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Abstract 

Pipelines are one of the safest means to transport crude oil, but are not spill-free. This is of 

concern in North America, due to the large volumes of crude oil shipped by Canadian 

producers and the lengthy network of pipelines. Each pipeline crosses many rivers, 

supporting a wide variety of human activities, and rich aquatic life. However, there is a 

knowledge gap on the risks of contamination of river beds due to oil spills. This thesis 

addresses this knowledge gap by focussing on mechanisms that transport water (and 

contaminants) from the free surface flow to the bed sediments, and vice-versa.  

 The work focuses on gravel rivers, in which bed sediments are sufficiently 

permeable that pressure gradients caused by the interactions of flow with topographic 

elements (gravel bars), or changes in direction induce exchanges of water between the free 

surface flow and the bed, known as hyporheic flows.  

 The objectives of the thesis are: to present a new method to visualize and quantify 

hyporheic flows in laboratory experiments; to conduct a novel series of experiments on 

hyporheic flow induced by a gravel bar under different free surface flows. 

 The new method to quantify hyporheic flows rests on injections of a solution of dye 

and water. The method yielded accurate flow lines, and reasonable estimates of the 

hyporheic flow velocities.  

 The present series of experiments was carried out in a 11 m long, 0.39 m wide, and 

0.41 m deep tilting flume. The gravel had a mean particle size of 7.7 mm. Different free 

surface flows were imposed by changing the flume slope and flow depth. Measured 

hyporheic flows were turbulent. Smaller free surface flow depths resulted in stronger 

hyporheic flows (higher velocities, and deeper dye penetration into the sediment).  
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 A significant finding is that different free surface flows (different velocities, 

Reynolds number, etc.) produce similar hyporheic flows as long as the downstream 

hydraulic gradients are similar. This suggests, that for a specified bar geometry, the 

characteristics of the hyporheic flows depend on the downstream hydraulic gradients, and 

not or only minimally on the internal dynamics of the free surface flow.  

  



iv 
 

Co-authorship 

 
This thesis is written in manuscript format. Significant contributions have been made by 

Dr. Ana Maria da Silva and Dr. Kevin Mumford in conceiving and initiating the research, 

in the design of the experiments, interpretation of the results, and in providing assistance 

and editorial comments in the writing of the manuscripts. Chapters 2 and 3 were written as 

independent papers. Dr. Ana Maria da Silva and Dr. Kevin Mumford are co-authors of all 

of the manuscripts. These are as follows: 

Fruetel, C., Mumford, K., da Silva, A.M.F., Rey, A. Development of a novel laboratory 

and digital image processing technique for quantifying hyporheic flow paths and velocities. 

Fruetel, C., da Silva, A.M.F., Mumford, K. A laboratory study of hyporheic flows induced 

by a gravel bar. 

  



v 
 

Acknowledgements 
 

I would like to sincerely thank and recognize the support that made this work possible.  

Firstly I would like to thank Dr. Ana Maria da Silva for recognizing my potential, giving 

me the opportunity to pursue graduate school in Engineering, and connecting me to the 

NSERC Strategic Partnership Grant under which this thesis was carried out. Her guidance, 

knowledge of river engineering, innovative laboratory techniques, as well as support and 

hard work were instrumental in getting me to this point.  

Dr. da Silva’s foresight and experience connected me to Dr. Kevin Mumford (also of 

Queen’s University), whose technical knowledge and creativity in data processing methods 

allowed me to develop an analysis framework with more precision than ever before in this 

field of study. I would also like to express my appreciation to the administrative assistants 

in the Civil Engineering Department, namely, Maxine Wilson and Debbie Ritchie, who 

helped me weave through the bureaucracy, and whose chocolates helped me through some 

long days.  

I would like to thank my colleagues for being prepared to discuss laboratory and analytical 

techniques with me. In particular, I would like to acknowledge Alexander Rey, who 

demonstrated commitment to brainstorming and perseverance in teaching me to write 

MATLAB codes, this thesis would not be the same without you. I would also like to extend 

thanks to Avneet Button, Hessam Mirzaei, and Saeid Ahadi, who spent long hours in the 

lab with me. Thanks go to my family, particularly my mother, who always supported me 

and showed great interest in my work.  

 



vi 
 

Table of Contents 

Co-authorship ................................................................................................................... iv 

Acknowledgements ........................................................................................................... v 

Table of Contents ............................................................................................................. vi 

List of Tables .................................................................................................................... ix 

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

List of Symbols ............................................................................................................... xiv 

Chapter 1: Introduction ................................................................................................... 1 

1.1 Motivation ................................................................................................................ 1 

1.2 Objectives ................................................................................................................. 3 

1.3 Layout of thesis ........................................................................................................ 7 

Chapter 2: Development of a novel laboratory and digital image processing technique 

for quantifying hyporheic flow paths and velocities .................................................... 12 

2.1 Introduction ........................................................................................................... 12 

2.2 Description of laboratory experiment ................................................................. 15 

2.2.1 Laboratory set up and flow conditions ............................................................. 15 

2.2.2 Dye injection..................................................................................................... 18 

2.3 Image acquisition................................................................................................... 19 

2.4 Image Processing ................................................................................................... 23 

2.4.1 Flow path determination ................................................................................... 23 

2.4.2 Hyporheic flow velocity ................................................................................... 26 



vii 
 

2.5 Results and Discussion .......................................................................................... 29 

2.5.1 Flow paths......................................................................................................... 29 

2.5.2 Flow velocities .................................................................................................. 31 

2.3 Conclusions ............................................................................................................ 34 

References .................................................................................................................... 36 

Chapter 3: A laboratory study of hyporheic flows induced by a gravel bar ............. 40 

3.1 Introduction ........................................................................................................... 40 

3.2 Description of experimental tests ......................................................................... 42 

3.3 Data processing ...................................................................................................... 48 

3.4 Results .................................................................................................................... 52 

3.4.1 Hyporheic flow behaviour ................................................................................ 52 

3.4.2 Comparison of hyporheic flow behaviour across different tests ...................... 60 

3.4.3 Relationship between velocity and hydraulic gradient ..................................... 63 

3.5 Conclusions ............................................................................................................ 70 

References .................................................................................................................... 72 

Chapter 4: Conclusions and recommendations for future research .......................... 74 

4.1 Conclusions ............................................................................................................ 74 

4.2 Recommendations for future research ................................................................ 75 

Appendix A: Bed and free surface elevation ................................................................ 77 

Appendix B: Subtracted images of dye with superimposed flow paths ..................... 87 



viii 
 

Appendix C: Subtracted images of dye at injection point D5 used in the determination 

of the hyporheic flow divide ......................................................................................... 116 

Appendix D: Breakthrough curves ............................................................................. 119 

Appendix E: Calculations to produce Figure 3.19 ..................................................... 148 

Appendix F: Colour screenshots of videos with full dye paths..................................151 

  

  



ix 
 

List of Tables 
 

Table 2.1: Change in free surface elevation (ΔZ), average flow velocity (both calculated 

using the image processing method, and observed), and flow line length for each injection 

point………………………………………………………...……………………………33 

 

Table 3.1: Hydraulic conditions of present experiments…………………………………46 

 

Table 3.2: Ratios of velocity, Reynolds number and Froude number between the tests at 

the 1/750 slope and their counterparts at the 1/2000 slope…………………….…………46 

 

Table 3.3: Hyporheic flow velocity at four points in the hyporheic domain for all tests. 

……………………………………………………………………………………………56 

 

 

  



x 
 

List of Figures 
 

Figure 1.1: Conceptual representation of hyporheic flow through a gravel bar or uneven 

ground…………………………………………………………………………………….4 

Figure 2.1: Schematic of testing area of the flume (not to scale)……………………….16 

Figure 2.2: Particle size distribution of gravel used in the flume……………………….16 

 

Figure 2.3: Free surface and bed profiles as well as dye injection locations……………18 

 

Figure 2.4: Raw video screenshot of full dye plume at injection point U1……………...20 

 

Figure 2.5: Images of dye injection at location U1 showing (a) the scaling image used for 

image registration (I0), grayscale images (I) after (b) 20, (c) 60, and (d) 100 seconds, and 

difference images (D) after (e) 0, (f) 20, (g) 60 and (h) 100 seconds……………………21 

 

Figure 2.6: Images of dye injection at location D5 showing (a) the scaling image used for 

image registration (I0), grayscale images (I) after (b) 1, (c) 2, and (d) 3 minutes, and 

difference images (D) after (e) 0, (f) 1, (g) 2 and (h) 3 minutes…………………………22 

 

Figure 2.7: Sampling transects from central point to bottom of trapezoidal limit in test U1. 

Each green triangle represents 10 tightly spaced transects, and each red dot represents a 1.4 

cm diameter area around the centre of mass, while the purple line is the lower limit of the 

transects. Two images are included to show progression of the centre of mass calculations 

on the same D(x,y,tf) image………………………………………………………………24 

 

Figure 2.8: Example differences in pixel intensity along 10 adjacent transects (a-j) in the 

dye plume and (k) the average difference intensity profile (after noise reduction) used to 

calculate the centre of mass at that location in the dye plume for injection at location U1. 

……………………………………………………………………………………………25 

 

Figure 2.9: Breakthrough curves for injection points U1, U3, and D5 of the centres of mass 

used to calculate velocity. The black circles represent mid points between zero and the 

highest pixel intensities…………………………………………………………………..27 

 

Figure 2.10: Average pixel intensity of the noise quantification zone in the difference 

images for injection point U1 versus image number (with regard to a sampling frequency 

of 4 frames/s)……………………………………………………………………………..29 

 

Figure 2.11: Difference images of U1, U3, D1, and D5 (top to bottom, respectively), with 

flow lines superimposed in black, sediment and free surface profiles superimposed in 

white, and the flow divide shown in blue………………………………………………...32 

 

 

 



xi 
 

 

Figure 2.12: Flow lines from injection points U1 – U9 and D1 – D5 with their associate 

velocities (average speed of dye flow for each flow path appears at the middle of that flow 

path). The dark blue line represents the water surface for the given flow conditions, while 

the light blue line represents the flow divide in the sediment……………………………33 

 

Figure 3.1: Schematic of flume showing the gravel bar…………………………………43 

 

Figure 3.2: Gravel particle size distribution curve.……………………………………...43 

 

Figure 3.3: Bed surface as well as free surface profiles for all tests; the solid line 

corresponds to tests carried out at the slope 1/750; the dashed line, to tests carried out at 

the slope 1/2000. Plots based on values of free surface elevation measured with regard to 

an inclined datum coinciding with the flume bottom…………………………………….46 

 

Figure 3.4: Dye injection locations (marked U1 – U9 and D1 – D5)…………………...47 

 

Figure 3.5: Demonstration of image subtraction for test H11.2-S1:750, U1. Image a, b, c, 

and d are grayscale images after 0, 20, 40, and 100 seconds. Images e, f, g, and h are the 

fully processed images resulting at 0, 20, 40, and 100 seconds………………………….50 

 

Figure 3.6: Sampling transects from central point to bottom of trapezoidal limit in test 

H11.2-S1:750, U1. Each green triangle represents 10 tightly spaced transects, and each red 

dot is an averaged centre of mass, while the purple line is the lower limit of the transects. 

