02450 1.24 6.300 0.21176 2.077 

87 0.03 15.00 1.76E-03 2.50 0.02406 1.84 7.000 0.23627 2.318 

88 0.03 20.00 1.76E-03 2.50 0.02157 3.59 7.100 0.24293 2.383 

89 0.04 5.00 1.76E-03 2.50 0.02570 0.75 5.600 0.20487 2.010 

90 0.04 10.00 1.76E-03 2.50 0.02945 1.09 7.900 0.22002 2.158 

91 0.04 15.00 1.76E-03 2.50 0.02769 1.82 8.600 0.24832 2.436 

92 0.04 20.00 1.76E-03 2.50 0.02334 3.50 8.200 0.25841 2.535 
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Table D.1: Results of numerical tests for Chapter 4 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

93 0.05 5.00 1.76E-03 2.50 0.02935 0.66 6.600 0.20838 2.044 

94 0.05 10.00 1.76E-03 2.50 0.03318 0.97 9.100 0.22967 2.253 

95 0.05 15.00 1.76E-03 2.50 0.02988 1.67 9.600 0.25991 2.550 

96 0.05 20.00 1.76E-03 2.50 0.02795 3.28 10.000 0.26797 2.629 

97 0.02 5.00 2.78E-04 4.00 0.00287 8.06 0.952 0.19964 1.958 

98 0.02 10.00 2.78E-04 4.00 0.00365 9.40 1.300 0.20555 2.016 

99 0.02 15.00 2.78E-04 4.00 0.00366 14.36 1.500 0.22329 2.190 

100 0.02 20.00 2.78E-04 4.00 0.00345 25.12 1.500 0.22518 2.209 

101 0.03 5.00 2.78E-04 4.00 0.00371 6.30 1.200 0.20453 2.006 

102 0.03 10.00 2.78E-04 4.00 0.00454 8.33 1.700 0.21056 2.066 

103 0.03 15.00 2.78E-04 4.00 0.00461 11.99 2.000 0.23757 2.331 

104 0.03 20.00 2.78E-04 4.00 0.00408 23.71 2.000 0.24153 2.369 

105 0.04 5.00 2.78E-04 4.00 0.00440 5.44 1.500 0.20607 2.022 

106 0.04 10.00 2.78E-04 4.00 0.00560 7.19 2.200 0.21852 2.144 

107 0.04 15.00 2.78E-04 4.00 0.00544 11.58 2.400 0.24930 2.446 

108 0.04 20.00 2.78E-04 4.00 0.00471 21.69 2.400 0.25741 2.525 

109 0.05 5.00 2.78E-04 4.00 0.00522 4.61 1.800 0.20948 2.055 

110 0.05 10.00 2.78E-04 4.00 0.00656 6.14 2.600 0.22847 2.241 

111 0.05 15.00 2.78E-04 4.00 0.00604 10.34 2.700 0.26090 2.559 

112 0.05 20.00 2.78E-04 4.00 0.00555 20.60 3.000 0.26687 2.618 

113 0.02 5.00 7.92E-04 4.00 0.00818 2.82 2.600 0.20074 1.969 

114 0.02 10.00 7.92E-04 4.00 0.00977 3.51 3.500 0.20455 2.007 

115 0.02 15.00 7.92E-04 4.00 0.00981 5.35 3.900 0.22427 2.200 
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Table D.1: Results of numerical tests for Chapter 4 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

116 0.02 20.00 7.92E-04 4.00 0.00940 9.22 4.000 0.22368 2.194 

117 0.03 5.00 7.92E-04 4.00 0.00986 2.37 3.200 0.20583 2.019 

118 0.03 10.00 7.92E-04 4.00 0.01182 3.20 4.400 0.20936 2.054 

119 0.03 15.00 7.92E-04 4.00 0.01187 4.65 5.000 0.23887 2.343 

120 0.03 20.00 7.92E-04 4.00 0.01088 8.89 5.200 0.24013 2.356 

121 0.04 5.00 7.92E-04 4.00 0.01151 2.08 3.800 0.20727 2.033 

122 0.04 10.00 7.92E-04 4.00 0.01415 2.85 5.400 0.21702 2.129 

123 0.04 15.00 7.92E-04 4.00 0.01442 4.37 6.300 0.25028 2.455 

124 0.04 20.00 7.92E-04 4.00 0.01212 8.43 5.900 0.25641 2.515 

125 0.05 5.00 7.92E-04 4.00 0.01340 1.80 4.500 0.21058 2.066 

126 0.05 10.00 7.92E-04 4.00 0.01623 2.48 6.300 0.22727 2.230 

127 0.05 15.00 7.92E-04 4.00 0.01487 4.20 6.700 0.26189 2.569 

128 0.05 20.00 7.92E-04 4.00 0.01406 8.14 7.300 0.26577 2.607 

129 0.02 5.00 1.76E-03 4.00 0.01637 1.41 5.200 0.20165 1.978 

130 0.02 10.00 1.76E-03 4.00 0.01912 1.79 6.800 0.20325 1.994 

131 0.02 15.00 1.76E-03 4.00 0.01924 2.73 7.500 0.22525 2.210 

132 0.02 20.00 1.76E-03 4.00 0.01852 4.68 7.600 0.22248 2.183 

133 0.03 5.00 1.76E-03 4.00 0.01929 1.21 6.200 0.20723 2.033 

134 0.03 10.00 1.76E-03 4.00 0.02287 1.66 8.600 0.20836 2.044 

135 0.03 15.00 1.76E-03 4.00 0.02326 2.37 9.500 0.23984 2.353 

136 0.03 20.00 1.76E-03 4.00 0.02126 4.55 9.900 0.23873 2.342 

137 0.04 5.00 1.76E-03 4.00 0.02216 1.08 7.300 0.20847 2.045 

138 0.04 10.00 1.76E-03 4.00 0.02730 1.48 10.000 0.21604 2.119 
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Table D.1: Results of numerical tests for Chapter 4 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

139 0.04 15.00 1.76E-03 4.00 0.02627 2.40 11.600 0.25128 2.465 

140 0.04 20.00 1.76E-03 4.00 0.02367 4.32 11.300 0.25531 2.505 

141 0.05 5.00 1.76E-03 4.00 0.02539 0.95 8.400 0.21156 2.075 

142 0.05 10.00 1.76E-03 4.00 0.03075 1.31 12.000 0.22607 2.218 

143 0.05 15.00 1.76E-03 4.00 0.02858 2.19 12.900 0.26329 2.583 

144 0.05 20.00 1.76E-03 4.00 0.02673 4.28 13.600 0.26487 2.598 
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Appendix E 

Plots of simulated values of dependent variables versus 

independent variables for Chapter 4 
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Fig. E.1: Plots of  )/ln( inlethyp QQ versus |ln(da/h)| 
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Fig. E.2: Plots of  )/ln( inlethyp QQ versus |ln(∆/Λ)| 
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Fig. E.3: Plots of  )/ln( inlethyp QQ versus )/ln( hκ  

  

 

 



270 
 

 

 

Fig. E.4: Plots of  )/ln( inlethyp QQ versus |ln(Λ/h)| 
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Fig. E.5: Plots of  )/ln(4 4/12/1 κgtr
versus |ln(da/h)| 
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Fig. E.6: Plots of  )/ln(4 4/12/1 κgtr
versus |ln(∆/Λ)| 
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Fig. E.7: Plots of )/ln(4 4/12/1 κgtr
 versus )/ln( hκ  
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Fig. E.8: Plots of  )/ln(4 4/12/1 κgtr
versus |ln(Λ/h)| 
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Fig. E.9: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(da/h)| 
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Fig. E.10: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(∆/Λ)| 
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Fig. E.11: Plots of )/ln( 4/12/1 κgvhyp
 versus )/ln( hκ  
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Fig. E.12: Plots of )/ln( 4/12/1 κgvhyp
 versus |ln(Λ/h)| 
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Appendix F 

Table of details of generated dataset for developing predictive 

equations based on ∆/h for Chapter 4 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h 

for Chapter 4 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

1 0.1 0.05 2.00 2.78E-04 1 2.3665 0.9199 2.8457 

2 0.1 0.05 2.00 7.92E-04 1 1.9211 0.7247 2.4857 

3 0.1 0.05 2.00 1.76E-03 1 1.5821 0.5761 2.2116 

4 0.1 0.05 2.00 2.78E-04 2.5 2.0759 0.9686 2.9529 

5 0.1 0.05 2.00 7.92E-04 2.5 1.6305 0.7734 2.5928 

6 0.1 0.05 2.00 1.76E-03 2.5 1.2914 0.6248 2.3187 

7 0.1 0.05 2.00 2.78E-04 4 1.9268 0.9935 3.0078 

8 0.1 0.05 2.00 7.92E-04 4 1.4814 0.7983 2.6478 

9 0.1 0.05 2.00 1.76E-03 4 1.1423 0.6497 2.3737 

10 0.1 0.04 2.50 2.78E-04 1 2.3119 0.8692 2.8213 

11 0.1 0.04 2.50 7.92E-04 1 1.8665 0.6740 2.4613 

12 0.1 0.04 2.50 1.76E-03 1 1.5274 0.5254 2.1872 

13 0.1 0.04 2.50 2.78E-04 2.5 2.0212 0.9179 2.9284 

14 0.1 0.04 2.50 7.92E-04 2.5 1.5759 0.7227 2.5684 

15 0.1 0.04 2.50 1.76E-03 2.5 1.2368 0.5741 2.2943 

16 0.1 0.04 2.50 2.78E-04 4 1.8721 0.9428 2.9834 

17 0.1 0.04 2.50 7.92E-04 4 1.4268 0.7476 2.6234 

18 0.1 0.04 2.50 1.76E-03 4 1.0877 0.5990 2.3492 

19 0.1 0.03 3.33 2.78E-04 1 2.2815 0.8382 2.8109 

20 0.1 0.03 3.33 7.92E-04 1 1.8361 0.6430 2.4509 

21 0.1 0.03 3.33 1.76E-03 1 1.4971 0.4944 2.1768 

22 0.1 0.03 3.33 2.78E-04 2.5 1.9908 0.8869 2.9180 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

23 0.1 0.03 3.33 7.92E-04 2.5 1.5455 0.6917 2.5580 

24 0.1 0.03 3.33 1.76E-03 2.5 1.2064 0.5431 2.2839 

25 0.1 0.03 3.33 2.78E-04 4 1.8418 0.9118 2.9730 

26 0.1 0.03 3.33 7.92E-04 4 1.3964 0.7167 2.6130 

27 0.1 0.03 3.33 1.76E-03 4 1.0573 0.5680 2.3389 

28 0.2 0.05 4.00 2.78E-04 1 2.0525 0.6718 2.7572 

29 0.2 0.05 4.00 7.92E-04 1 1.6071 0.4766 2.3971 

30 0.2 0.05 4.00 1.76E-03 1 1.2680 0.3280 2.1230 

31 0.2 0.05 4.00 2.78E-04 2.5 1.7618 0.7205 2.8643 

32 0.2 0.05 4.00 7.92E-04 2.5 1.3165 0.5253 2.5043 

33 0.2 0.05 4.00 1.76E-03 2.5 0.9774 0.3767 2.2302 

34 0.2 0.05 4.00 2.78E-04 4 1.6127 0.7454 2.9192 

35 0.2 0.05 4.00 7.92E-04 4 1.1674 0.5502 2.5592 

36 0.2 0.05 4.00 1.76E-03 4 0.8283 0.4016 2.2851 

37 0.1 0.02 5.00 2.78E-04 1 2.3153 0.8603 2.8366 

38 0.1 0.02 5.00 7.92E-04 1 1.8699 0.6651 2.4766 

39 0.1 0.02 5.00 1.76E-03 1 1.5308 0.5165 2.2025 

40 0.1 0.02 5.00 2.78E-04 2.5 2.0246 0.9090 2.9437 

41 0.1 0.02 5.00 7.92E-04 2.5 1.5793 0.7138 2.5837 

42 0.1 0.02 5.00 1.76E-03 2.5 1.2402 0.5651 2.3096 

43 0.1 0.02 5.00 2.78E-04 4 1.8755 0.9339 2.9987 

44 0.1 0.02 5.00 7.92E-04 4 1.4302 0.7387 2.6387 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

45 0.1 0.02 5.00 1.76E-03 4 1.0911 0.5901 2.3646 

46 0.2 0.04 5.00 2.78E-04 1 2.0347 0.6673 2.7772 

47 0.2 0.04 5.00 7.92E-04 1 1.5893 0.4721 2.4171 

48 0.2 0.04 5.00 1.76E-03 1 1.2503 0.3235 2.1430 

49 0.2 0.04 5.00 2.78E-04 2.5 1.7440 0.7159 2.8843 

50 0.2 0.04 5.00 7.92E-04 2.5 1.2987 0.5207 2.5243 

51 0.2 0.04 5.00 1.76E-03 2.5 0.9596 0.3721 2.2501 

52 0.2 0.04 5.00 2.78E-04 4 1.5950 0.7409 2.9392 

53 0.2 0.04 5.00 7.92E-04 4 1.1496 0.5457 2.5792 

54 0.2 0.04 5.00 1.76E-03 4 0.8105 0.3971 2.3051 

55 0.3 0.05 6.00 2.78E-04 1 1.9218 0.5931 2.7693 

56 0.3 0.05 6.00 7.92E-04 1 1.4765 0.3979 2.4093 

57 0.3 0.05 6.00 1.76E-03 1 1.1374 0.2493 2.1352 

58 0.3 0.05 6.00 2.78E-04 2.5 1.6312 0.6418 2.8764 

59 0.3 0.05 6.00 7.92E-04 2.5 1.1858 0.4466 2.5164 

60 0.3 0.05 6.00 1.76E-03 2.5 0.8468 0.2980 2.2423 

61 0.3 0.05 6.00 2.78E-04 4 1.4821 0.6667 2.9314 

62 0.3 0.05 6.00 7.92E-04 4 1.0367 0.4716 2.5714 

63 0.3 0.05 6.00 1.76E-03 4 0.6977 0.3229 2.2973 

64 0.2 0.03 6.67 2.78E-04 1 2.0518 0.6958 2.8240 

65 0.2 0.03 6.67 7.92E-04 1 1.6065 0.5006 2.4640 

66 0.2 0.03 6.67 1.76E-03 1 1.2674 0.3520 2.1899 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

67 0.2 0.03 6.67 2.78E-04 2.5 1.7612 0.7444 2.9311 

68 0.2 0.03 6.67 7.92E-04 2.5 1.3158 0.5492 2.5711 

69 0.2 0.03 6.67 1.76E-03 2.5 0.9767 0.4006 2.2970 

70 0.2 0.03 6.67 2.78E-04 4 1.6121 0.7694 2.9861 

71 0.2 0.03 6.67 7.92E-04 4 1.1667 0.5742 2.6261 

72 0.2 0.03 6.67 1.76E-03 4 0.8276 0.4256 2.3520 

73 0.3 0.04 7.50 2.78E-04 1 1.9256 0.6156 2.8153 

74 0.3 0.04 7.50 7.92E-04 1 1.4802 0.4204 2.4553 

75 0.3 0.04 7.50 1.76E-03 1 1.1412 0.2718 2.1812 

76 0.3 0.04 7.50 2.78E-04 2.5 1.6350 0.6642 2.9224 

77 0.3 0.04 7.50 7.92E-04 2.5 1.1896 0.4691 2.5624 

78 0.3 0.04 7.50 1.76E-03 2.5 0.8505 0.3204 2.2883 

79 0.3 0.04 7.50 2.78E-04 4 1.4859 0.6892 2.9773 

80 0.3 0.04 7.50 7.92E-04 4 1.0405 0.4940 2.6173 

81 0.3 0.04 7.50 1.76E-03 4 0.7014 0.3454 2.3432 

82 0.4 0.05 8.00 2.78E-04 1 1.8529 0.5671 2.8066 

83 0.4 0.05 8.00 7.92E-04 1 1.4075 0.3719 2.4466 

84 0.4 0.05 8.00 1.76E-03 1 1.0685 0.2233 2.1725 

85 0.4 0.05 8.00 2.78E-04 2.5 1.5623 0.6157 2.9137 

86 0.4 0.05 8.00 7.92E-04 2.5 1.1169 0.4205 2.5537 

87 0.4 0.05 8.00 1.76E-03 2.5 0.7778 0.2719 2.2796 

88 0.4 0.05 8.00 2.78E-04 4 1.4132 0.6407 2.9686 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

89 0.4 0.05 8.00 7.92E-04 4 0.9678 0.4455 2.6086 

90 0.4 0.05 8.00 1.76E-03 4 0.6287 0.2969 2.3345 

91 0.5 0.05 10.00 2.78E-04 1 1.8130 0.5638 2.8518 

92 0.5 0.05 10.00 7.92E-04 1 1.3676 0.3687 2.4918 

93 0.5 0.05 10.00 1.76E-03 1 1.0286 0.2200 2.2177 

94 0.5 0.05 10.00 2.78E-04 2.5 1.5224 0.6125 2.9589 

95 0.5 0.05 10.00 7.92E-04 2.5 1.0770 0.4173 2.5989 

96 0.5 0.05 10.00 1.76E-03 2.5 0.7379 0.2687 2.3248 

97 0.5 0.05 10.00 2.78E-04 4 1.3733 0.6375 3.0139 

98 0.5 0.05 10.00 7.92E-04 4 0.9279 0.4423 2.6539 

99 0.5 0.05 10.00 1.76E-03 4 0.5888 0.2937 2.3798 

100 0.2 0.02 10.00 2.78E-04 1 2.1525 0.8017 2.9305 

101 0.2 0.02 10.00 7.92E-04 1 1.7072 0.6065 2.5704 

102 0.2 0.02 10.00 1.76E-03 1 1.3681 0.4579 2.2963 

103 0.2 0.02 10.00 2.78E-04 2.5 1.8619 0.8504 3.0376 

104 0.2 0.02 10.00 7.92E-04 2.5 1.4165 0.6552 2.6776 

105 0.2 0.02 10.00 1.76E-03 2.5 1.0774 0.5066 2.4034 

106 0.2 0.02 10.00 2.78E-04 4 1.7128 0.8753 3.0925 

107 0.2 0.02 10.00 7.92E-04 4 1.2674 0.6801 2.7325 

108 0.2 0.02 10.00 1.76E-03 4 0.9284 0.5315 2.4584 

109 0.3 0.03 10.00 2.78E-04 1 1.9705 0.6789 2.8957 

110 0.3 0.03 10.00 7.92E-04 1 1.5252 0.4837 2.5356 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