……………………………………………………………………………………………51 

 

Figure 3.7: Smoothed breakthrough curves for test H11.2-S1:750, U3. The midpoints 

which are circled for presentation, and those used for calculating the velocities are filled in 

black……………………………………………………………………………………...52 

 

Figure 3.8: Resulting flow lines corresponding to injection points U1, U2, U3, U4, D1, 

D3, and D5, for all tests. Left column corresponds to the tests with a slope of 1/750 (h = 

0.179, 0.146, 0.112 m in top, middle, and bottom rows respectively); right column 

corresponds to tests with a slope of 1/2000 (h = 17.9, 0.148, 0.107 in top, middle, and 

bottom rows respectively). Values shown are average hyporheic flow velocity in (cm/s). 

……………………………………………………………………………………………54 

 

Figure 3.9: Resulting flow lines corresponding to injection points U5, U6, U7, U8, U9, 

D2, and D4 for all tests. Left column corresponds to the tests with a slope of 1/750 (h = 

0.179, 0.146, 0.112 m in top, middle, and bottom rows respectively); right column 

corresponds to tests with a slope of 1/2000 (h = 17.9, 0.148, 0.107 in top, middle, and 

bottom rows respectively). Values shown are average hyporheic flow velocity in (cm/s). 

……………………………………………………………………………………………55 

 

 



xii 
 

Figure 3.10a: Hyporheic flow velocities versus flow line distance to the flume floor at x = 

6.25 m from the flume entrance (under the bar top); flow lines used to produce these plots 

are those corresponding to injection points U1 to U4. Each graph corresponds to a different 

test: of 1/750 shown in the left column, those with a slope of 1/2000 shown in the right 

column……………………………………………………………………………………57 

 

Figure 3.10b: Hyporheic flow velocities versus flow line distance to the flume floor at x 

= 6.7m from the flume entrance; flow lines used to produce these plots are those 

corresponding to injection points D1, D3, and D5. Each graph corresponds to a different 

test: tests with a slope of 1/750 shown in the left column; those with a slope of 1/2000 

shown in the right column………………………………………………………………..58 

 

Figure 3.11: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, D5…………………………….60 

 

Figure 3.12:  Distance (measured horizontally) from the flume entrance to the uppermost 

point of the flow divide at the gravel-water interface versus depth of free surface flow. The 

Circles correspond to the tests with a slope of 1/750; the triangles, to the tests with a slope 

of 1/2000…………………………………………………………………………………60 
 

Figure 3.13: Distance of flow line originating at specific injection points with regard to 

depth of free surface flow. The four graphs in the left column were produced from the data 

at x = 6.25 m from the flume entrance; those in the right column, from the data at x = 6.7 

m……………...………………………………………………………………………….63 

 

Figure 3.14: Distance to the flume entrance (measured horizontally) of the point of dye 

emergence of flow lines to the free surface flow, with regard to depth of free surface flow, 

for tests with a slope of 1/750. The four graphs in the left column were produced from the 

data at x =6.25m from the flume entrance; those in the right column, from the data at x = 

6.7 m……………………………………………………………………………………...65 

 

Figure 3.15: Plot of average hyporheic flow velocity of observed flow lines versus 

hydraulic gradient ΔH/Δx, for tests with a slope of 1/750. The top graph corresponds to the 

flow lines originating at the injection points U1 – U4; the bottom graph, to those originating 

at the injection points D1, D3, and D5. Circles imply h = 17.9 cm; crosses imply h = 14.6 

cm; triangles imply h = 1.2 cm…………………………………………………………..66 

 

Figure 3.16: Velocity of hyporheic flow versus distance of hyporheic flow line to flume 

floor for injection points U1, U2, U3, U4, (left column; circles represent a slope = 1/750, 

while crosses represents a slope = 1/2000) taken with respect to x = 6.25 m from flume 

entrance (corresponding to the top of the bar); D1, D3, and D5 (right column; triangles 

represent a slope = 1/750 while asterisks represent a slope of 1/2000) corresponding to x = 

6.7 m from the flume entrance……………………………………………………………67 

 

 



xiii 
 

Figure 3.17: Distance of flow line originating at specific injection points with regard to 

depth of free surface for tests with slope 1/750 and 1/2000. The four graphs in the left 

column were produced from the data at x = 6.25 m from the flume entrance (slope = 1/750: 

circles; slope = 1/2000: crosses); those in the right column, from the data at x = 6.7 m 

(slope = 1/750: triangles, slope = 1/2000 asterisks)……………………………………...68 

 

Figure 3.18: Distance to flume entrance (measured horizontally) of the point of dye 

emergence of flow lines to the free surface flow, with regard to depth of free surface flow, 

with regard to depth of free surface flow, for tests with a slope 1/2000. The four graphs in 

the left column were produced from the data at x = 6.25 m from the flume entrance; those 

in the right column, from the data at x = 6.7 m…………………………………………..69 

 

Figure 3.19: Plot of average hyporheic flow velocity of observed flow lines versus 

hydraulic gradient (ΔH/Δx), for all tests (injection points U1 – U4, D1, D3, and D5). Circles 

represent a flow depth of 17.9 cm (slope = 1/750), x represent a flow depth of 14.6 cm 

(slope = 1/750), triangles represent a flow depth of 11.2 cm (slope = 1/750), asterisks 

represents a flow depth of 17.9 (slope = 1/2000), six pronged stars represent a depth of 14.8 

cm (slope = 1/2000), five pronged stars represent a flow depth of 10.7 cm (slope = 1/2000). 

……………………………………………………………………………………………70 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

  

 

 

   

 



xiv 
 

 

List of Symbols 
 

B    Flume width (m) 

D1 – D5                                  Dye injection points downstream of the bar top 

D50    Mean gravel diameter (m) 

Dn    Difference in pixel intensity at point n 

D(x,z,t)   Difference (subtracted) images 

D(x,y,tf)                                  Difference image chosen to evaluate hyporheic flow path 

g    Acceleration due to gravity (m/s2) 

H    Free surface elevation (m) 

h    Depth of free surface flow (m) 

I(x,z,t)    Greyscale images of each step in time 

I0(x,z)    Reference image for image registration  

ln    Location of point n     

IR(x,z,t)   Registered greyscale images of each step in time 

ks    Granular roughness of bed surface ( = 2D50) (m) 

Z
M      Location of the center of mass 

Q    Free surface flow rate (m3/s) 



xv 
 

R(x,z,t)                                      Images extracted from video files, converted to RGB images 

Re    Reynolds number of free surface flow (= /)v( h ) (-) 

Re*                                          Roughness Reynolds number of free surface flow 

( = vks /)v( * ) (-) 

Repm                                        Reynolds number of the flow through porous medium 

                                                ( /v Dpm ) (-) 

Rh    Hydraulic radius (m) 

S    Slope 

U1 – U9                                  Dye injection points upstream of the bar top. 

v    Average flow velocity (m/s) 

vpm    Flow velocity through porous medium (m/s) 

v*    Shear velocity of free surface flow ( hgSR ) (m/s) 

x    Distance travelled in the horizontal direction (m) 

Y    Dimensionless mobility number ( )/()( 2
* Dv s ) (-) 

Ycr                                            Value of mobility number at the critical stage of initiation of 

sediment transport (-) 

 

 



xvi 
 

 

γs     specific weight of grains in fluid (N/m3) 

ν     Fluid kinematic viscosity (m2/s) 

ρ     Fluid density (kg/m3 )



1 
 

 

 

Chapter 1 

 

 

Introduction 
 

 

1.1 Motivation 

The natural resources sector has always been key to Canada’s economy, accounting for 1.8 

million total jobs and 20% of nominal GDP in 2014 (Natural Resources Canada, 2016). 

Canada’s vastness means that there is an abundance of different resources, ranging from 

forestry to fisheries and including oil. Commercial exploitation of crude oil (specifically 

oil sands) began in Canada in 1967 and has risen to a production of 2.29 million barrels 

per day in 2015 (Canadian Association of Petroleum Producers, 2015). Future exports of 

crude oil from Canada are expected to rise to 5.3 million barrels per day by 2030 (Canadian 

Association of Petroleum Producers, 2015). Crude oil pipelines in North America amount 

to over 32000 km, with more than 8600 km proposed or being built (Canadian Energy 

Pipeline Association, 2016). Pipelines present the obvious benefits that they are not subject 

to the same seasonal or climate challenges as alternatives such trucking and rail transport 

can be. They are generally regarded as the safest and most environmentally friendly mode 

of crude oil transportation (Green and Furchtgott-Roth, 2013). 
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Yet, these means of transportation present many challenges and are not spill-free. 

Crude oil is usually transported in a diluted form (e.g., DilBit) because in its undiluted 

form, it is too viscous to be transported through pipelines (Crosby et al., 2013). Diluted 

bitumen is acidic, and has volatile fractions mixed with fluid and sediment (Shaw and Zou, 

2007). Though less dense than bitumen, the diluted forms must nonetheless be heated and 

kept under very high pressure for purposes of transportation; specifically, in the Keystone 

XL pipeline, operating temperatures and pressures can exceed 65°C and 11000 kPa 

(Ramseur et al., 2014). At such temperatures and pressures, the diluted bitumen can behave 

as a multi-phase flow and cause blockages and cavitation in the pipeline itself (Ramseur et 

al., 2014). Such cavitation, compounded by the abrasive nature of the sediment in the 

diluted mixture, poses a high risk for ruptures in the pipelines (Ramseur et al., 2014; Shaw 

and Zou, 2007; Swift et al., 2011).  The fact that pipelines are not spill-free is demonstrated 

by recent spills (Little Buffalo, Alberta, 2011; Yellowstone River, Montana, 2011; 

Kalamazoo River, Michigan, 2010; Wabamun Lake, Alberta, 2005; Pine River, British 

Columbia, 2000, among others). Of the total oil spilled in the United States from 1990 – 

1999, more than 50% occurred on land, the largest single source (22.4%) being from 

pipelines (Etkin, 2001). 

Crude oil pipelines throughout North America cross a very large number of rivers 

and streams. It is crucially important to understand the consequences of oil spills to these 

fresh water bodies, so as to enable proper risk assessments and the development of 

mitigation measures. Yet, although intensive research and modeling efforts on the fate and 

effects of oil spills have been carried out in the past, the focus has been almost exclusively 

on coastal and estuarine environments (ASCE, 1996; French-McCay, 2009; Yapa and 
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Shen, 1994). Spills are thought to be more damaging in freshwater than in marine 

ecosystems, because aquatic species cannot avoid oil in confined waters, and there is 

limited dilution capacity. Streams and rivers are turbulent water bodies, with substantial 

lateral and vertical mixing. Natural river features and in-stream structures generate 

additional high turbulence regions, further increasing mixing  (Koken and Constantinescu, 

2011; Yalin and da Silva, 2001). Thus, significant amounts of oil can entrain into the water 

column, greatly enhancing the potential for sediment contamination. The quality of bed 

sediments in rivers is critically important to the production of many fish species including 

salmon. These are a unique natural resource in Western Canada because they are the basis 

of a valuable sport fishing economy, as well as eco-tourism and are a marketable 

commodity (Stroomer and Wilson, 2012). 

At present, there is a critical lack of knowledge on how spilled oil can be transferred 

to river sediments, the potential extent of contamination, and the potential impacts on 

reproduction of fish that spawn in sediment shoals. This thesis is intended as a contribution 

addressing these knowledge gaps, and in particular the first two.  

1.2 Objectives 

 This work focusses on gravel or gravel dominated rivers, in which fish typically 

reproduce by depositing eggs in sediment shoals or bars. Such rivers, found throughout 

Canada, are characterized by relatively steep gradients and fast flows in part or all of their 

courses. Bed sediments are sufficiently permeable that pressure gradients caused by the 

interactions of river flow with topographic elements (e.g., gravel bars), changes in depth 

and changes in direction are sufficient to induce hyporheic flows in the sediment (see 

Figure 1.1), taking the form of downwelling and upwelling flows (Fox et al., 2014; Tonina 
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and Buffington, 2007; Trauth et al., 2013). The hyporheic flows, if consisting of clean 

water, sustain embryo development by maintaining high oxygen concentrations and 

removing metabolic wastes (Bjornn and Reiser, 1991; Geist and Dauble, 1998). They 

appear also as one of the most efficient mechanisms to transport contaminants, including 

oil droplets, into the sediment.  

 
 

Figure 1.1: Conceptual representation of hyporheic flow through a gravel bar or uneven 

ground. 

 

  

Owing to their practical significance, hyporheic flows have relatively recently 

become the focus of attention, with a number of laboratory and numerical works on the 

topic being produced over the past 15 years or so.  

The majority of the studies so far used solute concentrations in order to quantify 

the mass transfer between the bed and the free surface flow. These works used a known 

initial solute concentration in the free surface, and a bed that has been saturated with fresh 

water at the start of the experiment. The solute concentration was monitored as it decreased; 

attributing the decrease in solute in the free surface to exchange with the bed (Elliott et al., 

1997; Nagaoka and Ohgaki, 1990; Salehin et al., 2004; Zhou and Endreny, 2013). The 

earliest of these type of studies, by Nagaoka and Ohgaki (1990) sought to determine the 

mechanism of mass transfer in a porous river bed with the aid of a physical model. Their 
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bed was instrumented with conductivity meters through the first four layers of the bed, and 

they were able to measure vertical diffusion coefficients. A unique aspect of this study was 

the use of injection ports installed in the side wall of the flume in order to inject solute 

slugs into the bed. By monitoring the change in conductivity a known distance away, the 

authors were able to provide estimates of hyporheic flow velocity in the bed. In order to 

understand the effects of sediment heterogeneity,  Salehin et al., 2004 used a block 

assemblage of different sediment types within the bed, and noted the added variability in 

hyporheic exchange that this introduced.  These tests were simulated successfully by an 

accompanying numeric model, using time scales or around 30 hours (also by Salehin et al., 

2004). Most recently, solute exchange has been used to quantify reach-scale vertical 

exchange with the bed, and how different river restoration structures affect it in the 

laboratory (Zhou and Endreny, 2013). These studies have all been helpful in understanding 

net exchange, however the time scales used to draw conclusions (22 minutes to 1 week) 

were prohibitive in developing an understanding of the velocities of these flows. 

Additionally, with experimental time scales running so long, the solute transport and 

penetration through the bed may have begun to be influenced by diffusive (concentration 

gradient) effects.  

Dye has been used to visualize hyporheic flows through the sidewalls of a flume 

with varying success, typically in tandem with solutes as mentioned above. Dye fronts in 

the sediment were documented and traced on the side of flumes in order to determine the 

penetration depth (Savant et al., 1987; Thibodeaux and Boyle, 1987; Zhou and Endreny, 

2013). In an early study, Thibodeaux and Boyle, 1987 quantified general hyporheic flow 

paths in a gravel bed using flume experiments with varying bedforms by injecting dye into 
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the bed and drawing the dye front on tracing paper on the side of their flume as it advanced. 

They found that hyporheic flow penetration depth would reach five times the height of the 

bedforms, and that velocity would be within 2 standard deviations of the free surface 

velocity. Following this work, Savant et al., 1987, sought to determine how localized 

pressure variation on triangular-shaped bedforms may influence contaminant transport 

within the sediment. They sketched the dye plume as it changed with a grease pen on the 

side of their flume, and compared the general shape of that plume to previous results by 

Thibodeaux and Boyle, 1987. This validation process proved that the flow paths observed 

in gravel could be found in other sediment beds as well. Flow velocities in sandy bed 

experiments were found to be within 5-7 orders of magnitude of free stream velocity.  

As follows from the above considerations, among the works carried out so far, only 

a few isolated ones involved gravel (Gariglio et al., 2013; Tonina and Buffington, 2007, 

2011; Trauth et al., 2013). Furthermore, despite efforts to visualize the hyporheic flow, this 

was roughly done and with minimal coverage of the flow domain; furthermore, the flow 

velocities were not properly quantified – with the result that the hyporheic flows were 

poorly characterized and quantified.  This results largely from the fact that hyporheic flows 

are difficult to visualize. Taking this into account, the specific objectives of this thesis are 

as follows: 

1- To introduce a new experimental method for the visualization and quantification 

of hyporheic flows induced by a gravel bar; and  

2- To gain insight on hyporheic flows through a gravel bar, by conducting a first 

detailed laboratory study on the topic. In particular, the aims are: (i) to determine whether 

the hyporheic flows are laminar or turbulent; (ii) to determine the depths to which they 
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penetrate into the sediments; and (iii) to determine the velocities throughout the hyporheic 

flow domain. 

The experiments presented in this thesis were all carried out in a tilting flume 

residing at the Queen’s University Coastal Engineering Laboratory. It is also hoped that 

the data resulting from this work will contribute to efforts by other researchers to develop 

numerical models for the simulation and prediction of hyporheic flows. 

1.3 Layout of thesis 

This thesis is a manuscript style thesis, consisting of two manuscripts (Chapters 2 and 3). 

Chapter 2 presents the method developed as part of this work to visualize and quantify 

hyporheic flows. The emphasis is on the determination of flow lines and flow velocities. 

The method is illustrated with the aid of one laboratory experiment of hyporheic flow 

through a gravel bar. The chapter is also used as an opportunity to describe the main 

characteristics of the observed hyporheic flow.  

 Chapter 3 presents a series of six experiments carried out under different flow 

conditions and inducing different hyporheic flows through a gravel bar. The conditions in 

the tests are varied by varying the flume slope and depth of the free surface flow. The 

behaviour of the hyporheic flow under the different flow conditions is explored in the 

results section of Chapter 3.  

 The thesis ends with a concluding chapter (Chapter 4), which includes also some 

recommendations for future research.   
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Chapter 2 

 

 

Development of a novel laboratory and digital image processing 

technique for quantifying hyporheic flow paths and velocities 

 

 

2.1 Introduction 

Oil production is important to the North American economy. With increased transport of 

both crude and refined oils, the risk of spills is increased. Where pipelines and railways 

cross streams and rivers, spills may occur to those fresh water bodies. It is important to 

understand the consequences of these incidents and their potential impact on the sensitive 

biota nearby. Streams and rivers are turbulent water bodies (Tenneskes and Lumley, 1972) 

with significant vertical mixing (Tonina and Buffington, 2007), which has the potential to 

transport contaminants to the bottom of a river (Hoehn et al., 2007; Tonina and Buffington, 

2007). If dissolved contaminants are transported to the underlying sediment they may have 

an adverse effect on biota that reside in the sediment. In addition, they may mix with the 

hyporheic and groundwater flows beneath the river. Of particular concern are systems with 

enough vertical mixing to transport suspended oil droplets, resulting from spills, to and into 

these sediments. 

Hyporheic exchange is the mixing of surface water and groundwater flows in the hyporheic 

zone immediately below a flowing water body. This upward and downward exchange of 

water is caused by pressure variations along the bed of a river. Hyporheic exchange has a 
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significant impact on nutrient cycling in flowing water bodies  (Bjornn and Reiser, 1991; 

Geist and Dauble, 1998; Packman et al., 2004; Salehin et al., 2004; Vollmer et al., 2002). 

Many aquatic organisms reside within the hyporheic zone. For example, several species of 

salmonid incubate and develop in the hyporheic zone, using the exchange of groundwater 

for added warmth during the winter, the input of nutrients and dissolved oxygen, and the 

removal of waste (Bjornn and Reiser, 1991; Geist and Dauble, 1998).  

 Quantifying hyporheic flows, in both the field and laboratory, is challenging 

because they occur below a flowing free surface, and it is difficult to visualize and 

instrument flow in porous media. The majority of research on hyporheic flow has focussed 

on net exchange processes between free surface flow and the underlying sediment bed, and 

not on the flow within the sediment bed itself. Many studies have used a known initial 

solute concentration in the free surface flow, and measured decreases in this solute 

concentration due to exchange processes with water in the bed that was initially saturated 

with solute-free water (Elliott et al., 1997; Nagaoka and Ohgaki, 1990; Packman et al., 

2004; Salehin et al., 2004; Zhou and Endreny, 2013). These studies measured hyporheic 

exchange volume and hyporheic flow depths, and their relationships to features of the bed. 