111 0.3 0.03 10.00 1.76E-03 1 1.1861 0.3351 2.2615 

112 0.3 0.03 10.00 2.78E-04 2.5 1.6799 0.7276 3.0028 

113 0.3 0.03 10.00 7.92E-04 2.5 1.2345 0.5324 2.6428 

114 0.3 0.03 10.00 1.76E-03 2.5 0.8954 0.3838 2.3687 

115 0.3 0.03 10.00 2.78E-04 4 1.5308 0.7525 3.0577 

116 0.3 0.03 10.00 7.92E-04 4 1.0854 0.5573 2.6977 

117 0.3 0.03 10.00 1.76E-03 4 0.7463 0.4087 2.4236 

118 0.4 0.04 10.00 2.78E-04 1 1.8720 0.6087 2.8710 

119 0.4 0.04 10.00 7.92E-04 1 1.4266 0.4135 2.5110 

120 0.4 0.04 10.00 1.76E-03 1 1.0875 0.2649 2.2369 

121 0.4 0.04 10.00 2.78E-04 2.5 1.5813 0.6573 2.9781 

122 0.4 0.04 10.00 7.92E-04 2.5 1.1360 0.4621 2.6181 

123 0.4 0.04 10.00 1.76E-03 2.5 0.7969 0.3135 2.3440 

124 0.4 0.04 10.00 2.78E-04 4 1.4322 0.6823 3.0330 

125 0.4 0.04 10.00 7.92E-04 4 0.9869 0.4871 2.6730 

126 0.4 0.04 10.00 1.76E-03 4 0.6478 0.3385 2.3989 

127 0.6 0.05 12.00 2.78E-04 1 1.7892 0.5723 2.8994 

128 0.6 0.05 12.00 7.92E-04 1 1.3438 0.3771 2.5394 

129 0.6 0.05 12.00 1.76E-03 1 1.0048 0.2284 2.2653 

130 0.6 0.05 12.00 2.78E-04 2.5 1.4986 0.6209 3.0066 

131 0.6 0.05 12.00 7.92E-04 2.5 1.0532 0.4257 2.6465 

132 0.6 0.05 12.00 1.76E-03 2.5 0.7141 0.2771 2.3724 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

133 0.6 0.05 12.00 2.78E-04 4 1.3495 0.6459 3.0615 

134 0.6 0.05 12.00 7.92E-04 4 0.9041 0.4507 2.7015 

135 0.6 0.05 12.00 1.76E-03 4 0.5650 0.3021 2.4274 

136 0.5 0.04 12.50 2.78E-04 1 1.8439 0.6203 2.9305 

137 0.5 0.04 12.50 7.92E-04 1 1.3986 0.4251 2.5705 

138 0.5 0.04 12.50 1.76E-03 1 1.0595 0.2765 2.2964 

139 0.5 0.04 12.50 2.78E-04 2.5 1.5533 0.6690 3.0377 

140 0.5 0.04 12.50 7.92E-04 2.5 1.1079 0.4738 2.6776 

141 0.5 0.04 12.50 1.76E-03 2.5 0.7688 0.3252 2.4035 

142 0.5 0.04 12.50 2.78E-04 4 1.4042 0.6939 3.0926 

143 0.5 0.04 12.50 7.92E-04 4 0.9588 0.4987 2.7326 

144 0.5 0.04 12.50 1.76E-03 4 0.6197 0.3501 2.4585 

145 0.4 0.03 13.33 2.78E-04 1 1.9366 0.6967 2.9751 

146 0.4 0.03 13.33 7.92E-04 1 1.4912 0.5015 2.6151 

147 0.4 0.03 13.33 1.76E-03 1 1.1521 0.3529 2.3410 

148 0.4 0.03 13.33 2.78E-04 2.5 1.6459 0.7453 3.0822 

149 0.4 0.03 13.33 7.92E-04 2.5 1.2006 0.5502 2.7222 

150 0.4 0.03 13.33 1.76E-03 2.5 0.8615 0.4015 2.4481 

151 0.4 0.03 13.33 2.78E-04 4 1.4968 0.7703 3.1372 

152 0.4 0.03 13.33 7.92E-04 4 1.0515 0.5751 2.7772 

153 0.4 0.03 13.33 1.76E-03 4 0.7124 0.4265 2.5031 

154 0.7 0.05 14.00 2.78E-04 1 1.7753 0.5871 2.9471 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

155 0.7 0.05 14.00 7.92E-04 1 1.3299 0.3919 2.5871 

156 0.7 0.05 14.00 1.76E-03 1 0.9908 0.2433 2.3130 

157 0.7 0.05 14.00 2.78E-04 2.5 1.4846 0.6358 3.0542 

158 0.7 0.05 14.00 7.92E-04 2.5 1.0393 0.4406 2.6942 

159 0.7 0.05 14.00 1.76E-03 2.5 0.7002 0.2919 2.4201 

160 0.7 0.05 14.00 2.78E-04 4 1.3355 0.6607 3.1092 

161 0.7 0.05 14.00 7.92E-04 4 0.8902 0.4655 2.7492 

162 0.7 0.05 14.00 1.76E-03 4 0.5511 0.3169 2.4751 

163 0.6 0.04 15.00 2.78E-04 1 1.8298 0.6409 2.9898 

164 0.6 0.04 15.00 7.92E-04 1 1.3845 0.4457 2.6298 

165 0.6 0.04 15.00 1.76E-03 1 1.0454 0.2971 2.3557 

166 0.6 0.04 15.00 2.78E-04 2.5 1.5392 0.6895 3.0969 

167 0.6 0.04 15.00 7.92E-04 2.5 1.0938 0.4943 2.7369 

168 0.6 0.04 15.00 1.76E-03 2.5 0.7547 0.3457 2.4628 

169 0.6 0.04 15.00 2.78E-04 4 1.3901 0.7145 3.1519 

170 0.6 0.04 15.00 7.92E-04 4 0.9447 0.5193 2.7919 

171 0.6 0.04 15.00 1.76E-03 4 0.6056 0.3707 2.5178 

172 0.3 0.02 15.00 2.78E-04 1 2.1104 0.8339 3.0493 

173 0.3 0.02 15.00 7.92E-04 1 1.6650 0.6387 2.6893 

174 0.3 0.02 15.00 1.76E-03 1 1.3259 0.4901 2.4152 

175 0.3 0.02 15.00 2.78E-04 2.5 1.8197 0.8825 3.1564 

176 0.3 0.02 15.00 7.92E-04 2.5 1.3744 0.6874 2.7964 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

177 0.3 0.02 15.00 1.76E-03 2.5 1.0353 0.5387 2.5223 

178 0.3 0.02 15.00 2.78E-04 4 1.6707 0.9075 3.2114 

179 0.3 0.02 15.00 7.92E-04 4 1.2253 0.7123 2.8513 

180 0.3 0.02 15.00 1.76E-03 4 0.8862 0.5637 2.5772 

181 0.8 0.05 16.00 2.78E-04 1 1.7678 0.6057 2.9940 

182 0.8 0.05 16.00 7.92E-04 1 1.3224 0.4105 2.6339 

183 0.8 0.05 16.00 1.76E-03 1 0.9833 0.2619 2.3598 

184 0.8 0.05 16.00 2.78E-04 2.5 1.4771 0.6543 3.1011 

185 0.8 0.05 16.00 7.92E-04 2.5 1.0318 0.4592 2.7411 

186 0.8 0.05 16.00 1.76E-03 2.5 0.6927 0.3105 2.4670 

187 0.8 0.05 16.00 2.78E-04 4 1.3280 0.6793 3.1560 

188 0.8 0.05 16.00 7.92E-04 4 0.8827 0.4841 2.7960 

189 0.8 0.05 16.00 1.76E-03 4 0.5436 0.3355 2.5219 

190 0.5 0.03 16.67 2.78E-04 1 1.9238 0.7275 3.0531 

191 0.5 0.03 16.67 7.92E-04 1 1.4785 0.5323 2.6931 

192 0.5 0.03 16.67 1.76E-03 1 1.1394 0.3837 2.4190 

193 0.5 0.03 16.67 2.78E-04 2.5 1.6332 0.7761 3.1602 

194 0.5 0.03 16.67 7.92E-04 2.5 1.1878 0.5810 2.8002 

195 0.5 0.03 16.67 1.76E-03 2.5 0.8487 0.4323 2.5261 

196 0.5 0.03 16.67 2.78E-04 4 1.4841 0.8011 3.2152 

197 0.5 0.03 16.67 7.92E-04 4 1.0387 0.6059 2.8552 

198 0.5 0.03 16.67 1.76E-03 4 0.6997 0.4573 2.5811 



289 

 

Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

199 0.7 0.04 17.50 2.78E-04 1 1.8241 0.6660 3.0474 

200 0.7 0.04 17.50 7.92E-04 1 1.3787 0.4708 2.6874 

201 0.7 0.04 17.50 1.76E-03 1 1.0396 0.3222 2.4133 

202 0.7 0.04 17.50 2.78E-04 2.5 1.5334 0.7146 3.1545 

203 0.7 0.04 17.50 7.92E-04 2.5 1.0881 0.5194 2.7945 

204 0.7 0.04 17.50 1.76E-03 2.5 0.7490 0.3708 2.5204 

205 0.7 0.04 17.50 2.78E-04 4 1.3843 0.7396 3.2095 

206 0.7 0.04 17.50 7.92E-04 4 0.9390 0.5444 2.8494 

207 0.7 0.04 17.50 1.76E-03 4 0.5999 0.3958 2.5753 

208 0.9 0.05 18.00 2.78E-04 1 1.7647 0.6265 3.0395 

209 0.9 0.05 18.00 7.92E-04 1 1.3193 0.4313 2.6795 

210 0.9 0.05 18.00 1.76E-03 1 0.9802 0.2827 2.4054 

211 0.9 0.05 18.00 2.78E-04 2.5 1.4740 0.6752 3.1466 

212 0.9 0.05 18.00 7.92E-04 2.5 1.0287 0.4800 2.7866 

213 0.9 0.05 18.00 1.76E-03 2.5 0.6896 0.3314 2.5125 

214 0.9 0.05 18.00 2.78E-04 4 1.3249 0.7001 3.2016 

215 0.9 0.05 18.00 7.92E-04 4 0.8796 0.5049 2.8416 

216 0.9 0.05 18.00 1.76E-03 4 0.5405 0.3563 2.5675 

217 1 0.05 20.00 2.78E-04 1 1.7647 0.6486 3.1320 

218 1 0.05 20.00 7.92E-04 1 1.3193 0.4534 2.7720 

219 1 0.05 20.00 1.76E-03 1 0.9803 0.3048 2.4979 

220 1 0.05 20.00 2.78E-04 2.5 1.4741 0.6973 3.2391 



290 

 

Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

221 1 0.05 20.00 7.92E-04 2.5 1.0287 0.5021 2.8791 

222 1 0.05 20.00 1.76E-03 2.5 0.6896 0.3535 2.6050 

223 1 0.05 20.00 2.78E-04 4 1.3250 0.7222 3.2940 

224 1 0.05 20.00 7.92E-04 4 0.8796 0.5270 2.9340 

225 1 0.05 20.00 1.76E-03 4 0.5405 0.3784 2.6599 

226 0.4 0.02 20.00 2.78E-04 1 2.1042 0.8865 3.2106 

227 0.4 0.02 20.00 7.92E-04 1 1.6589 0.6913 2.8506 

228 0.4 0.02 20.00 1.76E-03 1 1.3198 0.5427 2.5765 

229 0.4 0.02 20.00 2.78E-04 2.5 1.8136 0.9351 3.3177 

230 0.4 0.02 20.00 7.92E-04 2.5 1.3682 0.7399 2.9577 

231 0.4 0.02 20.00 1.76E-03 2.5 1.0292 0.5913 2.6836 

232 0.4 0.02 20.00 2.78E-04 4 1.6645 0.9601 3.3727 

233 0.4 0.02 20.00 7.92E-04 4 1.2191 0.7649 3.0127 

234 0.4 0.02 20.00 1.76E-03 4 0.8801 0.6163 2.7385 

235 0.6 0.03 20.00 2.78E-04 1 1.9222 0.7637 3.1758 

236 0.6 0.03 20.00 7.92E-04 1 1.4769 0.5685 2.8158 

237 0.6 0.03 20.00 1.76E-03 1 1.1378 0.4199 2.5417 

238 0.6 0.03 20.00 2.78E-04 2.5 1.6316 0.8123 3.2829 

239 0.6 0.03 20.00 7.92E-04 2.5 1.1862 0.6172 2.9229 

240 0.6 0.03 20.00 1.76E-03 2.5 0.8471 0.4685 2.6488 

241 0.6 0.03 20.00 2.78E-04 4 1.4825 0.8373 3.3379 

242 0.6 0.03 20.00 7.92E-04 4 1.0371 0.6421 2.9779 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

243 0.6 0.03 20.00 1.76E-03 4 0.6980 0.4935 2.7038 

244 0.8 0.04 20.00 2.78E-04 1 1.8237 0.6935 3.1511 

245 0.8 0.04 20.00 7.92E-04 1 1.3783 0.4983 2.7911 

246 0.8 0.04 20.00 1.76E-03 1 1.0392 0.3496 2.5170 

247 0.8 0.04 20.00 2.78E-04 2.5 1.5330 0.7421 3.2583 

248 0.8 0.04 20.00 7.92E-04 2.5 1.0877 0.5469 2.8982 

249 0.8 0.04 20.00 1.76E-03 2.5 0.7486 0.3983 2.6241 

250 0.8 0.04 20.00 2.78E-04 4 1.3839 0.7671 3.3132 

251 0.8 0.04 20.00 7.92E-04 4 0.9386 0.5719 2.9532 

252 0.8 0.04 20.00 1.76E-03 4 0.5995 0.4233 2.6791 

253 0.9 0.04 22.50 2.78E-04 1 1.8268 0.7221 3.1559 

254 0.9 0.04 22.50 7.92E-04 1 1.3815 0.5269 2.7959 

255 0.9 0.04 22.50 1.76E-03 1 1.0424 0.3783 2.5218 

256 0.9 0.04 22.50 2.78E-04 2.5 1.5362 0.7708 3.2630 

257 0.9 0.04 22.50 7.92E-04 2.5 1.0908 0.5756 2.9030 

258 0.9 0.04 22.50 1.76E-03 2.5 0.7517 0.4270 2.6289 

259 0.9 0.04 22.50 2.78E-04 4 1.3871 0.7957 3.3180 

260 0.9 0.04 22.50 7.92E-04 4 0.9417 0.6005 2.9579 

261 0.9 0.04 22.50 1.76E-03 4 0.6027 0.4519 2.6838 

262 0.7 0.03 23.33 2.78E-04 1 1.9270 0.8020 3.1978 

263 0.7 0.03 23.33 7.92E-04 1 1.4817 0.6068 2.8378 

264 0.7 0.03 23.33 1.76E-03 1 1.1426 0.4582 2.5637 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

265 0.7 0.03 23.33 2.78E-04 2.5 1.6364 0.8507 3.3049 

266 0.7 0.03 23.33 7.92E-04 2.5 1.1910 0.6555 2.9449 

267 0.7 0.03 23.33 1.76E-03 2.5 0.8520 0.5069 2.6708 

268 0.7 0.03 23.33 2.78E-04 4 1.4873 0.8756 3.3598 

269 0.7 0.03 23.33 7.92E-04 4 1.0419 0.6804 2.9998 

270 0.7 0.03 23.33 1.76E-03 4 0.7029 0.5318 2.7257 

271 1 0.04 25.00 2.78E-04 1 1.8325 0.7513 3.2068 

272 1 0.04 25.00 7.92E-04 1 1.3871 0.5561 2.8468 

273 1 0.04 25.00 1.76E-03 1 1.0480 0.4074 2.5727 

274 1 0.04 25.00 2.78E-04 2.5 1.5418 0.7999 3.3139 

275 1 0.04 25.00 7.92E-04 2.5 1.0965 0.6047 2.9539 

276 1 0.04 25.00 1.76E-03 2.5 0.7574 0.4561 2.6798 

277 1 0.04 25.00 2.78E-04 4 1.3927 0.8249 3.3688 

278 1 0.04 25.00 7.92E-04 4 0.9474 0.6297 3.0088 

279 1 0.04 25.00 1.76E-03 4 0.6083 0.4811 2.7347 

280 0.5 0.02 25.00 2.78E-04 1 2.1130 0.9443 3.2663 

281 0.5 0.02 25.00 7.92E-04 1 1.6677 0.7491 2.9062 

282 0.5 0.02 25.00 1.76E-03 1 1.3286 0.6005 2.6321 

283 0.5 0.02 25.00 2.78E-04 2.5 1.8224 0.9929 3.3734 

284 0.5 0.02 25.00 7.92E-04 2.5 1.3770 0.7977 3.0134 

285 0.5 0.02 25.00 1.76E-03 2.5 1.0380 0.6491 2.7393 

286 0.5 0.02 25.00 2.78E-04 4 1.6733 1.0179 3.4283 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

287 0.5 0.02 25.00 7.92E-04 4 1.2280 0.8227 3.0683 

288 0.5 0.02 25.00 1.76E-03 4 0.8889 0.6741 2.7942 

289 0.8 0.03 26.67 2.78E-04 1 1.9358 0.8410 3.2642 

290 0.8 0.03 26.67 7.92E-04 1 1.4904 0.6458 2.9042 

291 0.8 0.03 26.67 1.76E-03 1 1.1513 0.4972 2.6301 

292 0.8 0.03 26.67 2.78E-04 2.5 1.6451 0.8896 3.3713 

293 0.8 0.03 26.67 7.92E-04 2.5 1.1998 0.6944 3.0113 

294 0.8 0.03 26.67 1.76E-03 2.5 0.8607 0.5458 2.7372 

295 0.8 0.03 26.67 2.78E-04 4 1.4961 0.9146 3.4263 

296 0.8 0.03 26.67 7.92E-04 4 1.0507 0.7194 3.0663 

297 0.8 0.03 26.67 1.76E-03 4 0.7116 0.5708 2.7921 

298 0.6 0.02 30.00 2.78E-04 1 2.1290 1.0025 3.3618 

299 0.6 0.02 30.00 7.92E-04 1 1.6837 0.8073 3.0018 

300 0.6 0.02 30.00 1.76E-03 1 1.3446 0.6587 2.7277 

301 0.6 0.02 30.00 2.78E-04 2.5 1.8384 1.0512 3.4690 

302 0.6 0.02 30.00 7.92E-04 2.5 1.3930 0.8560 3.1089 

303 0.6 0.02 30.00 1.76E-03 2.5 1.0540 0.7074 2.8348 

304 0.6 0.02 30.00 2.78E-04 4 1.6893 1.0761 3.5239 

305 0.6 0.02 30.00 7.92E-04 4 1.2440 0.8810 3.1639 

306 0.6 0.02 30.00 1.76E-03 4 0.9049 0.7323 2.8898 

307 0.9 0.03 30.00 2.78E-04 1 1.9470 0.8797 3.3270 

308 0.9 0.03 30.00 7.92E-04 1 1.5017 0.6845 2.9670 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

309 0.9 0.03 30.00 1.76E-03 1 1.1626 0.5359 2.6929 

310 0.9 0.03 30.00 2.78E-04 2.5 1.6564 0.9284 3.4342 

311 0.9 0.03 30.00 7.92E-04 2.5 1.2110 0.7332 3.0741 

312 0.9 0.03 30.00 1.76E-03 2.5 0.8719 0.5846 2.8000 

313 0.9 0.03 30.00 2.78E-04 4 1.5073 0.9534 3.4891 

314 0.9 0.03 30.00 7.92E-04 4 1.0619 0.7582 3.1291 

315 0.9 0.03 30.00 1.76E-03 4 0.7229 0.6095 2.8550 

316 1 0.03 33.33 2.78E-04 1 1.9599 0.9179 3.3866 

317 1 0.03 33.33 7.92E-04 1 1.5145 0.7227 3.0266 

318 1 0.03 33.33 1.76E-03 1 1.1754 0.5741 2.7525 

319 1 0.03 33.33 2.78E-04 2.5 1.6692 0.9666 3.4938 

320 1 0.03 33.33 7.92E-04 2.5 1.2239 0.7714 3.1337 

321 1 0.03 33.33 1.76E-03 2.5 0.8848 0.6228 2.8596 

322 1 0.03 33.33 2.78E-04 4 1.5201 0.9915 3.5487 

323 1 0.03 33.33 7.92E-04 4 1.0748 0.7963 3.1887 

324 1 0.03 33.33 1.76E-03 4 0.7357 0.6477 2.9146 

325 0.7 0.02 35.00 2.78E-04 1 2.1487 1.0595 3.4501 

326 0.7 0.02 35.00 7.92E-04 1 1.7034 0.8643 3.0901 

327 0.7 0.02 35.00 1.76E-03 1 1.3643 0.7157 2.8160 

328 0.7 0.02 35.00 2.78E-04 2.5 1.8581 1.1082 3.5572 

329 0.7 0.02 35.00 7.92E-04 2.5 1.4127 0.9130 3.1972 

330 0.7 0.02 35.00 1.76E-03 2.5 1.0737 0.7644 2.9231 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

331 0.7 0.02 35.00 2.78E-04 4 1.7090 1.1331 3.6122 

332 0.7 0.02 35.00 7.92E-04 4 1.2637 0.9380 3.2521 

333 0.7 0.02 35.00 1.76E-03 4 0.9246 0.7893 2.9780 

334 0.8 0.02 40.00 2.78E-04 1 2.1704 1.1146 3.5321 

335 0.8 0.02 40.00 7.92E-04 1 1.7250 0.9194 3.1721 

336 0.8 0.02 40.00 1.76E-03 1 1.3860 0.7708 2.8980 

337 0.8 0.02 40.00 2.78E-04 2.5 1.8797 1.1633 3.6392 

338 0.8 0.02 40.00 7.92E-04 2.5 1.4344 0.9681 3.2792 

339 0.8 0.02 40.00 1.76E-03 2.5 1.0953 0.8195 3.0051 

340 0.8 0.02 40.00 2.78E-04 4 1.7307 1.1882 3.6941 

341 0.8 0.02 40.00 7.92E-04 4 1.2853 0.9931 3.3341 

342 0.8 0.02 40.00 1.76E-03 4 0.9462 0.8444 3.0600 

343 0.9 0.02 45.00 2.78E-04 1 2.1930 1.1676 3.6086 

344 0.9 0.02 45.00 7.92E-04 1 1.7476 0.9725 3.2486 

345 0.9 0.02 45.00 1.76E-03 1 1.4086 0.8238 2.9745 

346 0.9 0.02 45.00 2.78E-04 2.5 1.9024 1.2163 3.7157 

347 0.9 0.02 45.00 7.92E-04 2.5 1.4570 1.0211 3.3557 

348 0.9 0.02 45.00 1.76E-03 2.5 1.1179 0.8725 3.0816 

349 0.9 0.02 45.00 2.78E-04 4 1.7533 1.2413 3.7707 

350 0.9 0.02 45.00 7.92E-04 4 1.3079 1.0461 3.4107 

351 0.9 0.02 45.00 1.76E-03 4 0.9688 0.8975 3.1366 

352 1 0.02 50.00 2.78E-04 1 2.2160 1.2186 3.6805 
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Table F.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 4 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

353 1 0.02 50.00 7.92E-04 1 1.7707 1.0234 3.3205 

354 1 0.02 50.00 1.76E-03 1 1.4316 0.8748 3.0464 

355 1 0.02 50.00 2.78E-04 2.5 1.9254 1.2672 3.7876 

356 1 0.02 50.00 7.92E-04 2.5 1.4800 1.0720 3.4276 

357 1 0.02 50.00 1.76E-03 2.5 1.1410 0.9234 3.1535 

358 1 0.02 50.00 2.78E-04 4 1.7763 1.2922 3.8425 

359 1 0.02 50.00 7.92E-04 4 1.3309 1.0970 3.4825 

360 1 0.02 50.00 1.76E-03 4 0.9919 0.9484 3.2084 
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Table G.1: Details of numerical tests for Chapter 5 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

1 80 18 45 2.50E-05 1.8 90 0.02 5 2.5 2.78E-04 

2 80 18 45 2.50E-05 3.6 180 0.02 10 2.5 2.78E-04 

3 80 18 45 2.50E-05 5.4 270 0.02 15 2.5 2.78E-04 

4 80 18 45 2.50E-05 7.2 360 0.02 20 2.5 2.78E-04 

5 80 18 45 2.50E-05 2.7 90 0.03 5 2.5 2.78E-04 

6 80 18 45 2.50E-05 5.4 180 0.03 10 2.5 2.78E-04 

7 80 18 45 2.50E-05 8.1 270 0.03 15 2.5 2.78E-04 

8 80 18 45 2.50E-05 10.8 360 0.03 20 2.5 2.78E-04 

9 80 18 45 2.50E-05 3.6 90 0.04 5 2.5 2.78E-04 

10 80 18 45 2.50E-05 7.2 180 0.04 10 2.5 2.78E-04 

11 80 18 45 2.50E-05 10.8 270 0.04 15 2.5 2.78E-04 

12 80 18 45 2.50E-05 14.4 360 0.04 20 2.5 2.78E-04 

13 80 18 45 2.50E-05 4.5 90 0.05 5 2.5 2.78E-04 

14 80 18 45 2.50E-05 9 180 0.05 10 2.5 2.78E-04 

15 80 18 45 2.50E-05 13.5 270 0.05 15 2.5 2.78E-04 

16 80 18 45 2.50E-05 18 360 0.05 20 2.5 2.78E-04 

17 80 18 72 2.50E-05 1.8 90 0.02 5 4.0 2.78E-04 

18 80 18 72 2.50E-05 3.6 180 0.02 10 4.0 2.78E-04 

19 80 18 72 2.50E-05 5.4 270 0.02 15 4.0 2.78E-04 

20 80 18 72 2.50E-05 7.2 360 0.02 20 4.0 2.78E-04 

21 80 18 72 2.50E-05 2.7 90 0.03 5 4.0 2.78E-04 

22 80 18 72 2.50E-05 5.4 180 0.03 10 4.0 2.78E-04 

23 80 18 72 2.50E-05 8.1 270 0.03 15 4.0 2.78E-04 
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Table G.1: Details of numerical test for Chapter 5 (continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

24 80 18 72 2.50E-05 10.8 360 0.03 20 4.0 2.78E-04 

25 80 18 72 2.50E-05 3.6 90 0.04 5 4.0 2.78E-04 

26 80 18 72 2.50E-05 7.2 180 0.04 10 4.0 2.78E-04 

27 80 18 72 2.50E-05 10.8 270 0.04 15 4.0 2.78E-04 

28 80 18 72 2.50E-05 14.4 360 0.04 20 4.0 2.78E-04 

29 80 18 72 2.50E-05 4.5 90 0.05 5 4.0 2.78E-04 

30 80 18 72 2.50E-05 9 180 0.05 10 4.0 2.78E-04 

31 80 18 72 2.50E-05 13.5 270 0.05 15 4.0 2.78E-04 

32 80 18 72 2.50E-05 18 360 0.05 20 4.0 2.78E-04 

33 80 18 99 2.50E-05 1.8 90 0.02 5 5.5 2.78E-04 

34 80 18 99 2.50E-05 3.6 180 0.02 10 5.5 2.78E-04 

35 80 18 99 2.50E-05 5.4 270 0.02 15 5.5 2.78E-04 

36 80 18 99 2.50E-05 7.2 360 0.02 20 5.5 2.78E-04 

37 80 18 99 2.50E-05 2.7 90 0.03 5 5.5 2.78E-04 

38 80 18 99 2.50E-05 5.4 180 0.03 10 5.5 2.78E-04 

39 80 18 99 2.50E-05 8.1 270 0.03 15 5.5 2.78E-04 

40 80 18 99 2.50E-05 10.8 360 0.03 20 5.5 2.78E-04 

41 80 18 99 2.50E-05 3.6 90 0.04 5 5.5 2.78E-04 

42 80 18 99 2.50E-05 7.2 180 0.04 10 5.5 2.78E-04 

43 80 18 99 2.50E-05 10.8 270 0.04 15 5.5 2.78E-04 

44 80 18 99 2.50E-05 14.4 360 0.04 20 5.5 2.78E-04 

45 80 18 99 2.50E-05 4.5 90 0.05 5 5.5 2.78E-04 

46 80 18 99 2.50E-05 9 180 0.05 10 5.5 2.78E-04 
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Table G.1: Details of numerical test for Chapter 5 (continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

47 80 18 99 2.50E-05 13.5 270 0.05 15 5.5 2.78E-04 

48 80 18 99 2.50E-05 18 360 0.05 20 5.5 2.78E-04 

49 80 18 45 2.03E-04 1.8 90 0.02 5 2.5 7.92E-04 

50 80 18 45 2.03E-04 3.6 180 0.02 10 2.5 7.92E-04 

51 80 18 45 2.03E-04 5.4 270 0.02 15 2.5 7.92E-04 

52 80 18 45 2.03E-04 7.2 360 0.02 20 2.5 7.92E-04 

53 80 18 45 2.03E-04 2.7 90 0.03 5 2.5 7.92E-04 

54 80 18 45 2.03E-04 5.4 180 0.03 10 2.5 7.92E-04 

55 80 18 45 2.03E-04 8.1 270 0.03 15 2.5 7.92E-04 

56 80 18 45 2.03E-04 10.8 360 0.03 20 2.5 7.92E-04 

57 80 18 45 2.03E-04 3.6 90 0.04 5 2.5 7.92E-04 

58 80 18 45 2.03E-04 7.2 180 0.04 10 2.5 7.92E-04 

59 80 18 45 2.03E-04 10.8 270 0.04 15 2.5 7.92E-04 

60 80 18 45 2.03E-04 14.4 360 0.04 20 2.5 7.92E-04 

61 80 18 45 2.03E-04 4.5 90 0.05 5 2.5 7.92E-04 

62 80 18 45 2.03E-04 9 180 0.05 10 2.5 7.92E-04 

63 80 18 45 2.03E-04 13.5 270 0.05 15 2.5 7.92E-04 

64 80 18 45 2.03E-04 18 360 0.05 20 2.5 7.92E-04 

65 80 18 72 2.03E-04 1.8 90 0.02 5 4.0 7.92E-04 

66 80 18 72 2.03E-04 3.6 180 0.02 10 4.0 7.92E-04 

67 80 18 72 2.03E-04 5.4 270 0.02 15 4.0 7.92E-04 

68 80 18 72 2.03E-04 7.2 360 0.02 20 4.0 7.92E-04 

69 80 18 72 2.03E-04 2.7 90 0.03 5 4.0 7.92E-04 
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Table G.1: Details of numerical test for Chapter 5 (continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

70 80 18 72 2.03E-04 5.4 180 0.03 10 4.0 7.92E-04 

71 80 18 72 2.03E-04 8.1 270 0.03 15 4.0 7.92E-04 

72 80 18 72 2.03E-04 10.8 360 0.03 20 4.0 7.92E-04 

73 80 18 72 2.03E-04 3.6 90 0.04 5 4.0 7.92E-04 

74 80 18 72 2.03E-04 7.2 180 0.04 10 4.0 7.92E-04 

75 80 18 72 2.03E-04 10.8 270 0.04 15 4.0 7.92E-04 

76 80 18 72 2.03E-04 14.4 360 0.04 20 4.0 7.92E-04 

77 80 18 72 2.03E-04 4.5 90 0.05 5 4.0 7.92E-04 

78 80 18 72 2.03E-04 9 180 0.05 10 4.0 7.92E-04 

79 80 18 72 2.03E-04 13.5 270 0.05 15 4.0 7.92E-04 

80 80 18 72 2.03E-04 18 360 0.05 20 4.0 7.92E-04 

81 80 18 99 2.03E-04 1.8 90 0.02 5 5.5 7.92E-04 

82 80 18 99 2.03E-04 3.6 180 0.02 10 5.5 7.92E-04 

83 80 18 99 2.03E-04 5.4 270 0.02 15 5.5 7.92E-04 

84 80 18 99 2.03E-04 7.2 360 0.02 20 5.5 7.92E-04 

85 80 18 99 2.03E-04 2.7 90 0.03 5 5.5 7.92E-04 

86 80 18 99 2.03E-04 5.4 180 0.03 10 5.5 7.92E-04 

87 80 18 99 2.03E-04 8.1 270 0.03 15 5.5 7.92E-04 

88 80 18 99 2.03E-04 10.8 360 0.03 20 5.5 7.92E-04 

89 80 18 99 2.03E-04 3.6 90 0.04 5 5.5 7.92E-04 

90 80 18 99 2.03E-04 7.2 180 0.04 10 5.5 7.92E-04 

91 80 18 99 2.03E-04 10.8 270 0.04 15 5.5 7.92E-04 

92 80 18 99 2.03E-04 14.4 360 0.04 20 5.5 7.92E-04 
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Table G.1: Details of numerical test for Chapter 5 (continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

93 80 18 99 2.03E-04 4.5 90 0.05 5 5.5 7.92E-04 

94 80 18 99 2.03E-04 9 180 0.05 10 5.5 7.92E-04 

95 80 18 99 2.03E-04 13.5 270 0.05 15 5.5 7.92E-04 

96 80 18 99 2.03E-04 18 360 0.05 20 5.5 7.92E-04 

97 80 18 45 1.00E-03 1.8 90 0.02 5 2.5 1.76E-03 

98 80 18 45 1.00E-03 3.6 180 0.02 10 2.5 1.76E-03 

99 80 18 45 1.00E-03 5.4 270 0.02 15 2.5 1.76E-03 

100 80 18 45 1.00E-03 7.2 360 0.02 20 2.5 1.76E-03 

101 80 18 45 1.00E-03 2.7 90 0.03 5 2.5 1.76E-03 

102 80 18 45 1.00E-03 5.4 180 0.03 10 2.5 1.76E-03 

103 80 18 45 1.00E-03 8.1 270 0.03 15 2.5 1.76E-03 

104 80 18 45 1.00E-03 10.8 360 0.03 20 2.5 1.76E-03 

105 80 18 45 1.00E-03 3.6 90 0.04 5 2.5 1.76E-03 

106 80 18 45 1.00E-03 7.2 180 0.04 10 2.5 1.76E-03 

107 80 18 45 1.00E-03 10.8 270 0.04 15 2.5 1.76E-03 

108 80 18 45 1.00E-03 14.4 360 0.04 20 2.5 1.76E-03 

109 80 18 45 1.00E-03 4.5 90 0.05 5 2.5 1.76E-03 

110 80 18 45 1.00E-03 9 180 0.05 10 2.5 1.76E-03 

111 80 18 45 1.00E-03 13.5 270 0.05 15 2.5 1.76E-03 

112 80 18 45 1.00E-03 18 360 0.05 20 2.5 1.76E-03 

113 80 18 72 1.00E-03 1.8 90 0.02 5 4.0 1.76E-03 

114 80 18 72 1.00E-03 3.6 180 0.02 10 4.0 1.76E-03 

115 80 18 72 1.00E-03 5.4 270 0.02 15 4.0 1.76E-03 
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Table G.1: Details of numerical test for Chapter 5 (continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