Some of the studies that measured hyporheic flow depths (Elliott et al., 1997; Salehin et 

al., 2004), collected samples at intervals ranging from 22 minutes up to 1 week. For flow 

velocities expected to be on the order of cm/s (Savant et al., 1987; Thibodeaux and Boyle, 

1987) these sampling intervals are likely inappropriate for measuring hyporheic flow 

velocities; additionally, measurements of flow depths could be significantly affected by 

lateral dispersion. These studies did not provide details on flow pathways or velocities in 

the sediment, which are important for understanding contaminant transport.  
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Other previous studies have used highly-instrumented experiments, including Particle 

Imaging Velocimetry to measure interstitial velocities (Blois et al., 2013; Blois et al., 2012; 

Detert et al., 2007; Klar et al., 2004), hotfilm sensors to measure turbulence intensity 

(Nagaoka and Ohgaki, 1990), or micro piezometers to determine the pressure distributions 

along the surface of the bed (Tonina and Buffington, 2007). In studies that measured 

velocities, these velocities were at the pore-scale and were measured in only a small 

fraction of the bed (1-6 pores). They did not map the flow pathways through the bed or 

quantify hyporheic flow velocities along the entire flow path. In order to observe flow 

pathways and velocities associated with hyporheic flows, several studies have used 

different dyes and tracers to visualize flow through the bed over time (Endreny et al., 2011; 

Marzadri et al., 2010; Savant et al., 1987; Thibodeaux and Boyle, 1987; Vollmer et al., 

2002; Zhou and Endreny, 2013). Many of these relied on tracing the outline of the dye 

plume on the walls of the flume (Elliott et al., 1997; Savant et al., 1987; Thibodeaux and 

Boyle, 1987; Zhou and Endreny, 2013), making measurements of fast flows difficult and 

limiting the results to visual detection limits. In addition, tracers used in these studies may 

have been more dense than the water (up to 2.7 times (Vollmer et al., 2002)), resulting in 

gravity effects that produced different flow pathways than for water alone. Some of these 

studies introduced dye to the free surface flow, and observed the dye transport into the 

sediment bed (Elliott et al., 1997; Salehin et al., 2004), and density may have also affected 

their flow.  

Many of the studies that have measured hyporheic flow in laboratory experiments have 

been limited by their use of shallow sediment depths and unrealistic sediments.  For 

example, Nagaoka and Ohgaki (1990) used 1.9 cm and 4.08 cm diameter ceramic spheres 
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in a packing that was approximately seven grain diameters deep.  Other studies (Blois et 

al., 2013; Blois et al., 2012) used ordered packings of 4 cm diameter ceramic spheres that 

were six grain diameters deep, or a 6 cm sediment depth (Endreny et al., 2011), which do 

not properly represent natural systems that occur in rivers or streams.   

 There is a need for laboratory experiments that combine realistic physical models 

and high resolution measurement of hyporheic flow for flow path mapping and 

quantification of flow velocities in the bed. The objective of this work was to develop and 

apply a novel laboratory technique to investigate hyporheic flow through and below a 

gravel bar in a simulated river bed in a laboratory flume. Digital images of dye injected 

into the gravel were used to identify flow paths and quantify flow velocities as a function 

of position in the bed, at different depths as well as upstream and downstream of the bar 

top. 

 

2.2 Description of laboratory experiment 

2.2.1 Laboratory set up and flow conditions  

The experiment was carried out in a glass-walled flume at the Queen's University Coastal 

Engineering Laboratory in Kingston, Ontario, Canada. The flume was 11 m long, 0.39 m 

wide, and 0.41 m deep, and could be tilted to a maximum slope of 1/1. A vertical tailgate 

was installed at the downstream end of the flume to enable control of the flow conditions.  

Water was pumped from a sump to a constant head reservoir using a centrifugal pump 

(maximum capacity of 0.23 m3/s), and then supplied from the constant head reservoir to 

the flume through a pipe with a valve for control of flow rate. After travelling through the 

flume, the water was discharged to the sump before being pumped back up to the constant 
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head reservoir, completing the hydraulic circuit.  

 

   
Figure 2.1: Schematic of testing area of the flume (not to scale).   

 

  

The gravel bed was constructed on wooden platforms raised 17.5 cm above the 

flume floor from 0 – 5.07 m and 7.27 – 11 m along the length of the flume. These elevated 

portions of the flume were coated in a gravel layer two grains thick in order to ensure a 

consistent roughness along the length of the flume. The mid portion of the flume (5.07 – 

7.27 m) was filled with gravel 20 cm deep to view flows through the hyporheic zone. A 

two-dimensional bar 7.6 cm in height and 1.4 m long was built on top of this 20 cm-deep 

gravel, with the top of the bar located at 6.2 m length from the flume entrance (Figure 2.1). 

All gravel had a median particle diameter of 7.7 mm and ranged in size from 1.7 – 12.5 

mm (Figure 2.2).  

   
Figure 2.2: Particle size distribution of gravel used in the flume. 
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Experiments were performed under steady-state flow conditions. Once the gravel, 

including the gravel bar, had been placed in the flume, experimental flow conditions were 

established. The height of the water surface varied immediately downstream of the bar, 

however uniform flow conditions in the downstream end of the flume (approximately 2 m 

downstream of the bar top) were ensured before conducting the experiments. A 

reproducible steady flow was achieved in part by ensuring a consistent discharge and slope 

through the flume. The conditions characterized herein have a flow depth of 17.9 cm, 

measured from the top of the gravel to the free surface at a location 9 m along the length 

of the flume.  This location was characteristic of the uniform flow conditions that govern 

free surface flow in the flume. Discharge was equal to 0.0154 m3/s, while average flow 

velocity was 0.217 m/s. The slope of the bed in these experiments was 0.0013 m/m (1/750). 

Flow in the flume was turbulent, with Reynolds number (Re) equal to 38879 (where  

Re = /)v( h , in which v is the average flow velocity in the flume, h is the depth of water at 

uniform flow conditions, and ν is fluid kinematic viscosity). Free surface flow elevation 

was determined using a point gauge (with a Vernier scale accurate to 0.1 mm), and 

discharge was monitored by instrumenting the inflow pipe with a STUF-200H Ultrasonic 

Digital Flow Meter.  

 Uncertainty in measurements of free surface elevation as determined by measuring 

free surface elevation at three transects located on the flume centerline at 4, 6.3, and 10 m 

from the flume entrance (test H17.9-S1:750). These locations were representative of three 

different free surface flow conditions along the length of the flume (very calm upstream 

and downstream of the bar, and wavy immediately downstream of the bar top). At each 

location, the measurements were repeated ten times (see table A6 in Appendix A). The 
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standard deviation varied from 0.04 to 0.07 cm for the points located 6.3 and 4 m from the 

flume entrance. On the basis of these results, it is judged that the different free surface 

conditions along the flume did not adversely affect the accuracy in the measurements.  

2.2.2 Dye injection 

Visualization of flow in the hyporheic zone was performed using a solution of food 

colouring (blue food colour, Castella distributors) and water (2.2% dye by volume). Dye 

solution was injected in the gravel at one of fourteen points within the gravel (Figure 2.3). 

Injection points were located upstream (U1 – U9) and downstream (D1 – D5) of the bar, 

at varying depths below the sediment-water interface. 

 
Figure 2.3: Free surface and bed profiles as well as dye injection locations.   

  

Blue food colouring mixed with water was chosen as the dye for the experiments 

because it does not stain the gravel and was visible when injected into the gravel. The blue 

food colouring consisted of water, citric acid, FD&C Blue #1 (C37H34N2Na2O9S3) and 

sodium benzoate. A low concentration was used and the solution had a density of 1.00 

g/cm3. The dye was injected through individual polyvinyl chloride tubes (4 mm inner 

diameter) by syphoning from a 20 L bottle outside of the flume.  These injection tubes were 

installed during the emplacement of the gravel adjacent to the front glass wall of the flume, 

so as not to disturb the gravel between injections.  The solution level in the influent bottle 

U1  U2 U3     U4  U9 

U5   U6 U7  U8 D1       D2  D3 D4  D5 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C37H34N2Na2O9S3&sort=mw&sort_dir=asc
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was maintained at an elevation 1 cm higher than the water level above the outflow of each 

injection tube to maintain consistent dye flow across all injections. In each experiment, dye 

was injected into the gravel at one of the fourteen injection locations by opening a valve in 

the injection tube. Each injection continued until the plume of dye was observed to enter 

the free surface flow, at which time the valve was closed. Dye injections at each of locations 

U1 – U9 and D1 – D5 were conducted independently, such that dye originating from only 

one injection location was present in the flume at any time. Dye from previous injections 

(less than 10 L over all experiments) was returned to the recirculation system and was 

therefore diluted in roughly 10 m3 of water and was not expected to affect subsequent 

injections.  

 

2.3 Image acquisition 

Dye has been used successfully in conjunction with digital imaging techniques to quantify 

water flow through porous media based on the measurement of pixel colour intensities in 

a variety of applications (Forrer et al., 2000; Huang et al., 2002; Rahman et al., 2005). 

Some studies have used the subtraction of images that have been aligned to a common 

datum to show changes over the time between when the two images were taken, which is 

a technique that has also been used in angiography (Beier et al., 1997; Brennecke et al., 

1977; Miki et al., 1995). 
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Figure 2.4: Raw video screenshot of full dye plume at injection point U1.  

Images of the dye in the flume (e.g., Figure 2.4) were captured with a remote 

controlled digital camera (Canon Rebel EOS T5i) located 2 m from the front wall of the 

flume. Images were captured at a rate of 23.96 frames per second and a resolution of 1080 

× 1920 pixels (0.59 mm × 0.59 mm per pixel). The glass wall of the flume was lit with 

fluorescent lights mounted immediately above and below the front wall of the flume. 

Imaging began as the dye was first injected and lasted until the dye had travelled out of the 

gravel. Single images were extracted from video files and converted from RGB images 

(referred to here as R(x,z,t) images) to greyscale images (referred to here as I(x,z,t) 

images), in which each pixel was assigned a value between 0 (black) and 255 (white), 

referred to here as pixel intensity (Figures 2.5 and 2.6).  All image processing was 

conducted using MATLAB (R2015a). 
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Figure 2.5: Images of dye injection at location U1 showing (a) the scaling image used for 

image registration (I0), grayscale images (I) after (b) 20, (c) 60, and (d) 100 seconds, and 

difference images (D) after (e) 0, (f) 20, (g) 60 and (h) 100 seconds.   

  

The resulting greyscale images were then aligned (registered) (referred to here as 

IR(x,z,t) images) to a single image (referred to here as the I0(x,z) image) taken prior to any 

of the dye injections. Image registration was performed based on four user-identified 

control points which were consistent with markings placed on the front wall of the plume 

prior to the experiments. This registration was conducted to minimize noise during further 

image processing (see subtraction step described below) and to orient each image in a 

common coordinate system that allowed results from separate injections to be combined as 

a representation of the entire flow system. In the presentation of these results, the IR(x,z,t) 
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images have been rotated such that the bottom of the flume is horizontal, regardless of the 

imposed slope. 

 

   
 

Figure 2.6: Images of dye injection at location D5 showing (a) the scaling image used for 

image registration (I0), grayscale images (I) after (b) 1, (c) 2, and (d) 3 minutes, and 

difference images (D) after (e) 0, (f) 1, (g) 2 and (h) 3 minutes.   

 

To isolate the dye in the images, I0(x,z) was subtracted from IR(x,z,t) to create a 

series of difference images (referred to here as D(x,z,t) images) (Figures 2.5 and 2.6). 

Assuming negligible rearrangement of the gravel during dye injection, all changes in pixel 

intensity were due to the presence of dye or to changes in the lighting conditions.  

Spatial and temporal variability in pixel intensity (i.e., image noise) can be due to 

variation in lighting and noise in the camera sensors. The noise in each image was 

characterized using the average pixel intensity of a 2.9 cm × 2.9 cm (50 × 50 pixels) region 

where no change in dye concentration occurred. The location of this noise characterization 

region was different for experiments with an injection point upstream of the bar compared 

to those with an injection point downstream of the bar.  For upstream injections (U1 – U9), 
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the region was located 19.3 cm below and 31.8 cm downstream of the top of the bar.  For 

downstream injections (D1 – D5), the region was located 19.3 cm below and 27.1 cm 

upstream of the top of the bar. The average pixel intensities in these noise characterization 

regions were used for noise minimization during image processing. 

 

2.4 Image Processing 

2.4.1 Flow path determination 

The hyporheic flow path originating from each of the fourteen injection points was 

determined by further analysis of the difference images.  For each injection location, a 

D(x,y,tf) image was selected, where tf is the time at which the difference image with the 

least noise that best showed the entire flow path was captured. The flow path was identified 

by determining the centre of mass of the dye in the direction approximately perpendicular 

to the hyporheic flow direction, along the dye plume. To determine this centre of mass, 

differences in pixel intensity along a series of transects extending radially from an 

approximately centered point above the bar to a pre-determined lower limit were 

considered.  

The transects were spaced 2 mm apart in the middle of the dye plume, based on the 

coordinates of the previous two centres of mass. For example, a group of ten adjacent 

transects are shown in Figure 2.7 (green lines tightly spaced that appear as a triangle).  

Differences in pixel intensity at 500 points (calculated using nearest neighbour 

interpolation in MATLAB) along the length of each transect were used to create a series 

of difference intensity profiles (Figure 2.8(a-j)).  Based on these transects, a series of 

average difference intensity profiles was created by subtracting the average difference in 
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pixel intensity of the noise characterization region, setting differences in pixel intensity at 

locations greater than 10.6 cm on either side of the maximum difference to zero (with the 

location of the maximum estimated using a smoothed profile created with a Lowess 

smoothing function in MATLAB) and averaging each group of ten adjacent transects 

(Figure 2.8k).  

 

 

 

 

Figure 2.7: Sampling transects from central point to bottom of trapezoidal limit in test U1. 

Each green triangle represents 10 tightly spaced transects, and each red dot represents a 1.4 

cm diameter area around the centre of mass, while the purple line is the lower limit of the 

transects. Two images are included to show progression of the centre of mass calculations 

on the same D(x,y,tf) image. 

1920 0 

1080 

1920 0 

1080 
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Figure 2.8: Example differences in pixel intensity along 10 adjacent transects (a-j) in the 

dye plume and (k) the average difference intensity profile (after noise reduction) used to 

calculate the centre of mass at that location in the dye plume for injection at location U1.  
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Assuming the difference in pixel intensity to be a proxy for dye concentration in 

the D(x,y,tf) images, the centre of mass of each average difference intensity profile (at 2 

cm intervals) was calculated as the ratio of the first and zeroth moments of the difference 

in pixel intensity given by equation 2.1: 
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where M z  is the location of the centre of mass of the pixel intensity along the transect, Dn 

is the difference in pixel intensity at point n, and ln is the location of point n along the length 

of the transect.  The flow path of each injection point was then determined by linear 

interpolation between adjacent centre of mass locations.  

 

2.4.2 Hyporheic flow velocity 

Hyporheic flow velocities were also determined by analysis of the difference images.  

Breakthrough curves of differences in pixel intensity (i.e., the difference in pixel intensity 

over time) were determined at two locations near the beginning (injection point) and end 

(flow of dye out of the gravel and into the free surface flow) of the dye plume.  The 

locations of the centre of mass 2 cm from each end of the plume (i.e., the second and 

second-to-last centre of mass locations used for the determination of the flow path) were 

selected.  The average difference in pixel intensity in a 1.4 cm-diameter region about the 

centre of mass location was used in all cases.  Examples of breakthrough curves for 

injection points U1, U3 and D5 are shown in Figure 2.9.  All breakthrough curves were 
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smoothed using a Robust Lowess function in MATLAB (weighted linear least squares and 

a first degree polynomial, and assigning lower weights to values outside of six mean  

 

 

 
Figure 2.9: Breakthrough curves for injection points U1, U3, and D5 of the centres of mass 

used to calculate velocity. The black circles represent mid points between zero and the 

highest pixel intensities.  
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absolute deviations) to avoid artificial maximums or skewing the data with false peaks, and 

thus altering the arrival time of the dye. The arrival time of the dye at each location was 

represented by the breakthrough time for the mid-point intensity difference (i.e., between 

zero and the highest point of the smoothed curve). Mid-point intensity was selected to 

determine arrival time of dye to reduce the effects of dispersion, which influence the 

leading and trailing edges of a breakthrough curve. Velocities were calculated based on the 

difference in arrival time and the distance along the flow path between the two locations. 

Non-monotonic variations in the difference in the pixel intensity are present in 

Figure 2.9, and in the breakthrough curves for all dye injection locations except for U2 and 

D2 (Appendix D).  It was suspected that these variations could be due to variations in 

lighting intensity caused by the fluorescent light source.  To investigate this further, the 

difference in pixel intensity in the noise characterization region for injection location U1 

is exhibited in Figure 2.10. Figure 2.10 is based on an image capture frequency of 4 Hz (1 

image every 0.25 s), but shows the magnitude of the oscillations expected due to lighting 

variations.  The peak-to-peak amplitude of approximately 0.6 shown in Figure 2.10 is less 

than the approximately 2-3 shown in Figure 2.9c and the early (<100 s) oscillation 

amplitude of the first curve in Figure 2.9a. However, it is greater than the variation seen 

elsewhere in Figure 2.9. Therefore, some variation may be attributed to lighting changes, 

while others may be due to flow processes in the bar.  
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Figure 2.10: Average pixel intensity of the noise quantification zone in the difference 

images for injection point U1 versus image number (with regard to a sampling frequency 

of 4 frames/s). 

 

 

2.5 Results and Discussion 

2.5.1 Flow paths 

Examples of results of the different dye injections showing hyporheic flows travelling from 

upstream to downstream and from downstream to upstream are depicted in Figures 2.5, 2.6 

and 2.11.  As expected, hyporheic flow originating upstream of the bar is in the direction 

of the free surface flow, and hyporheic flow originating downstream of the bar is in the 

opposite direction of the free surface flow.  This is in good agreement with previously 

reported results (Bjornn and Reiser, 1991; Blois et al., 2013; Buffington and Tonina, 2009; 

Endreny et al., 2011; Savant et al., 1987).  In each injection, the dye plume increased in 
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width due to transverse dispersion as it progressed along the flow line, as also observed by 

Thibodeaux and Boyle (1987). Dye intensity decreased with increasing distance along the 

flow line (Figure 2.5h), likely due to transverse dispersion both parallel and perpendicular 

to the glass wall (three dimensional effects). This study did not quantify three dimensional 

effects, but it is possible that a flow line could turn away from the glass wall if there was a 

local low point in the free surface flow away from the glass wall.  The transverse dispersion 

of dye injected downstream of the bar resulted in the formation of an asymmetric plume 

and demonstrated the presence of a flow divide between the upstream and downstream 

hyporheic flow, which appeared as a sharp line of dye that was nearly perpendicular to the 

base of the flume (Figure 2.6h).   

Once the dye reached the free surface flow, it remained in suspension just 

downstream of the bar top, which indicates that there is flow separation after the top of the 

bar, and a recirculating zone on the downstream side of the bar. Below the separation zone, 

the flow in the free surface was either stagnant or going against the mean free surface flow 

direction. The separation zone is characterized by turbulent eddies rotating in the upstream 

direction.    

Figure 2.11 shows difference images following dye injection at locations U1, U3, 

D1 and D5.  Also shown are the flow lines determined using the centre of mass calculations 

described in Section 2.4.1.  The location of the flow lines show good agreement with the 

observed dye plumes for all injection locations. 
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2.5.2 Flow velocities 

Velocities calculated using the breakthrough curves described in section 2.4.2 are listed in 

Table 2.1.  Also listed are observed velocities, based on the time between the opening of 

the valve in the dye injection tube and the first observation of dye to the free surface. 

Velocities of hyporheic flows that originated upstream of the bar were between 1.0 cm/s 

and 2.1 cm/s (Table 1), with higher velocities belonging to the shallower flow lines.  No 

velocity was measured from the flow line associated with injection at location U9 because 

the line was not long enough to register the required number of centres of mass (at least 4). 

The downstream flow lines had similar velocities, all of which were lower than the 

velocities of the flow lines originating upstream of the bar.  In most injections, the 

velocities measured by image processing were within 35% of those based on observed exit 

of the dye from the gravel bar.  Exceptions are injections at locations U3 and D1, which 

differed by 160% and 46%, respectively.  Overall, these results show good agreement 

between observations and velocities calculated using image processing.   