116 80 18 72 1.00E-03 7.2 360 0.02 20 4.0 1.76E-03 

117 80 18 72 1.00E-03 2.7 90 0.03 5 4.0 1.76E-03 

118 80 18 72 1.00E-03 5.4 180 0.03 10 4.0 1.76E-03 

119 80 18 72 1.00E-03 8.1 270 0.03 15 4.0 1.76E-03 

120 80 18 72 1.00E-03 10.8 360 0.03 20 4.0 1.76E-03 

121 80 18 72 1.00E-03 3.6 90 0.04 5 4.0 1.76E-03 

122 80 18 72 1.00E-03 7.2 180 0.04 10 4.0 1.76E-03 

123 80 18 72 1.00E-03 10.8 270 0.04 15 4.0 1.76E-03 

124 80 18 72 1.00E-03 14.4 360 0.04 20 4.0 1.76E-03 

125 80 18 72 1.00E-03 4.5 90 0.05 5 4.0 1.76E-03 

126 80 18 72 1.00E-03 9 180 0.05 10 4.0 1.76E-03 

127 80 18 72 1.00E-03 13.5 270 0.05 15 4.0 1.76E-03 

128 80 18 72 1.00E-03 18 360 0.05 20 4.0 1.76E-03 

129 80 18 99 1.00E-03 1.8 90 0.02 5 5.5 1.76E-03 

130 80 18 99 1.00E-03 3.6 180 0.02 10 5.5 1.76E-03 

131 80 18 99 1.00E-03 5.4 270 0.02 15 5.5 1.76E-03 

132 80 18 99 1.00E-03 7.2 360 0.02 20 5.5 1.76E-03 

133 80 18 99 1.00E-03 2.7 90 0.03 5 5.5 1.76E-03 

134 80 18 99 1.00E-03 5.4 180 0.03 10 5.5 1.76E-03 

135 80 18 99 1.00E-03 8.1 270 0.03 15 5.5 1.76E-03 

136 80 18 99 1.00E-03 10.8 360 0.03 20 5.5 1.76E-03 

137 80 18 99 1.00E-03 3.6 90 0.04 5 5.5 1.76E-03 

138 80 18 99 1.00E-03 7.2 180 0.04 10 5.5 1.76E-03 
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Table G.1: Details of numerical test for Chapter 5 (continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

139 80 18 99 1.00E-03 10.8 270 0.04 15 5.5 1.76E-03 

140 80 18 99 1.00E-03 14.4 360 0.04 20 5.5 1.76E-03 

141 80 18 99 1.00E-03 4.5 90 0.05 5 5.5 1.76E-03 

142 80 18 99 1.00E-03 9 180 0.05 10 5.5 1.76E-03 

143 80 18 99 1.00E-03 13.5 270 0.05 15 5.5 1.76E-03 

144 80 18 99 1.00E-03 18 360 0.05 20 5.5 1.76E-03 
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Appendix H 

Supplemental figures for Chapter 5 
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Fig. H.1: Variation of hyporheic flow paths with ∆/Λ and Λ/h for 3
1076.1/

−×=hκ and da/h = 2.5 ( m 0.316
max

=fz ) 
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Fig. H.2: Variation of hyporheic flow average-velocity field with ∆/Λ and Λ/h for 3
1076.1/

−×=hκ and da/h = 2.5 (Pmax=3.1 KPa) 
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Fig. H.3: Variation of hyporheic flow vertical-velocity field with ∆/Λ and Λ/h for 3
1076.1/

−×=hκ and da/h = 2.5
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Table of results of numerical tests for Chapter 5 
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 Table I.1: Results of numerical tests for Chapter 5 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

1 0.02 5.00 2.78E-04 2.50 0.0045 9.28 0.894 0.25100 2.462 

2 0.02 10.00 2.78E-04 2.50 0.0041 11.09 0.942 0.25200 2.472 

3 0.02 15.00 2.78E-04 2.50 0.0037 13.01 0.868 0.26020 2.553 

4 0.02 20.00 2.78E-04 2.50 0.0031 16.36 0.719 0.26740 2.623 

5 0.03 5.00 2.78E-04 2.50 0.0054 8.31 1.068 0.25640 2.515 

6 0.03 10.00 2.78E-04 2.50 0.0040 12.08 0.926 0.26100 2.560 

7 0.03 15.00 2.78E-04 2.50 0.0037 14.01 0.863 0.28280 2.774 

8 0.03 20.00 2.78E-04 2.50 0.0029 19.02 0.662 0.28560 2.802 

9 0.04 5.00 2.78E-04 2.50 0.0055 9.00 1.086 0.25460 2.498 

10 0.04 10.00 2.78E-04 2.50 0.0041 12.95 0.950 0.27900 2.737 

11 0.04 15.00 2.78E-04 2.50 0.0034 16.99 0.783 0.29100 2.855 

12 0.04 20.00 2.78E-04 2.50 0.0022 27.23 0.509 0.30104 2.953 

13 0.05 5.00 2.78E-04 2.50 0.0057 9.67 1.132 0.25980 2.549 

14 0.05 10.00 2.78E-04 2.50 0.0036 16.42 0.839 0.28180 2.764 

15 0.05 15.00 2.78E-04 2.50 0.0022 28.77 0.518 0.30240 2.967 

16 0.05 20.00 2.78E-04 2.50 0.0019 35.86 0.432 0.31402 3.081 

17 0.02 5.00 7.92E-04 2.50 0.0122 3.44 2.414 0.25200 2.472 

18 0.02 10.00 7.92E-04 2.50 0.0107 4.19 2.494 0.25300 2.482 

19 0.02 15.00 7.92E-04 2.50 0.0101 4.83 2.341 0.25910 2.542 

20 0.02 20.00 7.92E-04 2.50 0.0086 5.91 1.990 0.26870 2.636 

21 0.03 5.00 7.92E-04 2.50 0.0130 3.46 2.563 0.25520 2.504 

22 0.03 10.00 7.92E-04 2.50 0.0105 4.59 2.433 0.26250 2.575 

23 0.03 15.00 7.92E-04 2.50 0.0100 5.20 2.326 0.28140 2.761 
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Table I.1: Results of numerical tests for Chapter 5 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

24 0.03 20.00 7.92E-04 2.50 0.0080 6.81 1.848 0.28680 2.814 

25 0.04 5.00 7.92E-04 2.50 0.0137 3.60 2.714 0.25330 2.485 

26 0.04 10.00 7.92E-04 2.50 0.0109 4.86 2.533 0.28050 2.752 

27 0.04 15.00 7.92E-04 2.50 0.0090 6.37 2.087 0.29000 2.845 

28 0.04 20.00 7.92E-04 2.50 0.0061 9.72 1.424 0.30202 2.963 

29 0.05 5.00 7.92E-04 2.50 0.0141 3.93 2.787 0.25840 2.535 

30 0.05 10.00 7.92E-04 2.50 0.0095 6.26 2.201 0.28290 2.775 

31 0.05 15.00 7.92E-04 2.50 0.0064 10.07 1.479 0.30120 2.955 

32 0.05 20.00 7.92E-04 2.50 0.0054 12.41 1.250 0.31501 3.090 

33 0.02 5.00 1.76E-03 2.50 0.0235 1.78 4.649 0.25300 2.482 

34 0.02 10.00 1.76E-03 2.50 0.0212 2.12 4.932 0.25400 2.492 

35 0.02 15.00 1.76E-03 2.50 0.0198 2.45 4.606 0.25800 2.531 

36 0.02 20.00 1.76E-03 2.50 0.0174 2.91 4.036 0.27000 2.649 

37 0.03 5.00 1.76E-03 2.50 0.0249 1.81 4.913 0.25400 2.492 

38 0.03 10.00 1.76E-03 2.50 0.0207 2.32 4.813 0.26400 2.590 

39 0.03 15.00 1.76E-03 2.50 0.0204 2.56 4.726 0.28000 2.747 

40 0.03 20.00 1.76E-03 2.50 0.0160 3.38 3.723 0.28800 2.825 

41 0.04 5.00 1.76E-03 2.50 0.0266 1.86 5.258 0.25200 2.472 

42 0.04 10.00 1.76E-03 2.50 0.0214 2.48 4.960 0.28200 2.766 

43 0.04 15.00 1.76E-03 2.50 0.0181 3.16 4.211 0.28900 2.835 

44 0.04 20.00 1.76E-03 2.50 0.0128 4.65 2.975 0.30300 2.972 

45 0.05 5.00 1.76E-03 2.50 0.0274 2.02 5.404 0.25700 2.521 

46 0.05 10.00 1.76E-03 2.50 0.0190 3.13 4.403 0.28400 2.786 
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Table I.1: Results of numerical tests for Chapter 5 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

47 0.05 15.00 1.76E-03 2.50 0.0123 5.23 2.847 0.30000 2.943 

48 0.05 20.00 1.76E-03 2.50 0.0114 5.85 2.649 0.31600 3.100 

49 0.02 5.00 2.78E-04 4.00 0.0041 13.72 1.014 0.25410 2.493 

50 0.02 10.00 2.78E-04 4.00 0.0032 18.89 1.177 0.25300 2.482 

51 0.02 15.00 2.78E-04 4.00 0.0031 21.05 1.142 0.25898 2.541 

52 0.02 20.00 2.78E-04 4.00 0.0026 25.87 0.968 0.26850 2.634 

53 0.03 5.00 2.78E-04 4.00 0.0050 12.07 1.188 0.25530 2.504 

54 0.03 10.00 2.78E-04 4.00 0.0030 21.16 1.124 0.26280 2.578 

55 0.03 15.00 2.78E-04 4.00 0.0031 22.59 1.139 0.28130 2.760 

56 0.03 20.00 2.78E-04 4.00 0.0025 29.40 0.911 0.28660 2.812 

57 0.04 5.00 2.78E-04 4.00 0.0050 13.05 1.206 0.25320 2.484 

58 0.04 10.00 2.78E-04 4.00 0.0030 23.31 1.123 0.28050 2.752 

59 0.04 15.00 2.78E-04 4.00 0.0027 28.81 0.982 0.28998 2.845 

60 0.04 20.00 2.78E-04 4.00 0.0017 46.21 0.638 0.30200 2.963 

61 0.05 5.00 2.78E-04 4.00 0.0053 13.97 1.252 0.25810 2.532 

62 0.05 10.00 2.78E-04 4.00 0.0027 28.96 1.011 0.28280 2.774 

63 0.05 15.00 2.78E-04 4.00 0.0018 46.87 0.676 0.30099 2.953 

64 0.05 20.00 2.78E-04 4.00 0.0016 56.95 0.579 0.31490 3.089 

65 0.02 5.00 7.92E-04 4.00 0.0115 4.88 2.534 0.25520 2.504 

66 0.02 10.00 7.92E-04 4.00 0.0085 7.08 3.139 0.25200 2.472 

67 0.02 15.00 7.92E-04 4.00 0.0085 7.61 3.160 0.25996 2.550 

68 0.02 20.00 7.92E-04 4.00 0.0073 9.24 2.710 0.26700 2.619 

69 0.03 5.00 7.92E-04 4.00 0.0122 4.90 2.683 0.25660 2.517 
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Table I.1: Results of numerical tests for Chapter 5 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

70 0.03 10.00 7.92E-04 4.00 0.0082 7.79 3.052 0.26160 2.566 

71 0.03 15.00 7.92E-04 4.00 0.0084 8.26 3.113 0.28260 2.772 

72 0.03 20.00 7.92E-04 4.00 0.0069 10.54 2.540 0.28520 2.798 

73 0.04 5.00 7.92E-04 4.00 0.0130 5.07 2.834 0.25440 2.496 

74 0.04 10.00 7.92E-04 4.00 0.0082 8.59 3.047 0.27900 2.737 

75 0.04 15.00 7.92E-04 4.00 0.0071 10.70 2.644 0.29096 2.854 

76 0.04 20.00 7.92E-04 4.00 0.0050 15.81 1.863 0.30100 2.953 

77 0.05 5.00 7.92E-04 4.00 0.0134 5.53 2.907 0.25920 2.543 

78 0.05 10.00 7.92E-04 4.00 0.0073 10.79 2.715 0.28160 2.762 

79 0.05 15.00 7.92E-04 4.00 0.0054 15.91 1.992 0.30198 2.962 

80 0.05 20.00 7.92E-04 4.00 0.0046 19.27 1.712 0.31380 3.078 

81 0.02 5.00 1.76E-03 4.00 0.0224 2.50 4.769 0.25611 2.512 

82 0.02 10.00 1.76E-03 4.00 0.0166 3.61 6.166 0.25070 2.459 

83 0.02 15.00 1.76E-03 4.00 0.0172 3.78 6.359 0.26094 2.560 

84 0.02 20.00 1.76E-03 4.00 0.0149 4.53 5.530 0.26580 2.607 

85 0.03 5.00 1.76E-03 4.00 0.0237 2.52 5.033 0.25800 2.531 

86 0.03 10.00 1.76E-03 4.00 0.0159 4.04 5.889 0.26060 2.556 

87 0.03 15.00 1.76E-03 4.00 0.0167 4.16 6.188 0.28357 2.782 

88 0.03 20.00 1.76E-03 4.00 0.0140 5.16 5.190 0.28380 2.784 

89 0.04 5.00 1.76E-03 4.00 0.0255 2.58 5.378 0.25560 2.507 

90 0.04 10.00 1.76E-03 4.00 0.0159 4.45 5.881 0.27802 2.727 

91 0.04 15.00 1.76E-03 4.00 0.0146 5.24 5.401 0.29196 2.864 

92 0.04 20.00 1.76E-03 4.00 0.0106 7.50 3.930 0.29990 2.942 
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Table I.1: Results of numerical tests for Chapter 5 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

93 0.05 5.00 1.76E-03 4.00 0.0262 2.81 5.524 0.26018 2.552 

94 0.05 10.00 1.76E-03 4.00 0.0144 5.50 5.323 0.28040 2.751 

95 0.05 15.00 1.76E-03 4.00 0.0112 7.67 4.133 0.30338 2.976 

96 0.05 20.00 1.76E-03 4.00 0.0097 9.17 3.599 0.31290 3.070 

97 0.02 5.00 2.78E-04 5.50 0.0039 18.13 1.094 0.25501 2.502 

98 0.02 10.00 2.78E-04 5.50 0.0027 27.31 1.370 0.25170 2.469 

99 0.02 15.00 2.78E-04 5.50 0.0027 30.60 1.323 0.26192 2.569 

100 0.02 20.00 2.78E-04 5.50 0.0022 38.63 1.091 0.26430 2.593 

101 0.03 5.00 2.78E-04 5.50 0.0047 15.80 1.268 0.25930 2.544 

102 0.03 10.00 2.78E-04 5.50 0.0024 32.79 1.221 0.25940 2.545 

103 0.03 15.00 2.78E-04 5.50 0.0026 33.96 1.275 0.28487 2.795 

104 0.03 20.00 2.78E-04 5.50 0.0021 42.45 1.062 0.28240 2.770 

105 0.04 5.00 2.78E-04 5.50 0.0048 17.06 1.286 0.25680 2.519 

106 0.04 10.00 2.78E-04 5.50 0.0024 36.10 1.220 0.27652 2.713 

107 0.04 15.00 2.78E-04 5.50 0.0021 45.33 1.050 0.29294 2.874 

108 0.04 20.00 2.78E-04 5.50 0.0015 67.89 0.731 0.29890 2.932 

109 0.05 5.00 2.78E-04 5.50 0.0051 18.23 1.332 0.26128 2.563 

110 0.05 10.00 2.78E-04 5.50 0.0021 46.70 1.056 0.27920 2.739 

111 0.05 15.00 2.78E-04 5.50 0.0015 71.52 0.746 0.30437 2.986 

112 0.05 20.00 2.78E-04 5.50 0.0012 89.12 0.624 0.31180 3.059 

113 0.02 5.00 7.92E-04 5.50 0.0111 6.31 2.614 0.25611 2.512 

114 0.02 10.00 7.92E-04 5.50 0.0075 10.01 3.737 0.25070 2.459 

115 0.02 15.00 7.92E-04 5.50 0.0072 11.27 3.591 0.26290 2.579 
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Table I.1: Results of numerical tests for Chapter 5 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

116 0.02 20.00 7.92E-04 5.50 0.0060 14.05 2.999 0.26280 2.578 

117 0.03 5.00 7.92E-04 5.50 0.0119 6.32 2.763 0.26060 2.556 

118 0.03 10.00 7.92E-04 5.50 0.0066 12.17 3.291 0.25820 2.533 

119 0.03 15.00 7.92E-04 5.50 0.0070 12.41 3.489 0.28617 2.807 

120 0.03 20.00 7.92E-04 5.50 0.0060 15.05 2.996 0.28100 2.757 

121 0.04 5.00 7.92E-04 5.50 0.0126 6.53 2.914 0.25800 2.531 

122 0.04 10.00 7.92E-04 5.50 0.0067 13.18 3.340 0.27502 2.698 

123 0.04 15.00 7.92E-04 5.50 0.0059 16.28 2.926 0.29392 2.883 

124 0.04 20.00 7.92E-04 5.50 0.0044 22.36 2.218 0.29790 2.922 

125 0.05 5.00 7.92E-04 5.50 0.0130 7.11 2.987 0.26238 2.574 

126 0.05 10.00 7.92E-04 5.50 0.0059 16.68 2.957 0.27800 2.727 

127 0.05 15.00 7.92E-04 5.50 0.0044 24.24 2.202 0.30536 2.996 

128 0.05 20.00 7.92E-04 5.50 0.0039 28.55 1.946 0.31070 3.048 

129 0.02 5.00 1.76E-03 5.50 0.0219 3.20 4.849 0.25702 2.521 

130 0.02 10.00 1.76E-03 5.50 0.0150 5.01 7.475 0.24940 2.447 

131 0.02 15.00 1.76E-03 5.50 0.0148 5.49 7.371 0.26388 2.589 

132 0.02 20.00 1.76E-03 5.50 0.0131 6.44 6.543 0.26160 2.566 

133 0.03 5.00 1.76E-03 5.50 0.0232 3.23 5.113 0.26200 2.570 

134 0.03 10.00 1.76E-03 5.50 0.0134 5.99 6.688 0.25720 2.523 

135 0.03 15.00 1.76E-03 5.50 0.0141 6.17 7.015 0.28714 2.817 

136 0.03 20.00 1.76E-03 5.50 0.0123 7.32 6.155 0.27960 2.743 

137 0.04 5.00 1.76E-03 5.50 0.0249 3.30 5.458 0.25920 2.543 

138 0.04 10.00 1.76E-03 5.50 0.0132 6.70 6.575 0.27404 2.688 
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Table I.1: Results of numerical tests for Chapter 5 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav 

υhyp 

(m/s) 

tr 

(min) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

139 0.04 15.00 1.76E-03 5.50 0.0120 7.94 6.002 0.29492 2.893 

140 0.04 20.00 1.76E-03 5.50 0.0095 10.47 4.737 0.29680 2.912 

141 0.05 5.00 1.76E-03 5.50 0.0257 3.59 5.604 0.26336 2.584 

142 0.05 10.00 1.76E-03 5.50 0.0122 8.12 6.072 0.27680 2.715 

143 0.05 15.00 1.76E-03 5.50 0.0088 12.22 4.366 0.30676 3.009 

144 0.05 20.00 1.76E-03 5.50 0.0087 12.80 4.341 0.30980 3.039 
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Appendix J 

Plots of simulated values of dependent variables versus independent 

variables for Chapter 5 
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Fig. J.1: Plots of  )/ln( inlethyp QQ versus |ln(da/h)| 
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Fig. J.2: Plots of  )/ln( inlethyp QQ versus |ln(∆/Λ)| 
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Fig. J.3: Plots of  )/ln( inlethyp QQ versus )/ln( hκ  
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Fig. J.4: Plots of  )/ln( inlethyp QQ versus |ln(Λ/h)| 
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Fig. J.5: Plots of  )/ln(4 4/12/1 κgtr
versus |ln(da/h)| 
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Fig. J.6: Plots of  )/ln(4 4/12/1 κgtr
versus |ln(∆/Λ)| 
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Fig. J.7: Plots of )/ln(4 4/12/1 κgtr
 versus )/ln( hκ  
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Fig. J.8: Plots of  )/ln(4 4/12/1 κgtr
versus |ln(Λ/h)| 
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Fig. J.9: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(da/h)| 
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Fig. J.10: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(∆/Λ)| 
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Fig. J.11: Plots of )/ln( 4/12/1 κgvhyp
 versus )/ln( hκ  
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Fig. J.12: Plots of )/ln( 4/12/1 κgvhyp
 versus |ln(Λ/h)| 
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Appendix K 

Table of details of generated dataset for developing predictive 

equations based on ∆/h for Chapter 5 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h 

for Chapter 5 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

1 0.05 0.1 2.00 2.78E-04 2.5 2.1819 0.7183 2.4959 

2 0.05 0.1 2.00 2.78E-04 4 2.1206 0.8001 2.6130 

3 0.05 0.1 2.00 2.78E-04 5.5 2.0790 0.8556 2.6923 

4 0.05 0.1 2.00 7.92E-04 2.5 1.7303 0.5123 2.1300 

5 0.05 0.1 2.00 7.92E-04 4 1.6689 0.5941 2.2471 

6 0.05 0.1 2.00 7.92E-04 5.5 1.6274 0.6496 2.3264 

7 0.05 0.1 2.00 1.76E-03 2.5 1.3864 0.3554 1.8514 

8 0.05 0.1 2.00 1.76E-03 4 1.3251 0.4373 1.9685 

9 0.05 0.1 2.00 1.76E-03 5.5 1.2835 0.4928 2.0478 

10 0.04 0.1 2.50 2.78E-04 2.5 2.0616 0.6690 2.6668 

11 0.04 0.1 2.50 2.78E-04 4 2.0003 0.7509 2.7839 

12 0.04 0.1 2.50 2.78E-04 5.5 1.9587 0.8064 2.8633 

13 0.04 0.1 2.50 7.92E-04 2.5 1.6099 0.4631 2.3010 

14 0.04 0.1 2.50 7.92E-04 4 1.5486 0.5449 2.4180 

15 0.04 0.1 2.50 7.92E-04 5.5 1.5071 0.6004 2.4974 

16 0.04 0.1 2.50 1.76E-03 2.5 1.2661 0.3062 2.0224 

17 0.04 0.1 2.50 1.76E-03 4 1.2047 0.3881 2.1395 

18 0.04 0.1 2.50 1.76E-03 5.5 1.1632 0.4436 2.2188 

19 0.03 0.1 3.33 2.78E-04 2.5 1.9466 0.6477 2.8562 

20 0.03 0.1 3.33 2.78E-04 4 1.8853 0.7296 2.9733 

21 0.03 0.1 3.33 2.78E-04 5.5 1.8437 0.7850 3.0526 

22 0.03 0.1 3.33 7.92E-04 2.5 1.4950 0.4417 2.4903 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

23 0.03 0.1 3.33 7.92E-04 4 1.4337 0.5236 2.6074 

24 0.03 0.1 3.33 7.92E-04 5.5 1.3921 0.5791 2.6868 

25 0.03 0.1 3.33 1.76E-03 2.5 1.1511 0.2849 2.2118 

26 0.03 0.1 3.33 1.76E-03 4 1.0898 0.3668 2.3289 

27 0.03 0.1 3.33 1.76E-03 5.5 1.0482 0.4222 2.4082 

28 0.05 0.2 4.00 2.78E-04 2.5 1.9033 0.6617 3.0224 

29 0.05 0.2 4.00 2.78E-04 4 1.8419 0.7436 3.1395 

30 0.05 0.2 4.00 2.78E-04 5.5 1.8004 0.7990 3.2188 

31 0.05 0.2 4.00 7.92E-04 2.5 1.4516 0.4557 2.6565 

32 0.05 0.2 4.00 7.92E-04 4 1.3903 0.5376 2.7736 

33 0.05 0.2 4.00 7.92E-04 5.5 1.3487 0.5931 2.8529 

34 0.05 0.2 4.00 1.76E-03 2.5 1.1077 0.2989 2.3779 

35 0.05 0.2 4.00 1.76E-03 4 1.0464 0.3808 2.4950 

36 0.05 0.2 4.00 1.76E-03 5.5 1.0049 0.4362 2.5743 

37 0.02 0.1 5.00 2.78E-04 2.5 1.8614 0.6981 3.0638 

38 0.02 0.1 5.00 2.78E-04 4 1.8001 0.7800 3.1809 

39 0.02 0.1 5.00 2.78E-04 5.5 1.7585 0.8355 3.2602 

40 0.02 0.1 5.00 7.92E-04 2.5 1.4098 0.4921 2.6979 

41 0.02 0.1 5.00 7.92E-04 4 1.3485 0.5740 2.8150 

42 0.02 0.1 5.00 7.92E-04 5.5 1.3069 0.6295 2.8943 

43 0.02 0.1 5.00 1.76E-03 2.5 1.0659 0.3353 2.4193 

44 0.02 0.1 5.00 1.76E-03 4 1.0046 0.4172 2.5364 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

45 0.02 0.1 5.00 1.76E-03 5.5 0.9630 0.4727 2.6157 

46 0.04 0.2 5.00 2.78E-04 2.5 1.8472 0.6794 3.0960 

47 0.04 0.2 5.00 2.78E-04 4 1.7858 0.7613 3.2131 

48 0.04 0.2 5.00 2.78E-04 5.5 1.7443 0.8168 3.2924 

49 0.04 0.2 5.00 7.92E-04 2.5 1.3955 0.4734 2.7301 

50 0.04 0.2 5.00 7.92E-04 4 1.3342 0.5553 2.8472 

51 0.04 0.2 5.00 7.92E-04 5.5 1.2926 0.6108 2.9265 

52 0.04 0.2 5.00 1.76E-03 2.5 1.0516 0.3166 2.4515 

53 0.04 0.2 5.00 1.76E-03 4 0.9903 0.3985 2.5686 

54 0.04 0.2 5.00 1.76E-03 5.5 0.9488 0.4540 2.6479 

55 0.05 0.3 6.00 2.78E-04 2.5 1.8327 0.7250 3.1901 

56 0.05 0.3 6.00 2.78E-04 4 1.7714 0.8069 3.3072 

57 0.05 0.3 6.00 2.78E-04 5.5 1.7298 0.8623 3.3866 

58 0.05 0.3 6.00 7.92E-04 2.5 1.3811 0.5190 2.8243 

59 0.05 0.3 6.00 7.92E-04 4 1.3197 0.6009 2.9413 

60 0.05 0.3 6.00 7.92E-04 5.5 1.2782 0.6564 3.0207 

61 0.05 0.3 6.00 1.76E-03 2.5 1.0372 0.3622 2.5457 

62 0.05 0.3 6.00 1.76E-03 4 0.9759 0.4441 2.6628 

63 0.05 0.3 6.00 1.76E-03 5.5 0.9343 0.4995 2.7421 

64 0.03 0.2 6.67 2.78E-04 2.5 1.8150 0.7444 3.1598 

65 0.03 0.2 6.67 2.78E-04 4 1.7537 0.8262 3.2769 

66 0.03 0.2 6.67 2.78E-04 5.5 1.7121 0.8817 3.3562 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

67 0.03 0.2 6.67 7.92E-04 2.5 1.3634 0.5384 2.7939 

68 0.03 0.2 6.67 7.92E-04 4 1.3020 0.6203 2.9110 

69 0.03 0.2 6.67 7.92E-04 5.5 1.2605 0.6757 2.9903 

70 0.03 0.2 6.67 1.76E-03 2.5 1.0195 0.3816 2.5154 

71 0.03 0.2 6.67 1.76E-03 4 0.9582 0.4634 2.6324 

72 0.03 0.2 6.67 1.76E-03 5.5 0.9166 0.5189 2.7118 

73 0.04 0.3 7.50 2.78E-04 2.5 1.8142 0.7819 3.2068 

74 0.04 0.3 7.50 2.78E-04 4 1.7529 0.8637 3.3238 

75 0.04 0.3 7.50 2.78E-04 5.5 1.7113 0.9192 3.4032 

76 0.04 0.3 7.50 7.92E-04 2.5 1.3626 0.5759 2.8409 

77 0.04 0.3 7.50 7.92E-04 4 1.3012 0.6578 2.9580 

78 0.04 0.3 7.50 7.92E-04 5.5 1.2597 0.7132 3.0373 

79 0.04 0.3 7.50 1.76E-03 2.5 1.0187 0.4191 2.5623 

80 0.04 0.3 7.50 1.76E-03 4 0.9574 0.5009 2.6794 

81 0.04 0.3 7.50 1.76E-03 5.5 0.9158 0.5564 2.7587 

82 0.05 0.4 8.00 2.78E-04 2.5 1.8241 0.8131 3.2464 

83 0.05 0.4 8.00 2.78E-04 4 1.7627 0.8949 3.3635 

84 0.05 0.4 8.00 2.78E-04 5.5 1.7212 0.9504 3.4428 

85 0.05 0.4 8.00 7.92E-04 2.5 1.3724 0.6071 2.8805 

86 0.05 0.4 8.00 7.92E-04 4 1.3111 0.6890 2.9976 

87 0.05 0.4 8.00 7.92E-04 5.5 1.2695 0.7444 3.0769 

88 0.05 0.4 8.00 1.76E-03 2.5 1.0286 0.4503 2.6020 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

89 0.05 0.4 8.00 1.76E-03 4 0.9672 0.5321 2.7190 

90 0.05 0.4 8.00 1.76E-03 5.5 0.9257 0.5876 2.7984 

91 0.05 0.5 10.00 2.78E-04 2.5 1.8410 0.9060 3.2542 

92 0.05 0.5 10.00 2.78E-04 4 1.7797 0.9879 3.3712 

93 0.05 0.5 10.00 2.78E-04 5.5 1.7382 1.0434 3.4506 

94 0.05 0.5 10.00 7.92E-04 2.5 1.3894 0.7001 2.8883 

95 0.05 0.5 10.00 7.92E-04 4 1.3281 0.7819 3.0054 

96 0.05 0.5 10.00 7.92E-04 5.5 1.2865 0.8374 3.0847 

97 0.05 0.5 10.00 1.76E-03 2.5 1.0455 0.5432 2.6097 

98 0.05 0.5 10.00 1.76E-03 4 0.9842 0.6251 2.7268 

99 0.05 0.5 10.00 1.76E-03 5.5 0.9426 0.6806 2.8061 

100 0.02 0.2 10.00 2.78E-04 2.5 1.8465 0.9164 3.1904 

101 0.02 0.2 10.00 2.78E-04 4 1.7852 0.9983 3.3075 

102 0.02 0.2 10.00 2.78E-04 5.5 1.7436 1.0538 3.3868 

103 0.02 0.2 10.00 7.92E-04 2.5 1.3948 0.7104 2.8245 

104 0.02 0.2 10.00 7.92E-04 4 1.3335 0.7923 2.9416 

105 0.02 0.2 10.00 7.92E-04 5.5 1.2920 0.8478 3.0209 

106 0.02 0.2 10.00 1.76E-03 2.5 1.0510 0.5536 2.5460 

107 0.02 0.2 10.00 1.76E-03 4 0.9896 0.6355 2.6631 

108 0.02 0.2 10.00 1.76E-03 5.5 0.9481 0.6910 2.7424 

109 0.03 0.3 10.00 2.78E-04 2.5 1.8305 0.8973 3.1972 

110 0.03 0.3 10.00 2.78E-04 4 1.7691 0.9792 3.3142 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

111 0.03 0.3 10.00 2.78E-04 5.5 1.7276 1.0347 3.3936 

112 0.03 0.3 10.00 7.92E-04 2.5 1.3788 0.6913 2.8313 

113 0.03 0.3 10.00 7.92E-04 4 1.3175 0.7732 2.9484 

114 0.03 0.3 10.00 7.92E-04 5.5 1.2759 0.8287 3.0277 

115 0.03 0.3 10.00 1.76E-03 2.5 1.0350 0.5345 2.5527 

116 0.03 0.3 10.00 1.76E-03 4 0.9736 0.6164 2.6698 

117 0.03 0.3 10.00 1.76E-03 5.5 0.9321 0.6719 2.7491 

118 0.04 0.4 10.00 2.78E-04 2.5 1.8322 0.8977 3.2226 

119 0.04 0.4 10.00 2.78E-04 4 1.7709 0.9796 3.3397 

120 0.04 0.4 10.00 2.78E-04 5.5 1.7293 1.0351 3.4190 

121 0.04 0.4 10.00 7.92E-04 2.5 1.3806 0.6917 2.8567 

122 0.04 0.4 10.00 7.92E-04 4 1.3192 0.7736 2.9738 

123 0.04 0.4 10.00 7.92E-04 5.5 1.2777 0.8291 3.0531 

124 0.04 0.4 10.00 1.76E-03 2.5 1.0367 0.5349 2.5782 

125 0.04 0.4 10.00 1.76E-03 4 0.9754 0.6168 2.6952 

126 0.04 0.4 10.00 1.76E-03 5.5 0.9338 0.6723 2.7746 

127 0.05 0.6 12.00 2.78E-04 2.5 1.8702 0.9980 3.2372 

128 0.05 0.6 12.00 2.78E-04 4 1.8089 1.0799 3.3543 

129 0.05 0.6 12.00 2.78E-04 5.5 1.7674 1.1353 3.4336 

130 0.05 0.6 12.00 7.92E-04 2.5 1.4186 0.7920 2.8713 

131 0.05 0.6 12.00 7.92E-04 4 1.3573 0.8739 2.9884 

132 0.05 0.6 12.00 7.92E-04 5.5 1.3157 0.9294 3.0677 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

133 0.05 0.6 12.00 1.76E-03 2.5 1.0747 0.6352 2.5928 

134 0.05 0.6 12.00 1.76E-03 4 1.0134 0.7171 2.7098 

135 0.05 0.6 12.00 1.76E-03 5.5 0.9718 0.7725 2.7892 

136 0.04 0.5 12.50 2.78E-04 2.5 1.8698 1.0122 3.1990 

137 0.04 0.5 12.50 2.78E-04 4 1.8085 1.0941 3.3161 

138 0.04 0.5 12.50 2.78E-04 5.5 1.7669 1.1496 3.3954 

139 0.04 0.5 12.50 7.92E-04 2.5 1.4182 0.8063 2.8331 

140 0.04 0.5 12.50 7.92E-04 4 1.3569 0.8881 2.9502 

141 0.04 0.5 12.50 7.92E-04 5.5 1.3153 0.9436 3.0295 

142 0.04 0.5 12.50 1.76E-03 2.5 1.0743 0.6494 2.5546 

143 0.04 0.5 12.50 1.76E-03 4 1.0130 0.7313 2.6716 

144 0.04 0.5 12.50 1.76E-03 5.5 0.9714 0.7868 2.7510 

145 0.03 0.4 13.33 2.78E-04 2.5 1.8828 1.0490 3.1609 

146 0.03 0.4 13.33 2.78E-04 4 1.8215 1.1308 3.2780 

147 0.03 0.4 13.33 2.78E-04 5.5 1.7800 1.1863 3.3573 

148 0.03 0.4 13.33 7.92E-04 2.5 1.4312 0.8430 2.7950 

149 0.03 0.4 13.33 7.92E-04 4 1.3699 0.9249 2.9121 

150 0.03 0.4 13.33 7.92E-04 5.5 1.3283 0.9803 2.9914 

151 0.03 0.4 13.33 1.76E-03 2.5 1.0873 0.6862 2.5165 

152 0.03 0.4 13.33 1.76E-03 4 1.0260 0.7680 2.6335 

153 0.03 0.4 13.33 1.76E-03 5.5 0.9844 0.8235 2.7129 

154 0.05 0.7 14.00 2.78E-04 2.5 1.9057 1.0870 3.2066 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