Flow lines and velocities from the injections at points U1 – U9 and D1 – D5 are 

shown together in Figure 2.12.  Dye injected at injection points upstream of the bar top 

behaved predictably, with hyporheic flow travelling under the bar and discharging 

downstream of the bar top. The arcs of the flow paths do not run parallel and converge as 

they turn upward; for example, by comparing the distance between the downstream and 

upstream ends of U1 and U4 in Figure 2.12. The flow lines exit the sediment on the 

downstream side of the bar closer to the bar top than the injection point upstream. It is 

important to note that these flow lines are neither symmetric about the bar top (as expected 

if only momentum effects in the bed were considered) nor is their exit location coincident   
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Figure 2.11: Difference images of U1, U3, D1, and D5 (top to bottom, respectively), with 

flow lines superimposed in black, sediment and free surface profiles superimposed in 

white, and the flow divide shown in blue.  
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with the location of the minimum free surface elevation (as expected if a hydrostatic 

pressure distribution at the bed surface is considered). It is likely that the exit location is 

influenced by the counter current direction of the turbulent eddies in the flow separation 

zone.   

 

Table 2.1: Change in free surface elevation (ΔZ), average flow velocity (both calculated 

using the image processing method, and observed), and flow line length for each injection 

point. 

  

Injection 

point 

ΔZ  

(cm) 

Average velocity (cm/s) 

(image processing) 

Observed average 

velocity (cm/s) 

Length of 

flow line (cm) 

U1   2.1  1.0 1.1 69.5 

U2   3.4  1.3 2.1 41.0 

U3   2.9  1.7 0.7 28.1 

U4   0.5  2.1 1.6 11.1 

U5  0.6 1.2 1.4 49.5 

U6  -0.8  1.3 1.9 24.2 

U7  -2.5  1.1 1.4 26.9 

U8  -2.0  1.5 1.5 16.4 

U9  -0.2   - 2.5 5.0 

D1   2.1  0.5 0.9 17.7 

D2   0.7  0.7 0.9 51.8 

D3   1.1  0.6 0.6 64.1 

D4   0.8  0.6 0.8 60.2 

D5   0.5  0.6 0.6 86.4 

 

 

   
 

Figure 2.12: Flow lines from injection points U1 – U9 and D1 – D5 with their associate 

velocities (average speed of dye flow for each flow path appears at the middle of that flow 

path). The dark blue line represents the water surface for the given flow conditions, while 

the light blue line represents the flow divide in the sediment.  
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2.3 Conclusions 

A novel, reproducible laboratory technique was developed using a simulated river bed in 

the 11 m long, recirculating, tilting flume at the Coastal Engineering Laboratory at Queen’s 

University to quantify hyporheic flows. Digital image processing was applied to determine 

hyporheic flow paths and velocities in a gravel bed. A gravel bar was constructed, and 

fourteen dye injection points within the bed and near the sediment-water interface both 

upstream and downstream from the top of the bar were used to determine flow paths and 

velocities. Image subtraction was used to make the dye immediately distinguishable from 

the sediment and water, and flow paths were determined based on a series of centres of 

mass. These centres of mass were calculated as the moment of pixel intensity along 

transects that ran roughly perpendicular to the injected dye plume in the sediment. The 

image processing accounted for camera movement, as well as scaled all images to make 

them immediately comparable among tests.  

Calculated flow lines and velocities agreed well with observations.  Combining all 

flow lines showed a zone of convergence where all flow lines emerged in the free surface 

from the sediment, downstream of the bar top. For those tests whose injection points were 

downstream of the bar top, hyporheic flows travelled against the mean free surface 

gradient, creating a hyporheic flow divide in the sediment. Velocities were found to 

decrease as their penetration depth in the sediment increased. This technique has practical 

application in tracking and quantifying changes in any porous medium that has a viewpoint 

for capturing images. These results have indicated that hyporheic flows decrease in speed 

as depth in the sediment increases. The existence of flows that go against the free surface 
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gradient is demonstrated, and a flow divide exists in the case with a two dimensional bar.  

This method very well captures hyporheic flow path lines through the gravel in the 

vicinity of the bar. As shown in Figure 2.12, all flow lines have been drawn to exhibit the 

presence of dye in the gravel. The methodology outlined above uses truncated transects 

that are roughly perpendicular to the dye cloud and considers the moment of pixel intensity 

in the relevant area, assigning unique flow paths that are reflective of exactly how the dye 

has progressed through the sediment. This method is the result of many iterations, after 

applying different levels of smoothing, averaging, and threshold values of which to 

consider dye. This technique should be applied in the future to a variety of flow conditions 

and sediment beds to better understand the relationship between free surface flow 

condition, sediment, slope, bedforms, and hyporheic flows. 
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Chapter 3 

 

 

A laboratory study of hyporheic flows induced by a gravel bar 
 

 

3.1 Introduction 

Oil production is a major economic force in Western Canada, and is expected to 

continue to grow to meet an increasing global demand. This explains why Canada has the 

third largest network of pipelines in the world, of which 23,000 km (25%) carry crude oil. 

To address a growing shortfall in capacity, new and expanded pipelines are proposed across 

North America. Because overland pipelines inevitably cross numerous rivers and streams, 

it is critical to understand and quantify the environmental risks associated with potential 

oil spills to these water bodies. In the Canadian context, it is also important to predict the 

potential for sediment contamination, as oil trapped in the sediment can pose a substantial 

toxicity risk to fish, and can impact the reproduction of fish that spawn in sediment shoals.  

This work is intended as contribution towards the development of a means to assess 

the risk of long-term toxicity to fish embryos and fish at their early stages of life due to oil 

trapped in river bed sediments. The focus is on gravel or gravel dominated rivers, featuring 

shoals and bars typically used by fish species and especially salmon, to deposit their eggs. 

 Such rivers, found throughout Canada, are characterized by relatively steep 

gradients and fast flows in part or all of their courses. Bed sediments are sufficiently 
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permeable that pressure gradients caused by the interactions of river flow with topographic 

elements (e.g., gravel bars), changes in depth, and changes in direction are sufficient to 

induce hyporheic flows, i.e. downwelling and upwelling water flows through permeable 

sediments (Fox et al. 2014; Tonina and Buffington, 2007; Trauth et al. 2013). If consisting 

of clean water, such flows sustain embryo development by maintaining high oxygen 

concentration and removing metabolic wastes (Bjornn and Reiser, 1991; Geist and Dauble, 

1998). Embryo survival determines recruitment and abundance of fish, the health of fish 

habitat, and the success of sport and commercial fisheries. Hyporheic flows induced by 

gravel bars (or other “objects” in the flow) appear also as one of the most effective means 

of sediment contamination, with the potential to carry oil, as well as other contaminants, to 

substantial depths into river beds.  

As is well known, a considerable number of both laboratory and numerical works 

have been produced, especially in recent years, on hyporheic flow through dunes (Cardenas 

and Wilson, 2007; Elliott et al., 1997; Elliott and Brooks, 1997; Fox et al., 2014; Hester et 

al., 2013; Packman et al., 2004; Savant et al., 1987). However, the hyporheic flow through 

gravel bars or pool-riffle systems has been the object of only a few isolated experimental 

and numerical studies (Gariglio et al., 2013; Tonina and Buffington, 2007, 2011; Trauth et 

al., 2013). In these studies, the computation of the hyporheic flow was invariably based on 

Darcy’s law, with the free surface being solved independently from the hyporheic flow as 

a means to determine the driving pressure of the latter. Yet, the flow through gravel bars is 

likely to exhibit significant velocities, in which case Darcy’s law no longer applies as a 

governing equation. Additionally, experimental cases against which numerical models can 

be validated are lacking in the literature, not only because the range of conditions 
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investigated in the past was limited, but also because the studies did not characterize the 

hyporheic flow induced by bars at high spatial and temporal resolutions.      

Considering the aforementioned, the purpose of this chapter is to present a series of 

detailed experiments on hyporheic flow induced by a gravel bar. This was carried out with 

the aim of gaining insight into the detailed nature of the hyporheic flow, including its 

relationship to free surface flows with different hydraulic conditions, its flow patterns, 

depths of penetration, and velocities. The present tests are also intended as a contribution 

addressing the present scarcity of data on hyporheic flows through bars required to support 

numerical modeling efforts.  

 

3.2 Description of experimental tests 

The experiments were carried out in a recirculating tilting flume at the Queen’s University 

Coastal Engineering Laboratory in Kingston, Ontario, Canada. The flume was 11 m long, 

0.39 m wide, and 0.41 m deep, and could be tilted to a maximum slope of 1/1. A vertical 

tailgate was installed at the downstream end of the flume to enable control of the flow 

conditions.  Water was pumped from a sump to a constant head tank with the aid of a 

centrifugal pump (maximum capacity of 0.23 cubic meters per second). It was then 

conveyed from the constant head tank to the flume through a pipe with a valve for control 

of the flow rate. After travelling through the flume, the water was discharged back to the 

sump, completing the hydraulic recirculating circuit. The flume side walls were made of 

glass. To simulate the substrate underneath a bar, a ≈ 0.20 m deep layer of gravel was 

placed in the mid-portion of the flume, between 5.07 and 7.27 m from the flume entrance 

(see Figure 3.1). The floor level was raised by 0.175 m both upstream and downstream of 
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this gravel layer by installing raised wooden boards (1.5 cm thick). A layer of gravel 

approximately two grains thick was placed on these boards to match the elevation of the 

gravel bed surface in the mid portion of the flume and provide consistent roughness along 

its entire length. A two-dimensional, axi-symmetric gravel bar (1.4 m long and 0.076 m 

high) was constructed over the 0.20 m deep gravel layer, as shown in Figure 3.1. The gravel 

was a peastone with grain sizes between 1.7 mm and 12.5 mm and median grain size (D50) 

of 7.7 mm (see Figure 3.2). The gravel had a uniformity coefficient (D60/D10) of 1.5. 

 

Figure 3.1: Schematic of flume showing the gravel bar. 

     
 

Figure 3.2: Gravel particle size distribution curve.   

 

 In total, six experiments were carried out. For three of these experiments, the flume 

was set to a slope of 1/750, while for the remaining three, it was set to a slope of 1/2000. 

0

10

20

30

40

50

60

70

80

90

100

1 10 100

%
 F

in
er

Particle Size (mm)



44 
 

For each value of the slope, three experiments were conducted, each corresponding to a 

different value of the flow depth.  

  The hydraulic conditions in the experiments were as summarized in Table 3.1, in 

which Q is the flow rate, S is the bed slope, h is the flow depth measured at 9 m from the 

flume entrance, v is the average flow velocity ( )/(BhQ ),v* is the shear velocity ( hgSR  

in which Rh is the hydraulic radius), Re is the flow Reynolds number ( /)v( h , in which 

ν is fluid kinematic viscosity), Fr is the flow Froude number (= gh/v ), Re* is the 

roughness Reynolds number (= vks /)v( * ),  Y is the mobility number  ( )/()v( 2
* Ds , often 

referred to as Shields parameter), and Ycr is the value of Y at the critical stage of initiation 

of sediment transport. For the present purposes, ρ, ν, and γs were identified with 1000 

kg/m3, 10-6 m2/s, and 16186.5 N/m3; following Kamphuis (1974) and Yalin (1976, 1992), 

ks = 2D50; on the basis of Eq. (1.4) in Yalin and da Silva (2001), Ycr = 0.045. As follows 

from the values of Y/Ycr in Table 3.1, in all tests the values of the average bed shear stress 

were substantially below the critical bed shear stress associated with the initiation of 

sediment transport. The gravel in the present tests was never displaced or transported 

downstream by the flow. As can be inferred from Table 3.1, there are differences in flow 

depth between the second and fifth tests (h = 14.6 and 14.8 cm, respectively); as well as 

between the third and sixth tests (h = 11.2 and 10.7 cm, respectively). These differences 

are minor, and the flow depths in the tests can be viewed as representing h = 17.9, 14.7, 

and 11.0 cm (in which 14.7 and 11.0 cm are the average values of the flow depths of tests 

having comparable flow depth and different slopes). 

 The hydraulic conditions of tests with different slopes are compared in Table 3.2. 

Here vr, Rer, and Frr are the ratios of v, Re, and Froude number Fr between the tests at the 
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1/750 and their counterparts at the 1/2000 slope. The values of v, and consequently the 

values of Re, and Fr, for tests carried out at the 1/750 slope are approximately 1.50 times 

larger than those for the slope of 1/2000. As follows from the content of the next paragraph, 

a pertinent characteristic of the present experiments is that for each test carried out at a 

given slope (e.g. 1/750) and a given flow depth, its counterpart had a similar free surface 

shape along the channel (and thus comparable hydraulic gradients), but considerably 

different streamflow velocity (and hence flow dynamics).  

Once the flow was established for each experiment, the free surface elevation was 

measured along the flume with the aid of a point gauge (resolution ± 0.1 mm), installed on 

the flume railings. The flow depth (along the flume) was determined by subtracting the 

values of free surface elevation from values of bed surface elevation. The resulting 

longitudinal bed profile, as well as the free surface profiles for all tests are shown in Figure 

3.3 (see Appendix A for the complete data). The flow rate was measured by instrumenting 

the inflow pipe with a STUF-200H Ultrasonic Digital Flow Meter.  

 Uncertainty in measurements of free surface elevation was determined by 

measuring free surface elevation at three transects located on the flume centerline at 4, 6.3, 

and 10 m from the flume entrance (test H17.9-S1:750). These locations were representative 

of three different free surface flow conditions along the length of the flume (very calm 

upstream and downstream of the bar, and wavy immediately downstream of the bar top). 

At each location, the measurements were repeated ten times (see table A6 in Appendix A). 

The standard deviation varied from 0.04 to 0.07 cm for the points located 6.3 and 4 m from 

the flume entrance. On the basis of these results, it is judged that the different free surface 

conditions along the flume did not adversely affect the accuracy in the measurements.  
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Table 3.1: Hydraulic conditions of present experiments.  

TEST Q (m3/s) S h(m) v(m/s) v* (m/s) Re Fr Re* Y/Ycr 

H17.9-S1:750 0.0154 1/750 0.179 0.22 0.035 38879 0.16 3367 0.22 

H14.6-S1:750 0.0135 1/750 0.146 0.22 0.034 32753 0.19 3477 0.20 

H11.2-S1:750 0.0078 1/750 0.112 0.17 0.031 18650 0.16 2581 0.17 

H17.9-S1:2000 0.0107 1/2000 0.179 0.15 0.022 26489 0.11 2294 0.08 

H14.8-S1:2000 0.0091 1/2000 0.148 0.15 0.021 22571 0.13 2364 0.08 

H10.7-S1:2000 0.0050 1/2000 0.107 0.11 0.019 11460 0.10 1660 0.07 

 

 

 

 

Table 3.2: Ratios of velocity, Reynolds number and Froude number between the tests at 

the 1/750 slope and their counterparts at the 1/2000 slope. 

Test vr (m/s) Rer Frr 

H17.9-S1:750 and H17.9-S1:2000 1.47 1.47 1.45 

H14.6-S1:750 and H14.8-S1:2000 1.47 1.45 1.46 

H11.2-S1:750 and H10.7-S1:2000 1.55 1.63 1.60 

 

 

 
Figure 3.3: Bed surface as well as free surface profiles for all tests; the solid line 

corresponds to tests carried out at the slope 1/750; the dashed line, to tests carried out at 

the slope 1/2000. Plots based on values of free surface elevation measured with regard to 

an inclined datum coinciding with the flume bottom.  

  

 The flow in the hyporheic zone was visualized through dye injection, using a solution 

of blue food dye (Castella Distributors) and water (2.2% dye by volume). The dye solution 
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was injected in the gravel at 14 different locations as shown in Figure 3.4. The injection 

points were located both upstream (U1 – U9) and downstream (D1 – D5) of the gravel bar, 

at varying depths within the gravel. A blue food dye and water solution was selected 

because it did not stain the gravel and was clearly visible when injected into it. A low 

concentration of dye was used so that the density of the solution was similar to that of 

water.  

 

 
Figure 3.4: Dye injection locations (marked U1 – U9 and D1 – D5).   

 

 The dye was injected through polyvinyl chloride tubes (4 mm inner diameter) by 

syphoning from a 20 l bottle outside the flume. The injection tubes were positioned so as 

to be adjacent to the glass wall of the flume; they were installed before emplacement of the 

gravel, so that this was not disturbed between injections. The dye solution level in the 

influent bottle was maintained at an elevation 0.01 m higher than the water level above the 

dye outflow for each injection point to ensure consistency. For each injection location, the 

dye solution was injected by opening a valve in the injection tube. Each injection continued 

until the dye plume was observed to enter the free surface flow, at which time the valve 

was closed. Dye injections at each distinct point were conducted independently, such that 

dye originating from only one injection location was present at any time.  

 For each injection, a separate video was produced using a remote controlled digital 

U1   U2 U3         U4    U9 

U5      U6 U7  U8 D1          D2    D3 D4  D5 
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SLR camera (Canon Rebel EOS T5i) positioned on a tripod 2 m from the flume side wall 

and facing it. The camera was initially auto-focused, then set to manual focus to prevent 

refocusing while recording. The (glass) side wall of the flume was lit with fluorescent lights 

mounted above and below the wall. Video images were captured at a rate of 23.96 frames 

per second (0.59 mm × 0.59 mm per pixel). Video recording was initiated when the dye 

was first injected and lasted until the dye had travelled out of the gravel.  

 

3.3 Data processing 

A process of image subtraction was used to track dye movement through the gravel in the 

flume. As a first step in this process, each video produced during testing was separated into 

individual greyscale frames in which each pixel was assigned a value between 0 (black) 

and 255 (white), referred to here as pixel intensity. The image processing frequency used 

to obtain these frames was as follows: injection points U1, U2, and U5 = 3.99 frames/s; 

U3; and U6 = 5.99 frames/s; U8 = 7.99 frames/s; U7 = 9.99; U4 = 11.98 frames/s; U9 = 

23.96 frames/s; D1 to D5 = 0.96 frames/s. The resulting greyscale images were then aligned 

to a single image taken prior to any of the dye injections, henceforth referred to as the initial 

image.  

 To isolate the dye in the images, the initial image was subtracted from each of the 

registered images. In this process, the pixel values of any registered image is subtracted 

from the pixel value of the initial image, resulting in a greyscale image, where white 

represents the change from one picture to the other (in this case dye), and any region that 

has not changed becomes black. The process is illustrated in Figure 3.5, corresponding to 

test H11.2-S1:750, injection point U1.  
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 The hyporheic flow paths originating from each of the fourteen injection points as 

well as the associated flow velocity were determined from further analysis of the difference 

images, as briefly explained below (for complete details, see Section 2.4).  

 For each injection location, the subtracted image most clearly showing the entire flow 

path from injection point to the point of exit from the gravel and exhibiting the least noise, 

was selected. The flow path was then identified by determining the centre of mass of the 

dye in the direction approximately perpendicular to the hyporheic flow direction, along the 

dye plume. To determine each centre of mass perpendicular to the flow direction, 

differences in pixel intensity along a transect extending radially from a point approximately 

centered above the bar to a pre-determined low limit were considered. This is illustrated in 

Figure 3.6, corresponding to injection point U1, test H11.2-S1:750. Here, the dye is shown 

in white, the radial transect is shown in green, and the lower limit in purple. Each radial 

transect was itself formed by ten tightly spaced radial lines, the distance between such lines 

being approximately 2 mm in the middle of the dye plume. For each of the ten radial lines, 

the location of the centre of mass of pixel intensity (assumed to be a proxy for dye 

concentration) was then determined as the ratio of the first and zeroth moment of the 

difference in pixel intensity (see Eq. (2.1)). The results for each of the ten radial lines were 

averaged, to yield a single value for the coordinates of the centre of mass corresponding to 

each transect. The resulting sequence of centres of mass along the dye path in Figure 3.6 

is marked by red circles.  

 Image subtraction deducts the pixel values of test images from the first image of that 

test, resulting in a greyscale image, where white represents the change from one picture to 

the next (in this case dye), while any region that has not changed is now black (see Figure 
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3.5, right column).  

 
 

Figure 3.5: Demonstration of image subtraction for test H11.2-S1:750, U1. Image a, b, c, 

and d are grayscale images after 0, 20, 40, and 100 seconds. Images e, f, g, and h are the 

fully processed images resulting at 0, 20, 40, and 100 seconds. 
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Figure 3.6: Sampling transects from central point to bottom of trapezoidal limit in test 

H11.2-S1:750, U1. Each green triangle represents 10 tightly spaced transects, and each red 

dot is an averaged centre of mass, while the purple line is the lower limit of the transects. 

 

 Velocities were calculated by determining the dye front in the subtracted images as 

it passed through an area 1.4 cm in diameter around the centre of mass (red dots in Figure 

3.6, referred to as centre of mass locations). The dye front was determined mathematically 

by considering breakthrough curves at those centre of mass locations.  A breakthrough 

curve is a plot of pixel intensity versus time. A spike in pixel intensity occurs as the dye 

reaches that location. For the present experiments, dye was considered to be present when 

the pixel intensity in the location of a centre of mass reaches half of its maximum value. 