155 0.05 0.7 14.00 2.78E-04 4 1.8444 1.1689 3.3236 

156 0.05 0.7 14.00 2.78E-04 5.5 1.8028 1.2243 3.4030 

157 0.05 0.7 14.00 7.92E-04 2.5 1.4541 0.8810 2.8407 

158 0.05 0.7 14.00 7.92E-04 4 1.3927 0.9629 2.9578 

159 0.05 0.7 14.00 7.92E-04 5.5 1.3512 1.0184 3.0371 

160 0.05 0.7 14.00 1.76E-03 2.5 1.1102 0.7242 2.5621 

161 0.05 0.7 14.00 1.76E-03 4 1.0489 0.8061 2.6792 

162 0.05 0.7 14.00 1.76E-03 5.5 1.0073 0.8615 2.7585 

163 0.04 0.6 15.00 2.78E-04 2.5 2.0294 1.0051 3.2957 

164 0.04 0.6 15.00 2.78E-04 4 1.9032 1.1075 3.4231 

165 0.04 0.6 15.00 2.78E-04 5.5 1.8178 1.1768 3.5094 

166 0.04 0.6 15.00 7.92E-04 2.5 1.5301 0.7675 2.9140 

167 0.04 0.6 15.00 7.92E-04 4 1.4039 0.8699 3.0414 

168 0.04 0.6 15.00 7.92E-04 5.5 1.3185 0.9392 3.1277 

169 0.04 0.6 15.00 1.76E-03 2.5 1.1499 0.5866 2.6234 

170 0.04 0.6 15.00 1.76E-03 4 1.0238 0.6890 2.7508 

171 0.04 0.6 15.00 1.76E-03 5.5 0.9383 0.7583 2.8371 

172 0.02 0.3 15.00 2.78E-04 2.5 1.9074 0.8827 3.1928 

173 0.02 0.3 15.00 2.78E-04 4 1.7812 0.9851 3.3201 

174 0.02 0.3 15.00 2.78E-04 5.5 1.6958 1.0544 3.4064 

175 0.02 0.3 15.00 7.92E-04 2.5 1.4081 0.6451 2.8111 

176 0.02 0.3 15.00 7.92E-04 4 1.2820 0.7475 2.9384 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

177 0.02 0.3 15.00 7.92E-04 5.5 1.1965 0.8168 3.0247 

178 0.02 0.3 15.00 1.76E-03 2.5 1.0280 0.4642 2.5205 

179 0.02 0.3 15.00 1.76E-03 4 0.9018 0.5666 2.6478 

180 0.02 0.3 15.00 1.76E-03 5.5 0.8163 0.6359 2.7341 

181 0.05 0.8 16.00 2.78E-04 2.5 2.1804 1.1573 3.4044 

182 0.05 0.8 16.00 2.78E-04 4 2.0543 1.2596 3.5318 

183 0.05 0.8 16.00 2.78E-04 5.5 1.9688 1.3290 3.6181 

184 0.05 0.8 16.00 7.92E-04 2.5 1.6811 0.9197 3.0227 

185 0.05 0.8 16.00 7.92E-04 4 1.5550 1.0220 3.1501 

186 0.05 0.8 16.00 7.92E-04 5.5 1.4695 1.0914 3.2364 

187 0.05 0.8 16.00 1.76E-03 2.5 1.3010 0.7388 2.7321 

188 0.05 0.8 16.00 1.76E-03 4 1.1748 0.8411 2.8595 

189 0.05 0.8 16.00 1.76E-03 5.5 1.0894 0.9105 2.9458 

190 0.03 0.5 16.67 2.78E-04 2.5 1.9771 0.9541 3.2522 

191 0.03 0.5 16.67 2.78E-04 4 1.8510 1.0564 3.3796 

192 0.03 0.5 16.67 2.78E-04 5.5 1.7655 1.1258 3.4659 

193 0.03 0.5 16.67 7.92E-04 2.5 1.4778 0.7165 2.8705 

194 0.03 0.5 16.67 7.92E-04 4 1.3517 0.8188 2.9979 

195 0.03 0.5 16.67 7.92E-04 5.5 1.2662 0.8882 3.0842 

196 0.03 0.5 16.67 1.76E-03 2.5 1.0977 0.5356 2.5799 

197 0.03 0.5 16.67 1.76E-03 4 0.9716 0.6379 2.7073 

198 0.03 0.5 16.67 1.76E-03 5.5 0.8861 0.7073 2.7936 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

199 0.04 0.7 17.50 2.78E-04 2.5 2.0933 1.0705 3.3378 

200 0.04 0.7 17.50 2.78E-04 4 1.9672 1.1729 3.4652 

201 0.04 0.7 17.50 2.78E-04 5.5 1.8817 1.2422 3.5515 

202 0.04 0.7 17.50 7.92E-04 2.5 1.5940 0.8329 2.9561 

203 0.04 0.7 17.50 7.92E-04 4 1.4679 0.9353 3.0835 

204 0.04 0.7 17.50 7.92E-04 5.5 1.3824 1.0046 3.1698 

205 0.04 0.7 17.50 1.76E-03 2.5 1.2139 0.6520 2.6655 

206 0.04 0.7 17.50 1.76E-03 4 1.0877 0.7544 2.7929 

207 0.04 0.7 17.50 1.76E-03 5.5 1.0023 0.8237 2.8792 

208 0.05 0.9 18.00 2.78E-04 2.5 2.2252 1.2024 3.4321 

209 0.05 0.9 18.00 2.78E-04 4 2.0990 1.3047 3.5594 

210 0.05 0.9 18.00 2.78E-04 5.5 2.0135 1.3741 3.6457 

211 0.05 0.9 18.00 7.92E-04 2.5 1.7259 0.9648 3.0504 

212 0.05 0.9 18.00 7.92E-04 4 1.5997 1.0671 3.1777 

213 0.05 0.9 18.00 7.92E-04 5.5 1.5143 1.1365 3.2640 

214 0.05 0.9 18.00 1.76E-03 2.5 1.3457 0.7839 2.7598 

215 0.05 0.9 18.00 1.76E-03 4 1.2196 0.8862 2.8871 

216 0.05 0.9 18.00 1.76E-03 5.5 1.1341 0.9556 2.9734 

217 0.05 1 20.00 2.78E-04 2.5 2.2564 1.2322 3.4470 

218 0.05 1 20.00 2.78E-04 4 2.1302 1.3346 3.5744 

219 0.05 1 20.00 2.78E-04 5.5 2.0447 1.4039 3.6607 

220 0.05 1 20.00 7.92E-04 2.5 1.7571 0.9946 3.0653 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

221 0.05 1 20.00 7.92E-04 4 1.6309 1.0970 3.1927 

222 0.05 1 20.00 7.92E-04 5.5 1.5455 1.1663 3.2790 

223 0.05 1 20.00 1.76E-03 2.5 1.3769 0.8137 2.7747 

224 0.05 1 20.00 1.76E-03 4 1.2508 0.9161 2.9021 

225 0.05 1 20.00 1.76E-03 5.5 1.1653 0.9854 2.9884 

226 0.02 0.4 20.00 2.78E-04 2.5 2.0123 0.9876 3.2554 

227 0.02 0.4 20.00 2.78E-04 4 1.8861 1.0900 3.3828 

228 0.02 0.4 20.00 2.78E-04 5.5 1.8007 1.1593 3.4691 

229 0.02 0.4 20.00 7.92E-04 2.5 1.5130 0.7500 2.8737 

230 0.02 0.4 20.00 7.92E-04 4 1.3869 0.8524 3.0011 

231 0.02 0.4 20.00 7.92E-04 5.5 1.3014 0.9217 3.0874 

232 0.02 0.4 20.00 1.76E-03 2.5 1.1329 0.5691 2.5831 

233 0.02 0.4 20.00 1.76E-03 4 1.0067 0.6715 2.7105 

234 0.02 0.4 20.00 1.76E-03 5.5 0.9212 0.7408 2.7968 

235 0.03 0.6 20.00 2.78E-04 2.5 2.0364 1.0120 3.2840 

236 0.03 0.6 20.00 2.78E-04 4 1.9102 1.1143 3.4113 

237 0.03 0.6 20.00 2.78E-04 5.5 1.8248 1.1837 3.4976 

238 0.03 0.6 20.00 7.92E-04 2.5 1.5371 0.7744 2.9023 

239 0.03 0.6 20.00 7.92E-04 4 1.4110 0.8767 3.0296 

240 0.03 0.6 20.00 7.92E-04 5.5 1.3255 0.9461 3.1159 

241 0.03 0.6 20.00 1.76E-03 2.5 1.1570 0.5935 2.6117 

242 0.03 0.6 20.00 1.76E-03 4 1.0308 0.6958 2.7390 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

243 0.03 0.6 20.00 1.76E-03 5.5 0.9453 0.7652 2.8253 

244 0.04 0.8 20.00 2.78E-04 2.5 2.1343 1.1100 3.3584 

245 0.04 0.8 20.00 2.78E-04 4 2.0081 1.2124 3.4857 

246 0.04 0.8 20.00 2.78E-04 5.5 1.9226 1.2817 3.5720 

247 0.04 0.8 20.00 7.92E-04 2.5 1.6350 0.8724 2.9767 

248 0.04 0.8 20.00 7.92E-04 4 1.5088 0.9748 3.1040 

249 0.04 0.8 20.00 7.92E-04 5.5 1.4234 1.0441 3.1903 

250 0.04 0.8 20.00 1.76E-03 2.5 1.2548 0.6915 2.6861 

251 0.04 0.8 20.00 1.76E-03 4 1.1287 0.7939 2.8134 

252 0.04 0.8 20.00 1.76E-03 5.5 1.0432 0.8632 2.8997 

253 0.04 0.9 22.50 2.78E-04 2.5 2.1592 1.1316 3.3642 

254 0.04 0.9 22.50 2.78E-04 4 2.0331 1.2340 3.4915 

255 0.04 0.9 22.50 2.78E-04 5.5 1.9476 1.3033 3.5778 

256 0.04 0.9 22.50 7.92E-04 2.5 1.6600 0.8940 2.9825 

257 0.04 0.9 22.50 7.92E-04 4 1.5338 0.9964 3.1099 

258 0.04 0.9 22.50 7.92E-04 5.5 1.4483 1.0657 3.1962 

259 0.04 0.9 22.50 1.76E-03 2.5 1.2798 0.7131 2.6919 

260 0.04 0.9 22.50 1.76E-03 4 1.1537 0.8155 2.8192 

261 0.04 0.9 22.50 1.76E-03 5.5 1.0682 0.8848 2.9055 

262 0.03 0.7 23.33 2.78E-04 2.5 2.0670 1.0377 3.2892 

263 0.03 0.7 23.33 2.78E-04 4 1.9408 1.1401 3.4166 

264 0.03 0.7 23.33 2.78E-04 5.5 1.8554 1.2095 3.5029 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

265 0.03 0.7 23.33 7.92E-04 2.5 1.5677 0.8001 2.9075 

266 0.03 0.7 23.33 7.92E-04 4 1.4415 0.9025 3.0349 

267 0.03 0.7 23.33 7.92E-04 5.5 1.3561 0.9719 3.1212 

268 0.03 0.7 23.33 1.76E-03 2.5 1.1875 0.6192 2.6169 

269 0.03 0.7 23.33 1.76E-03 4 1.0614 0.7216 2.7443 

270 0.03 0.7 23.33 1.76E-03 5.5 0.9759 0.7909 2.8306 

271 0.04 1 25.00 2.78E-04 2.5 2.1728 1.1404 3.3596 

272 0.04 1 25.00 2.78E-04 4 2.0466 1.2428 3.4870 

273 0.04 1 25.00 2.78E-04 5.5 1.9611 1.3121 3.5733 

274 0.04 1 25.00 7.92E-04 2.5 1.6735 0.9028 2.9779 

275 0.04 1 25.00 7.92E-04 4 1.5473 1.0052 3.1053 

276 0.04 1 25.00 7.92E-04 5.5 1.4618 1.0745 3.1916 

277 0.04 1 25.00 1.76E-03 2.5 1.2933 0.7219 2.6873 

278 0.04 1 25.00 1.76E-03 4 1.1672 0.8243 2.8147 

279 0.04 1 25.00 1.76E-03 5.5 1.0817 0.8936 2.9010 

280 0.02 0.5 25.00 2.78E-04 2.5 2.0508 1.0180 3.2566 

281 0.02 0.5 25.00 2.78E-04 4 1.9246 1.1204 3.3840 

282 0.02 0.5 25.00 2.78E-04 5.5 1.8392 1.1897 3.4703 

283 0.02 0.5 25.00 7.92E-04 2.5 1.5515 0.7804 2.8749 

284 0.02 0.5 25.00 7.92E-04 4 1.4253 0.8828 3.0023 

285 0.02 0.5 25.00 7.92E-04 5.5 1.3399 0.9521 3.0886 

286 0.02 0.5 25.00 1.76E-03 2.5 1.1714 0.5995 2.5843 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

287 0.02 0.5 25.00 1.76E-03 4 1.0452 0.7019 2.7117 

288 0.02 0.5 25.00 1.76E-03 5.5 0.9597 0.7712 2.7980 

289 0.03 0.8 26.67 2.78E-04 2.5 2.0790 1.0429 3.2778 

290 0.03 0.8 26.67 2.78E-04 4 1.9529 1.1452 3.4052 

291 0.03 0.8 26.67 2.78E-04 5.5 1.8674 1.2146 3.4915 

292 0.03 0.8 26.67 7.92E-04 2.5 1.5797 0.8053 2.8962 

293 0.03 0.8 26.67 7.92E-04 4 1.4536 0.9076 3.0235 

294 0.03 0.8 26.67 7.92E-04 5.5 1.3681 0.9770 3.1098 

295 0.03 0.8 26.67 1.76E-03 2.5 1.1996 0.6244 2.6055 

296 0.03 0.8 26.67 1.76E-03 4 1.0734 0.7267 2.7329 

297 0.03 0.8 26.67 1.76E-03 5.5 0.9880 0.7961 2.8192 

298 0.02 0.6 30.00 2.78E-04 2.5 2.0544 1.0098 3.2269 

299 0.02 0.6 30.00 2.78E-04 4 1.9283 1.1122 3.3543 

300 0.02 0.6 30.00 2.78E-04 5.5 1.8428 1.1815 3.4406 

301 0.02 0.6 30.00 7.92E-04 2.5 1.5551 0.7722 2.8452 

302 0.02 0.6 30.00 7.92E-04 4 1.4290 0.8746 2.9726 

303 0.02 0.6 30.00 7.92E-04 5.5 1.3435 0.9439 3.0589 

304 0.02 0.6 30.00 1.76E-03 2.5 1.1750 0.5913 2.5546 

305 0.02 0.6 30.00 1.76E-03 4 1.0488 0.6936 2.6820 

306 0.02 0.6 30.00 1.76E-03 5.5 0.9634 0.7630 2.7683 

307 0.03 0.9 30.00 2.78E-04 2.5 2.0785 1.0342 3.2555 

308 0.03 0.9 30.00 2.78E-04 4 1.9524 1.1365 3.3829 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

309 0.03 0.9 30.00 2.78E-04 5.5 1.8669 1.2059 3.4692 

310 0.03 0.9 30.00 7.92E-04 2.5 1.5792 0.7966 2.8738 

311 0.03 0.9 30.00 7.92E-04 4 1.4531 0.8989 3.0012 

312 0.03 0.9 30.00 7.92E-04 5.5 1.3676 0.9683 3.0875 

313 0.03 0.9 30.00 1.76E-03 2.5 1.1991 0.6157 2.5832 

314 0.03 0.9 30.00 1.76E-03 4 1.0729 0.7180 2.7106 

315 0.03 0.9 30.00 1.76E-03 5.5 0.9875 0.7874 2.7969 

316 0.03 1 33.33 2.78E-04 2.5 2.0692 1.0159 3.2258 

317 0.03 1 33.33 2.78E-04 4 1.9431 1.1182 3.3531 

318 0.03 1 33.33 2.78E-04 5.5 1.8576 1.1876 3.4394 

319 0.03 1 33.33 7.92E-04 2.5 1.5699 0.7783 2.8441 

320 0.03 1 33.33 7.92E-04 4 1.4438 0.8806 2.9714 

321 0.03 1 33.33 7.92E-04 5.5 1.3583 0.9500 3.0577 

322 0.03 1 33.33 1.76E-03 2.5 1.1898 0.5974 2.5535 

323 0.03 1 33.33 1.76E-03 4 1.0637 0.6997 2.6808 

324 0.03 1 33.33 1.76E-03 5.5 0.9782 0.7691 2.7671 

325 0.02 0.7 35.00 2.78E-04 2.5 2.0380 0.9797 3.1803 

326 0.02 0.7 35.00 2.78E-04 4 1.9118 1.0820 3.3077 

327 0.02 0.7 35.00 2.78E-04 5.5 1.8264 1.1514 3.3940 

328 0.02 0.7 35.00 7.92E-04 2.5 1.5387 0.7421 2.7986 

329 0.02 0.7 35.00 7.92E-04 4 1.4126 0.8444 2.9260 

330 0.02 0.7 35.00 7.92E-04 5.5 1.3271 0.9138 3.0123 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

331 0.02 0.7 35.00 1.76E-03 2.5 1.1586 0.5612 2.5080 

332 0.02 0.7 35.00 1.76E-03 4 1.0324 0.6635 2.6354 

333 0.02 0.7 35.00 1.76E-03 5.5 0.9469 0.7329 2.7217 

334 0.02 0.8 40.00 2.78E-04 2.5 2.0093 0.9364 3.1239 

335 0.02 0.8 40.00 2.78E-04 4 1.8832 1.0387 3.2513 

336 0.02 0.8 40.00 2.78E-04 5.5 1.7977 1.1081 3.3376 

337 0.02 0.8 40.00 7.92E-04 2.5 1.5100 0.6988 2.7422 

338 0.02 0.8 40.00 7.92E-04 4 1.3839 0.8011 2.8696 

339 0.02 0.8 40.00 7.92E-04 5.5 1.2984 0.8705 2.9559 

340 0.02 0.8 40.00 1.76E-03 2.5 1.1299 0.5179 2.4516 

341 0.02 0.8 40.00 1.76E-03 4 1.0037 0.6202 2.5790 

342 0.02 0.8 40.00 1.76E-03 5.5 0.9183 0.6896 2.6653 

343 0.02 0.9 45.00 2.78E-04 2.5 1.9729 0.8850 3.0619 

344 0.02 0.9 45.00 2.78E-04 4 1.8467 0.9873 3.1893 

345 0.02 0.9 45.00 2.78E-04 5.5 1.7613 1.0567 3.2756 

346 0.02 0.9 45.00 7.92E-04 2.5 1.4736 0.6474 2.6802 

347 0.02 0.9 45.00 7.92E-04 4 1.3475 0.7497 2.8076 

348 0.02 0.9 45.00 7.92E-04 5.5 1.2620 0.8191 2.8939 

349 0.02 0.9 45.00 1.76E-03 2.5 1.0935 0.4665 2.3896 

350 0.02 0.9 45.00 1.76E-03 4 0.9673 0.5688 2.5170 

351 0.02 0.9 45.00 1.76E-03 5.5 0.8818 0.6382 2.6033 

352 0.02 1 50.00 2.78E-04 2.5 1.9315 0.8285 2.9966 
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Table K.1: Details of generated dataset for developing predictive equations based on ∆/h  

for Chapter 5 (continued) 

Case ∆/h ∆/Λ Λ/h h/κ  da/h )/QQln( inlethyp
 )κ/gvln( 1/41/2

hyp
 )/κgtln(4 1/41/2

r

 

353 0.02 1 50.00 2.78E-04 4 1.8053 0.9308 3.1240 

354 0.02 1 50.00 2.78E-04 5.5 1.7198 1.0002 3.2103 

355 0.02 1 50.00 7.92E-04 2.5 1.4322 0.5909 2.6150 

356 0.02 1 50.00 7.92E-04 4 1.3060 0.6932 2.7423 

357 0.02 1 50.00 7.92E-04 5.5 1.2206 0.7626 2.8286 

358 0.02 1 50.00 1.76E-03 2.5 1.0520 0.4100 2.3244 

359 0.02 1 50.00 1.76E-03 4 0.9259 0.5123 2.4517 

360 0.02 1 50.00 1.76E-03 5.5 0.8404 0.5817 2.5380 
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Table L.1: Details of numerical tests for Chapter 6 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆  

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

1 80 18 45 2.50E-07 2.16 72 0.03 4 2.5 2.78E-05 

2 80 18 45 2.50E-07 3.78 126 0.03 7 2.5 2.78E-05 

3 80 18 45 2.50E-07 5.4 180 0.03 10 2.5 2.78E-05 

4 80 18 45 2.50E-07 7.02 234 0.03 13 2.5 2.78E-05 

5 80 18 45 2.50E-07 3.24 72 0.045 4 2.5 2.78E-05 

6 80 18 45 2.50E-07 5.67 126 0.045 7 2.5 2.78E-05 

7 80 18 45 2.50E-07 8.1 180 0.045 10 2.5 2.78E-05 

8 80 18 45 2.50E-07 10.53 234 0.045 13 2.5 2.78E-05 

9 80 18 45 2.50E-07 4.32 72 0.06 4 2.5 2.78E-05 

10 80 18 45 2.50E-07 7.56 126 0.06 7 2.5 2.78E-05 

11 80 18 45 2.50E-07 10.8 180 0.06 10 2.5 2.78E-05 

12 80 18 45 2.50E-07 14.04 234 0.06 13 2.5 2.78E-05 

13 80 18 45 2.50E-07 5.4 72 0.075 4 2.5 2.78E-05 

14 80 18 45 2.50E-07 9.45 126 0.075 7 2.5 2.78E-05 

15 80 18 45 2.50E-07 13.5 180 0.075 10 2.5 2.78E-05 

16 80 18 45 2.50E-07 17.55 234 0.075 13 2.5 2.78E-05 

17 80 18 72 2.50E-07 2.16 72 0.03 4 4 2.78E-05 

18 80 18 72 2.50E-07 3.78 126 0.03 7 4 2.78E-05 

19 80 18 72 2.50E-07 5.4 180 0.03 10 4 2.78E-05 

20 80 18 72 2.50E-07 7.02 234 0.03 13 4 2.78E-05 

21 80 18 72 2.50E-07 3.24 72 0.045 4 4 2.78E-05 

22 80 18 72 2.50E-07 5.67 126 0.045 7 4 2.78E-05 

23 80 18 72 2.50E-07 8.1 180 0.045 10 4 2.78E-05 
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Table L.1: Details of numerical tests for Chapter 6 (continued). 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆ 

 (cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

24 80 18 72 2.50E-07 10.53 234 0.045 13 4 2.78E-05 

25 80 18 72 2.50E-07 4.32 72 0.06 4 4 2.78E-05 

26 80 18 72 2.50E-07 7.56 126 0.06 7 4 2.78E-05 

27 80 18 72 2.50E-07 10.8 180 0.06 10 4 2.78E-05 

28 80 18 72 2.50E-07 14.04 234 0.06 13 4 2.78E-05 

29 80 18 72 2.50E-07 5.4 72 0.075 4 4 2.78E-05 

30 80 18 72 2.50E-07 9.45 126 0.075 7 4 2.78E-05 

31 80 18 72 2.50E-07 13.5 180 0.075 10 4 2.78E-05 

32 80 18 72 2.50E-07 17.55 234 0.075 13 4 2.78E-05 

33 80 18 99 2.50E-07 2.16 72 0.03 4 5.5 2.78E-05 

34 80 18 99 2.50E-07 3.78 126 0.03 7 5.5 2.78E-05 

35 80 18 99 2.50E-07 5.4 180 0.03 10 5.5 2.78E-05 

36 80 18 99 2.50E-07 7.02 234 0.03 13 5.5 2.78E-05 

37 80 18 99 2.50E-07 3.24 72 0.045 4 5.5 2.78E-05 

38 80 18 99 2.50E-07 5.67 126 0.045 7 5.5 2.78E-05 

39 80 18 99 2.50E-07 8.1 180 0.045 10 5.5 2.78E-05 

40 80 18 99 2.50E-07 10.53 234 0.045 13 5.5 2.78E-05 

41 80 18 99 2.50E-07 4.32 72 0.06 4 5.5 2.78E-05 

42 80 18 99 2.50E-07 7.56 126 0.06 7 5.5 2.78E-05 

43 80 18 99 2.50E-07 10.8 180 0.06 10 5.5 2.78E-05 

44 80 18 99 2.50E-07 14.04 234 0.06 13 5.5 2.78E-05 

45 80 18 99 2.50E-07 5.4 72 0.075 4 5.5 2.78E-05 

46 80 18 99 2.50E-07 9.45 126 0.075 7 5.5 2.78E-05 
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Table L.1: Details of numerical tests for Chapter 6 (continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆  

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

47 80 18 99 2.50E-07 13.5 180 0.075 10 5.5 2.78E-05 

48 80 18 99 2.50E-07 17.55 234 0.075 13 5.5 2.78E-05 

49 80 18 45 2.03E-06 2.16 72 0.03 4 2.5 7.92E-05 

50 80 18 45 2.03E-06 3.78 126 0.03 7 2.5 7.92E-05 

51 80 18 45 2.03E-06 5.4 180 0.03 10 2.5 7.92E-05 

52 80 18 45 2.03E-06 7.02 234 0.03 13 2.5 7.92E-05 

53 80 18 45 2.03E-06 3.24 72 0.045 4 2.5 7.92E-05 

54 80 18 45 2.03E-06 5.67 126 0.045 7 2.5 7.92E-05 

55 80 18 45 2.03E-06 8.1 180 0.045 10 2.5 7.92E-05 

56 80 18 45 2.03E-06 10.53 234 0.045 13 2.5 7.92E-05 

57 80 18 45 2.03E-06 4.32 72 0.06 4 2.5 7.92E-05 

58 80 18 45 2.03E-06 7.56 126 0.06 7 2.5 7.92E-05 

59 80 18 45 2.03E-06 10.8 180 0.06 10 2.5 7.92E-05 

60 80 18 45 2.03E-06 14.04 234 0.06 13 2.5 7.92E-05 

61 80 18 45 2.03E-06 5.4 72 0.075 4 2.5 7.92E-05 

62 80 18 45 2.03E-06 9.45 126 0.075 7 2.5 7.92E-05 

63 80 18 45 2.03E-06 13.5 180 0.075 10 2.5 7.92E-05 

64 80 18 45 2.03E-06 17.55 234 0.075 13 2.5 7.92E-05 

65 80 18 72 2.03E-06 2.16 72 0.03 4 4 7.92E-05 

66 80 18 72 2.03E-06 3.78 126 0.03 7 4 7.92E-05 

67 80 18 72 2.03E-06 5.4 180 0.03 10 4 7.92E-05 

68 80 18 72 2.03E-06 7.02 234 0.03 13 4 7.92E-05 

69 80 18 72 2.03E-06 3.24 72 0.045 4 4 7.92E-05 
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Table L.1: Details of numerical tests for Chapter 6 (continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆  

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

70 80 18 72 2.03E-06 5.67 126 0.045 7 4 7.92E-05 

71 80 18 72 2.03E-06 8.1 180 0.045 10 4 7.92E-05 

72 80 18 72 2.03E-06 10.53 234 0.045 13 4 7.92E-05 

73 80 18 72 2.03E-06 4.32 72 0.06 4 4 7.92E-05 

74 80 18 72 2.03E-06 7.56 126 0.06 7 4 7.92E-05 

75 80 18 72 2.03E-06 10.8 180 0.06 10 4 7.92E-05 

76 80 18 72 2.03E-06 14.04 234 0.06 13 4 7.92E-05 

77 80 18 72 2.03E-06 5.4 72 0.075 4 4 7.92E-05 

78 80 18 72 2.03E-06 9.45 126 0.075 7 4 7.92E-05 

79 80 18 72 2.03E-06 13.5 180 0.075 10 4 7.92E-05 

80 80 18 72 2.03E-06 17.55 234 0.075 13 4 7.92E-05 

81 80 18 99 2.03E-06 2.16 72 0.03 4 5.5 7.92E-05 

82 80 18 99 2.03E-06 3.78 126 0.03 7 5.5 7.92E-05 

83 80 18 99 2.03E-06 5.4 180 0.03 10 5.5 7.92E-05 

84 80 18 99 2.03E-06 7.02 234 0.03 13 5.5 7.92E-05 

85 80 18 99 2.03E-06 3.24 72 0.045 4 5.5 7.92E-05 

86 80 18 99 2.03E-06 5.67 126 0.045 7 5.5 7.92E-05 

87 80 18 99 2.03E-06 8.1 180 0.045 10 5.5 7.92E-05 

88 80 18 99 2.03E-06 10.53 234 0.045 13 5.5 7.92E-05 

89 80 18 99 2.03E-06 4.32 72 0.06 4 5.5 7.92E-05 

90 80 18 99 2.03E-06 7.56 126 0.06 7 5.5 7.92E-05 

91 80 18 99 2.03E-06 10.8 180 0.06 10 5.5 7.92E-05 

92 80 18 99 2.03E-06 14.04 234 0.06 13 5.5 7.92E-05 
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Table L.1: Details of numerical tests for Chapter 6 (continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆  

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

93 80 18 99 2.03E-06 5.4 72 0.075 4 5.5 7.92E-05 

94 80 18 99 2.03E-06 9.45 126 0.075 7 5.5 7.92E-05 

95 80 18 99 2.03E-06 13.5 180 0.075 10 5.5 7.92E-05 

96 80 18 99 2.03E-06 17.55 234 0.075 13 5.5 7.92E-05 

97 80 18 45 1.00E-05 2.16 72 0.03 4 2.5 1.76E-04 

98 80 18 45 1.00E-05 3.78 126 0.03 7 2.5 1.76E-04 

99 80 18 45 1.00E-05 5.4 180 0.03 10 2.5 1.76E-04 

100 80 18 45 1.00E-05 7.02 234 0.03 13 2.5 1.76E-04 

101 80 18 45 1.00E-05 3.24 72 0.045 4 2.5 1.76E-04 

102 80 18 45 1.00E-05 5.67 126 0.045 7 2.5 1.76E-04 

103 80 18 45 1.00E-05 8.1 180 0.045 10 2.5 1.76E-04 

104 80 18 45 1.00E-05 10.53 234 0.045 13 2.5 1.76E-04 

105 80 18 45 1.00E-05 4.32 72 0.06 4 2.5 1.76E-04 

106 80 18 45 1.00E-05 7.56 126 0.06 7 2.5 1.76E-04 

107 80 18 45 1.00E-05 10.8 180 0.06 10 2.5 1.76E-04 

108 80 18 45 1.00E-05 14.04 234 0.06 13 2.5 1.76E-04 

109 80 18 45 1.00E-05 5.4 72 0.075 4 2.5 1.76E-04 

110 80 18 45 1.00E-05 9.45 126 0.075 7 2.5 1.76E-04 

111 80 18 45 1.00E-05 13.5 180 0.075 10 2.5 1.76E-04 

112 80 18 45 1.00E-05 17.55 234 0.075 13 2.5 1.76E-04 

113 80 18 72 1.00E-05 2.16 72 0.03 4 4 1.76E-04 

114 80 18 72 1.00E-05 3.78 126 0.03 7 4 1.76E-04 

115 80 18 72 1.00E-05 5.4 180 0.03 10 4 1.76E-04 
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Table L.1: Details of numerical tests for Chapter 6 (continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆  

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

116 80 18 72 1.00E-05 7.02 234 0.03 13 4 1.76E-04 

117 80 18 72 1.00E-05 3.24 72 0.045 4 4 1.76E-04 

118 80 18 72 1.00E-05 5.67 126 0.045 7 4 1.76E-04 

119 80 18 72 1.00E-05 8.1 180 0.045 10 4 1.76E-04 

120 80 18 72 1.00E-05 10.53 234 0.045 13 4 1.76E-04 

121 80 18 72 1.00E-05 4.32 72 0.06 4 4 1.76E-04 

122 80 18 72 1.00E-05 7.56 126 0.06 7 4 1.76E-04 

123 80 18 72 1.00E-05 10.8 180 0.06 10 4 1.76E-04 

124 80 18 72 1.00E-05 14.04 234 0.06 13 4 1.76E-04 

125 80 18 72 1.00E-05 5.4 72 0.075 4 4 1.76E-04 

126 80 18 72 1.00E-05 9.45 126 0.075 7 4 1.76E-04 

127 80 18 72 1.00E-05 13.5 180 0.075 10 4 1.76E-04 

128 80 18 72 1.00E-05 17.55 234 0.075 13 4 1.76E-04 

129 80 18 99 1.00E-05 2.16 72 0.03 4 5.5 1.76E-04 

130 80 18 99 1.00E-05 3.78 126 0.03 7 5.5 1.76E-04 

131 80 18 99 1.00E-05 5.4 180 0.03 10 5.5 1.76E-04 

132 80 18 99 1.00E-05 7.02 234 0.03 13 5.5 1.76E-04 

133 80 18 99 1.00E-05 3.24 72 0.045 4 5.5 1.76E-04 

134 80 18 99 1.00E-05 5.67 126 0.045 7 5.5 1.76E-04 

135 80 18 99 1.00E-05 8.1 180 0.045 10 5.5 1.76E-04 

136 80 18 99 1.00E-05 10.53 234 0.045 13 5.5 1.76E-04 

137 80 18 99 1.00E-05 4.32 72 0.06 4 5.5 1.76E-04 

138 80 18 99 1.00E-05 7.56 126 0.06 7 5.5 1.76E-04 
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Table L.1: Details of numerical tests for Chapter 6 (continued) 

Run 
Q 

(l/s) 

hav 

(cm) 

da 

(cm) 

κ  

(cm2) 

∆  

(cm) 

Λ 

(cm) 
∆/Λ Λ/hav da/hav κ

1/2/hav 

139 80 18 99 1.00E-05 10.8 180 0.06 10 5.5 1.76E-04 

140 80 18 99 1.00E-05 14.04 234 0.06 13 5.5 1.76E-04 

141 80 18 99 1.00E-05 5.4 72 0.075 4 5.5 1.76E-04 

142 80 18 99 1.00E-05 9.45 126 0.075 7 5.5 1.76E-04 

143 80 18 99 1.00E-05 13.5 180 0.075 10 5.5 1.76E-04 

144 80 18 99 1.00E-05 17.55 234 0.075 13 5.5 1.76E-04 
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Appendix M 

Supplemental figures for Chapter 6 
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Fig. M.1: Variation of hyporheic flow paths with ∆/Λ and Λ/h for 4
1076.1/

−×=hκ and da/h = 2.5 ( m 0.282
max

=fz ) 
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Fig. M.2: Variation of hyporheic flow average-velocity field with ∆/Λ and Λ/h for 4
1076.1/

−×=hκ and da/h = 2.5 (Pmax=2.77 KPa) 
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Fig. M.3: Variation of hyporheic flow vertical-velocity field with ∆/Λ and Λ/h for 4
1076.1/

−×=hκ and da/h = 2.5
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Table of results of numerical tests for Chapter 6 
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Table N.1: Results of numerical tests for Chapter 6 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav υhyp (m/s) tr (hr) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

1 0.03 4.00 2.78E-05 2.50 2.589E-05 24.69 5.116E-06 0.230 2.26 

2 0.03 7.00 2.78E-05 2.50 4.800E-05 14.89 1.114E-05 0.231 2.27 

3 0.03 10.00 2.78E-05 2.50 7.224E-05 10.43 1.677E-05 0.238 2.34 

4 0.03 13.00 2.78E-05 2.50 9.643E-05 8.38 2.239E-05 0.237 2.33 

5 0.045 4.00 2.78E-05 2.50 2.873E-05 25.93 5.676E-06 0.235 2.31 

6 0.045 7.00 2.78E-05 2.50 4.854E-05 14.89 1.127E-05 0.232 2.28 

7 0.045 10.00 2.78E-05 2.50 6.231E-05 11.68 1.447E-05 0.240 2.35 

8 0.045 13.00 2.78E-05 2.50 6.230E-05 12.90 1.446E-05 0.246 2.41 

9 0.06 4.00 2.78E-05 2.50 2.596E-05 31.66 5.129E-06 0.239 2.34 

10 0.06 7.00 2.78E-05 2.50 4.142E-05 15.33 9.617E-06 0.235 2.31 

11 0.06 10.00 2.78E-05 2.50 4.254E-05 16.88 9.878E-06 0.259 2.54 

12 0.06 13.00 2.78E-05 2.50 3.511E-05 22.97 8.151E-06 0.270 2.65 

13 0.075 4.00 2.78E-05 2.50 2.392E-05 31.41 4.727E-06 0.241 2.36 

14 0.075 7.00 2.78E-05 2.50 3.908E-05 16.88 9.074E-06 0.249 2.44 

15 0.075 10.00 2.78E-05 2.50 2.918E-05 25.88 6.775E-06 0.281 2.76 

16 0.075 13.00 2.78E-05 2.50 2.324E-05 35.43 5.395E-06 0.280 2.75 

17 0.03 4.00 7.92E-05 2.50 1.397E-04 4.58 2.761E-05 0.229 2.25 

18 0.03 7.00 7.92E-05 2.50 2.580E-04 2.77 5.990E-05 0.232 2.28 

19 0.03 10.00 7.92E-05 2.50 3.865E-04 1.95 8.974E-05 0.237 2.33 

20 0.03 13.00 7.92E-05 2.50 5.357E-04 1.51 1.244E-04 0.239 2.34 

21 0.045 4.00 7.92E-05 2.50 1.558E-04 4.78 3.079E-05 0.234 2.30 

22 0.045 7.00 7.92E-05 2.50 2.623E-04 2.75 6.091E-05 0.234 2.29 

23 0.045 10.00 7.92E-05 2.50 3.333E-04 2.18 7.739E-05 0.238 2.34 
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Table N.1: Results of numerical tests for Chapter 6 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav υhyp (m/s) tr (hr) Qhyp (L) 

(zf)max 

(m) 

Pmax 

(KPa) 

24 0.045 13.00 7.92E-05 2.50 3.333E-04 2.41 7.739E-05 0.247 2.42 

25 0.06 4.00 7.92E-05 2.50 1.411E-04 5.83 2.787E-05 0.237 2.33 

26 0.06 7.00 7.92E-05 2.50 2.170E-04 2.93 5.037E-05 0.237 2.32 

27 0.06 10.00 7.92E-05 2.50 2.193E-04 3.27 5.092E-05 0.258 2.53 

28 0.06 13.00 7.92E-05 2.50 1.894E-04 4.26 4.397E-05 0.271 2.66 

29 0.075 4.00 7.92E-05 2.50 1.294E-04 5.81 2.557E-05 0.239 2.35 

30 0.075 7.00 7.92E-05 2.50 2.155E-04 3.06 5.004E-05 0.250 2.45 

31 0.075 10.00 7.92E-05 2.50 1.574E-04 4.80 3.654E-05 0.280 2.75 

32 0.075 13.00 7.92E-05 2.50 1.256E-04 6.55 2.917E-05 0.281 2.76 

33 0.03 4.00 1.76E-04 2.50 5.804E-04 1.10 1.147E-04 0.230 2.26 

34 0.03 7.00 1.76E-04 2.50 1.080E-03 0.66 2.508E-04 0.233 2.29 

35 0.03 10.00 1.76E-04 2.50 1.592E-03 0.47 3.696E-04 0.236 2.32 

36 0.03 13.00 1.76E-04 2.50 2.098E-03 0.39 4.872E-04 0.240 2.35 

37 0.045 4.00 1.76E-04 2.50 6.775E-04 1.10 1.339E-04 0.233 2.29 

38 0.045 7.00 1.76E-04 2.50 1.114E-03 0.65 2.587E-04 0.235 2.31 

39 0.045 10.00 1.76E-04 2.50 1.410E-03 0.52 3.274E-04 0.237 2.32 

40 0.045 13.00 1.76E-04 2.50 1.356E-03 0.59 3.149E-04 0.248 2.43 

41 0.06 4.00 1.76E-04 2.50 6.383E-04 1.29 1.261E-04 0.236 2.32 

42 0.06 7.00 1.76E-04 2.50 9.862E-04 0.64 2.290E-04 0.238 2.33 

43 0.06 10.00 1.76E-04 2.50 9.868E-04 0.73 2.291E-04 0.257 2.52 

44 0.06 13.00 1.76E-04 2.50 8.511E-04 0.95 1.976E-04 0.272 2.67 

45 0.075 4.00 1.76E-04 2.50 6.146E-04 1.22 1.214E-04 0.238 2.33 

46 0.075 7.00 1.76E-04 2.50 1.006E-03 0.66 2.335E-04 0.251 2.46 
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Table N.1: Results of numerical tests for Chapter 6 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav υhyp (m/s) tr (hr) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

47 0.075 10.00 1.76E-04 2.50 6.885E-04 1.10 1.599E-04 0.279 2.74 

48 0.075 13.00 1.76E-04 2.50 5.497E-04 1.50 1.276E-04 0.282 2.77 

49 0.03 4.00 2.78E-05 4.00 2.027E-05 37.49 4.005E-06 0.231 2.27 

50 0.03 7.00 2.78E-05 4.00 4.648E-05 16.99 1.722E-05 0.232 2.28 

51 0.03 10.00 2.78E-05 4.00 6.882E-05 11.63 2.550E-05 0.237 2.32 

52 0.03 13.00 2.78E-05 4.00 9.474E-05 9.34 3.510E-05 0.239 2.34 

53 0.045 4.00 2.78E-05 4.00 2.134E-05 38.15 4.217E-06 0.234 2.30 

54 0.045 7.00 2.78E-05 4.00 4.208E-05 19.86 1.559E-05 0.234 2.29 

55 0.045 10.00 2.78E-05 4.00 5.073E-05 15.80 1.880E-05 0.238 2.34 

56 0.045 13.00 2.78E-05 4.00 4.955E-05 17.51 1.836E-05 0.247 2.42 

57 0.06 4.00 2.78E-05 4.00 1.997E-05 39.78 3.947E-06 0.237 2.33 

58 0.06 7.00 2.78E-05 4.00 3.346E-05 22.62 1.240E-05 0.237 2.32 

59 0.06 10.00 2.78E-05 4.00 2.952E-05 26.62 1.094E-05 0.258 2.53 

60 0.06 13.00 2.78E-05 4.00 2.747E-05 31.43 1.018E-05 0.271 2.66 

61 0.075 4.00 2.78E-05 4.00 2.061E-05 38.85 4.072E-06 0.239 2.35 

62 0.075 7.00 2.78E-05 4.00 3.389E-05 20.92 1.256E-05 0.250 2.45 

63 0.075 10.00 2.78E-05 4.00 2.269E-05 34.66 8.407E-06 0.280 2.75 

64 0.075 13.00 2.78E-05 4.00 1.792E-05 48.88 6.640E-06 0.281 2.76 

65 0.03 4.00 7.92E-05 4.00 1.094E-04 6.94 2.162E-05 0.232 2.28 

66 0.03 7.00 7.92E-05 4.00 2.511E-04 3.15 9.302E-05 0.231 2.27 

67 0.03 10.00 7.92E-05 4.00 3.688E-04 2.17 1.366E-04 0.238 2.33 

68 0.03 13.00 7.92E-05 4.00 5.263E-04 1.68 1.950E-04 0.237 2.32 

69 0.045 4.00 7.92E-05 4.00 1.164E-04 6.99 2.300E-05 0.236 2.31 
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Table N.1: Results of numerical tests for Chapter 6 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav υhyp (m/s) tr (hr) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

70 0.045 7.00 7.92E-05 4.00 2.222E-04 3.76 8.233E-05 0.233 2.28 

71 0.045 10.00 7.92E-05 4.00 2.719E-04 2.95 1.007E-04 0.240 2.35 

72 0.045 13.00 7.92E-05 4.00 2.639E-04 3.29 9.778E-05 0.245 2.41 

73 0.06 4.00 7.92E-05 4.00 1.087E-04 7.31 2.149E-05 0.238 2.34 

74 0.06 7.00 7.92E-05 4.00 1.838E-04 4.12 6.811E-05 0.235 2.31 

75 0.06 10.00 7.92E-05 4.00 1.600E-04 4.91 5.928E-05 0.259 2.54 

76 0.06 13.00 7.92E-05 4.00 1.488E-04 5.80 5.515E-05 0.270 2.65 

77 0.075 4.00 7.92E-05 4.00 1.111E-04 7.21 2.196E-05 0.240 2.36 

78 0.075 7.00 7.92E-05 4.00 1.858E-04 3.81 6.885E-05 0.249 2.44 

79 0.075 10.00 7.92E-05 4.00 1.232E-04 6.38 4.565E-05 0.281 2.76 

80 0.075 13.00 7.92E-05 4.00 9.633E-05 9.09 3.569E-05 0.280 2.74 

81 0.03 4.00 1.76E-04 4.00 4.714E-04 1.61 9.314E-05 0.233 2.29 

82 0.03 7.00 1.76E-04 4.00 1.127E-03 0.70 4.175E-04 0.230 2.25 

83 0.03 10.00 1.76E-04 4.00 1.559E-03 0.51 5.776E-04 0.239 2.34 

84 0.03 13.00 1.76E-04 4.00 2.061E-03 0.43 7.638E-04 0.236 2.31 

85 0.045 4.00 1.76E-04 4.00 5.115E-04 1.59 1.011E-04 0.237 2.32 

86 0.045 7.00 1.76E-04 4.00 9.583E-04 0.87 3.551E-04 0.232 2.27 

87 0.045 10.00 1.76E-04 4.00 1.150E-03 0.70 4.259E-04 0.241 2.36 

88 0.045 13.00 1.76E-04 4.00 1.113E-03 0.78 4.124E-04 0.244 2.39 

89 0.06 4.00 1.76E-04 4.00 4.700E-04 1.69 9.287E-05 0.240 2.35 

90 0.06 7.00 1.76E-04 4.00 7.721E-04 0.98 2.860E-04 0.234 2.30 

91 0.06 10.00 1.76E-04 4.00 7.586E-04 1.04 2.811E-04 0.260 2.55 

92 0.06 13.00 1.76E-04 4.00 6.360E-04 1.36 2.356E-04 0.269 2.64 
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Table N.1: Results of numerical tests for Chapter 6 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav υhyp (m/s) tr (hr) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

93 0.075 4.00 1.76E-04 4.00 4.646E-04 1.72 9.181E-05 0.241 2.37 

94 0.075 7.00 1.76E-04 4.00 7.876E-04 0.90 2.918E-04 0.247 2.43 

95 0.075 10.00 1.76E-04 4.00 5.441E-04 1.45 2.016E-04 0.282 2.77 

96 0.075 13.00 1.76E-04 4.00 4.175E-04 2.10 1.547E-04 0.279 2.74 

97 0.03 4.00 2.78E-05 5.50 1.859E-05 39.92 3.673E-06 0.232 2.28 

98 0.03 7.00 2.78E-05 5.50 4.508E-05 22.18 2.249E-05 0.231 2.26 

99 0.03 10.00 2.78E-05 5.50 6.958E-05 12.36 3.472E-05 0.240 2.35 

100 0.03 13.00 2.78E-05 5.50 9.351E-05 9.51 4.665E-05 0.234 2.30 

101 0.045 4.00 2.78E-05 5.50 2.075E-05 38.06 4.101E-06 0.238 2.34 

102 0.045 7.00 2.78E-05 5.50 4.320E-05 24.09 2.155E-05 0.230 2.26 

103 0.045 10.00 2.78E-05 5.50 5.119E-05 16.96 2.554E-05 0.242 2.37 

104 0.045 13.00 2.78E-05 5.50 4.920E-05 17.83 2.455E-05 0.242 2.38 

105 0.06 4.00 2.78E-05 5.50 1.610E-05 47.86 3.181E-06 0.241 2.36 

106 0.06 7.00 2.78E-05 5.50 2.741E-05 33.19 1.368E-05 0.233 2.28 

107 0.06 10.00 2.78E-05 5.50 2.358E-05 35.61 1.177E-05 0.261 2.56 

108 0.06 13.00 2.78E-05 5.50 2.262E-05 39.21 1.129E-05 0.268 2.63 

109 0.075 4.00 2.78E-05 5.50 1.679E-05 45.03 3.317E-06 0.242 2.38 

110 0.075 7.00 2.78E-05 5.50 2.813E-05 32.42 1.403E-05 0.246 2.42 

111 0.075 10.00 2.78E-05 5.50 1.865E-05 44.94 9.304E-06 0.283 2.78 

112 0.075 13.00 2.78E-05 5.50 1.241E-05 71.49 6.190E-06 0.278 2.73 

113 0.03 4.00 7.92E-05 5.50 1.129E-04 6.57 2.231E-05 0.233 2.29 

114 0.03 7.00 7.92E-05 5.50 2.447E-04 4.09 1.221E-04 0.230 2.25 

115 0.03 10.00 7.92E-05 5.50 3.711E-04 2.32 1.852E-04 0.241 2.36 
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Table N.1: Results of numerical tests for Chapter 6 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav υhyp (m/s) tr (hr) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

116 0.03 13.00 7.92E-05 5.50 5.195E-04 1.71 2.592E-04 0.233 2.28 

117 0.045 4.00 7.92E-05 5.50 1.136E-04 6.96 2.244E-05 0.240 2.35 

118 0.045 7.00 7.92E-05 5.50 2.266E-04 4.59 1.131E-04 0.229 2.25 

119 0.045 10.00 7.92E-05 5.50 2.742E-04 3.17 1.368E-04 0.243 2.39 

120 0.045 13.00 7.92E-05 5.50 2.620E-04 3.35 1.307E-04 0.241 2.36 

121 0.06 4.00 7.92E-05 5.50 8.741E-05 8.81 1.727E-05 0.242 2.37 

122 0.06 7.00 7.92E-05 5.50 1.518E-04 5.99 7.573E-05 0.231 2.27 

123 0.06 10.00 7.92E-05 5.50 1.275E-04 6.58 6.363E-05 0.262 2.57 

124 0.06 13.00 7.92E-05 5.50 1.165E-04 7.61 5.813E-05 0.267 2.62 

125 0.075 4.00 7.92E-05 5.50 9.489E-05 7.97 1.875E-05 0.243 2.39 

126 0.075 7.00 7.92E-05 5.50 1.548E-04 5.89 7.726E-05 0.245 2.40 

127 0.075 10.00 7.92E-05 5.50 1.000E-04 8.38 4.989E-05 0.284 2.79 

128 0.075 13.00 7.92E-05 5.50 7.519E-05 11.80 3.751E-05 0.277 2.71 

129 0.03 4.00 1.76E-04 5.50 4.908E-04 1.51 9.698E-05 0.234 2.30 

130 0.03 7.00 1.76E-04 5.50 1.017E-03 0.98 5.074E-04 0.228 2.24 

131 0.03 10.00 1.76E-04 5.50 1.559E-03 0.55 7.778E-04 0.242 2.37 

132 0.03 13.00 1.76E-04 5.50 2.035E-03 0.44 1.015E-03 0.232 2.27 

133 0.045 4.00 1.76E-04 5.50 4.974E-04 1.59 9.829E-05 0.241 2.36 

134 0.045 7.00 1.76E-04 5.50 1.034E-03 1.01 5.159E-04 0.228 2.24 

135 0.045 10.00 1.76E-04 5.50 1.152E-03 0.75 5.746E-04 0.244 2.40 

136 0.045 13.00 1.76E-04 5.50 1.105E-03 0.79 5.514E-04 0.240 2.35 

137 0.06 4.00 1.76E-04 5.50 3.788E-04 2.03 7.485E-05 0.243 2.39 

138 0.06 7.00 1.76E-04 5.50 6.429E-04 1.42 3.207E-04 0.230 2.26 
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Table N.1: Results of numerical tests for Chapter 6 (continued) 

Run ∆/Λ Λ/hav κ
1/2/hav da/hav υhyp (m/s) tr (hr) 

Qhyp  

(l) 

(zf)max 

(m) 

Pmax 

(KPa) 

139 0.06 10.00 1.76E-04 5.50 6.174E-04 1.36 3.081E-04 0.263 2.58 

140 0.06 13.00 1.76E-04 5.50 4.854E-04 1.83 2.422E-04 0.266 2.61 

141 0.075 4.00 1.76E-04 5.50 3.796E-04 1.99 7.500E-05 0.244 2.40 

142 0.075 7.00 1.76E-04 5.50 6.452E-04 1.41 3.219E-04 0.244 2.39 

143 0.075 10.00 1.76E-04 5.50 4.436E-04 1.89 2.213E-04 0.286 2.80 

144 0.075 13.00 1.76E-04 5.50 3.383E-04 2.62 1.688E-04 0.276 2.71 
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Appendix O 

Plots of simulated values of dependent variables versus 

independent variables for Chapter 6 
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Fig. O.1: Plots of  )/ln( inlethyp QQ versus |ln(da/h)| 
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Fig. O.2:  Plots of  )/ln( inlethyp QQ versus |ln(∆/Λ)| 
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Fig. O.3: Plots of  )/ln( inlethyp QQ versus )/ln( hκ  
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Fig. O.4: Plots of  )/ln( inlethyp QQ versus |ln(Λ/h)| 
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Fig. O.5: Plots of  )/ln( 4 4/12/1 κgt r
versus |ln(da/h)| 
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Fig. O.6: Plots of  )/ln( 4 4/12/1 κgt r
versus |ln(∆/Λ)| 
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Fig. O.7: Plots of )/ln( 4 4/12/1 κgt r
 versus )/ln( hκ  
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Fig. O.8: Plots of  )/ln( 4 4/12/1 κgt r
versus |ln(Λ/h)| 
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Fig. O.9: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(da/h)| 
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Fig. O.10: Plots of  )/ln( 4/12/1 κgvhyp
versus |ln(∆/Λ)| 
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Fig. O.11: Plots of )/ln( 4/12/1 κgvhyp
 versus )/ln( hκ  
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Fig. O.12: Plots of )/ln( 4/12/1 κgvhyp
 versus |ln(Λ/h)| 

 