Each centre of mass location was sampled at each time step in order to determine the extent 

of penetration of the dye through the substrate at that time step.  
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Figure 3.7: Smoothed breakthrough curves for test H11.2-S1:750, U3. The midpoints 

which are circled for presentation, and those used for calculating the velocities are filled in 

black.   

 

 The breakthrough curves were smoothed to remove any outliers (and thus avoid 

artificial maximum points) using the RLOWESS function which uses weighted linear least 

squares and a first degree polynomial to assign lower weights to values outside of six mean 

absolute deviations. For added accuracy, the total time and distance considered omits the 

first and last centre of mass, as these were not consistently reliable. The hyporheic flow 

velocity was determined as the distance along the arc of the hyporheic flow line from the 

second centre of mass to the second to last centre of mass, divided by the time that it took 

to travel between the two.  

3.4 Results 

3.4.1 Hyporheic flow behaviour 

The flow lines resulting from the data acquisition and processing method described in 

previous sections for all tests are shown in Figures 3.8 and 3.9. Figure 3.8 shows the flow 

lines produced on the basis of the dye injections at injection points U1, U2, U3, U4, D1, 
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D3, and D5; Figure 3.9 shows those produced on the basis of injection points U5, U6, U7, 

U8, U9, D2, and D4. As mentioned in the previous section, the velocities shown in these 

two figures were determined by considering the time at the second centre of mass and the 

time at the second last centre of mass, and dividing by the total distance travelled by the 

dye between these points. These velocities thus represent the average flow velocity along 

the flow lines.  

 As follows from Figures 3.8 and 3.9, hyporheic flow occurred within the bar, as well 

as below it, where it extended in depth all of the way down to the flume bottom. It occurred 

both in the direction of the free surface flow, from the high pressure regions upstream of 

the bar to the low pressure region downstream of the bar top, and in the opposite direction. 

The observed flow lines corresponding to the upstream to downstream hyporheic flow 

originated over a horizontal distance of 0.35 m, and exited the gravel within an 

approximately 0.2 m wide region immediately downstream of the bar top. All flow lines 

corresponding to the downstream to upstream hyporheic flow exited the gravel in a region 

that is no more than 0.08 m in horizontal width, even though they originated at injection 

points installed over a distance of 0.28 m. This hyporheic flow pattern produced a flow 

divide on the downstream side of the bar located roughly at 0.25 – 0.45 m from the bar top. 

 As can be observed in Figures 3.8 and 3.9, for any vertical line located in the region 

affected by the hyporheic flow, the flow velocity decreases with increasing distance from 

the bar surface.  
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Figure 3.8: Resulting flow lines corresponding to injection points U1, U2, U3, U4, D1, D3, and D5, for all tests. Left column 

corresponds to the tests with a slope of 1/750 (h = 0.179, 0.146, 0.112 m in top, middle, and bottom rows respectively); right 

column corresponds to tests with a slope of 1/2000 (h = 17.9, 0.148, 0.107 in top, middle, and bottom rows respectively). Values 

shown are average hyporheic flow velocity in (cm/s). 
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Figure 3.9: Resulting flow lines corresponding to injection points U5, U6, U7, U8, U9, D2, and D4 for all tests. Left column 

corresponds to the tests with a slope of 1/750 (h = 0.179, 0.146, 0.112 m in top, middle, and bottom rows respectively); right 

column corresponds to tests with a slope of 1/2000 (h = 17.9, 0.148, 0.107 in top, middle, and bottom rows respectively). Values 

shown are average hyporheic flow velocity in (cm/s). 
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 The variation of hyporheic flow velocity with penetration depth into the gravel is 

further detailed in Figures 3.10a and b, showing plots of flow line distance to the flume 

bottom versus velocity. Figure 3.10a was produced from the observed velocities at x = 6.25 

m, corresponding to the location of the bar top; while Figure 3.10b was produced from the 

observed velocities at 6.7 m. Every graph in Figure 3.10a corresponds to a different test. 

The flow lines used to produce the graphs in this figure thus characterize the upstream to 

downstream hyporheic flow. The graphs on the left column are from the tests with 1/750 

slope; those on the right column from the tests with 1/2000 slope. Figure 3.10b is similar 

in every respect to Figure 3.10a, except that the data in the graphs in Figure 3.10b are 

derived from the dye injections at points D1, D3, and D5. The dashed lines in both Figures 

3.10a and b were visually fitted merely to highlight the trends of the data.  

The results of Figures 3.10a and b are here supplemented by Table 3.3, displaying 

the values of hyporheic flow velocity at 4 locations in the hyporheic flow domain (and 

determined on the basis of the dashed lines in Figure 3.10a and b). These include the points 

at 5 and 20 cm from the flume bottom at x = 6.25 m (with x = 0 implying the flume entrance 

(i.e. under the bar top)), and at 5 and 18 cm from the flume bottom at x = 6.70 m.  

 

Table 3.3: Hyporheic flow velocity at four points in the hyporheic domain for all tests. 

TEST 

Hyporheic flow velocity (cm/s) 

at x = 6.25 m 

Hyporheic flow velocity (cm/s) 

at x = 6.70 m  

5 cm from 

flume floor 

20 cm from 

flume floor 

5 cm from 

flume floor 

18 cm from 

flume floor 

H17.9-S1:750 0.7 1.8 0.5 0.6 

H14.6-S1:750 1.0 3.6 0.6 1.1 

H11.2-S1:750 1.0 2.7 0.6 1.2 

H17.9-S1:2000 0.7 1.2 0.3 0.5 

H14.8-S1:2000 1.0 2.8 0.4 0.8 

H10.7-S1:2000 1.1 2.7 0.5 0.9 
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Figure 3.10a: Hyporheic flow velocities versus flow line distance to the flume floor at x = 

6.25 m from the flume entrance (under the bar top); flow lines used to produce these plots 

are those corresponding to injection points U1 to U4. Each graph corresponds to a different 

test: of 1/750 shown in the left column, those with a slope of 1/2000 shown in the right 

column.  

 

  

h = 17.9 cm h = 17.9 cm 

h = 14.6 cm h = 14.8 cm 

h = 11.2 cm h = 10.7 cm 
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Figure 3.10b: Hyporheic flow velocities versus flow line distance to the flume floor at x 

= 6.7m from the flume entrance; flow lines used to produce these plots are those 

corresponding to injection points D1, D3, and D5. Each graph corresponds to a different 

test: tests with a slope of 1/750 shown in the left column; those with a slope of 1/2000 

shown in the right column.  

  

h = 17.9 cm h = 17.9 cm 

h = 14.6 cm h = 14.8 cm 

h = 11.2 cm h = 10.7 cm 
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As follows from Figures 3.8 to 3.10 and Table 3.3, the velocities of the upstream to 

downstream hyporheic flows near the flume bottom under the bar top, ranged from 

approximately 0.7 cm/s (tests H17.9-S1:750 and H17.9-S1:2000) to 1.0 -1.1 cm/s in the 

remaining tests. The flow velocities were much larger toward the gravel-water interface. 

In particular, at 20 cm from the flume floor, the velocities were in general 2.5 to 3.5 times 

larger than those at 5 cm from the flume floor. 

 As is well known, groundwater flow is considered to be turbulent if Repm > 1 (Bear, 

1979), in which Repm is the Reynolds number of the flow through the porous medium (

/v Dpm , where vpm is the flow velocity through the material, D is the average grain size 

of the material, and ν is the fluid kinematic viscosity). From this, it follows that, for the 

present gravel, flows exhibiting a velocity above 0.13 cm/s are turbulent. This means that 

in the present experiments, the conditions were always turbulent.  

The position of the flow divide line for the different tests was determined on the basis 

of dye injections at point D5. The dye plume originating at injection point D5 turned very 

sharply from the flume bottom to the sediment-water interface in a perfectly contrasted 

line, which exhibits no further upstream dispersion in the gravel. This is illustrated in 

Figure 3.11, showing the results of the dye solution injection at point D5 for the case of 

test H10.7-S1:2000 (see Appendix C for the remaining tests).  

The flow divide lines determined as explained above are also shown in Figures 3.8 

and 3.9. The distance (measured horizontally) from the flume entrance to the uppermost 

point of the flow divide line at the gravel-water interface is plotted, versus depth of the free 

surface flow in Fig. 3.12. 
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Figure 3.11: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, D5. 

 

 

 

Figure 3.12:  Distance (measured horizontally) from the flume entrance to the uppermost 

point of the flow divide at the gravel-water interface versus depth of free surface flow. The 

Circles correspond to the tests with a slope of 1/750; the triangles, to the tests with a slope 

of 1/2000. 
 

 

3.4.2 Comparison of hyporheic flow behaviour across different tests  

In the following, we start by comparing different hyporheic flow conditions at the slope of 

1/750. Later in this section, we will expand the discussion by involving the flows carried 

out with a slope of 1/2000.  

To discuss differences among the tests carried out with the slope of 1/750, in addition 

to Figures 3.8 to 3.10, consider also Figures 3.13 and 3.14. Each graph in Figure 3.13 

corresponds to a different injection point as indicated in the graph itself, and shows the 
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distance to the flume floor of the corresponding flow line for the tests with free surface 

flow depths of 17.9, 14.6, and 11.2 cm. The four graphs in the left column of Figure 3.13 

were produced using the results at x = 6.25 m from the flume entrance (coinciding with the 

bar top), and thus represent the upstream to downstream hyporheic flow; the three graphs 

in the right column were produced using the results at x = 6.7 m from the flume entrance, 

and thus represent the downstream to upstream hyporheic flow. Figure 3.14 is similar to 

Figure 3.13 except that instead of distance of the flow lines to the flume bottom, it shows 

the distance to the flume entrance (measured horizontall) of the point of dye emergence of 

the flow lines to the free surface flow.  

 As clearly illustrated by Figures 3.8 to 3.14, for the tests under consideration 

(slope = 1/750), as the depth of the free surface flow decreased, the values of local 

hyporheic flow velocity increased; while the dye from any of the upstream injection points 

penetrated deeper into the gravel, and emerged further downstream. As a result, the flow 

divide line shifted further downstream.  

 In view of the results presented above consider now Figure 3.15 (still 

corresponding to the tests at the slope of 1/750). For any of the flow lines shown in Figure 

3.8, Figure 3.15 shows the plot of average hyporheic flow velocity versus the hydraulic 

gradient ΔH/Δx, where ΔH is the difference in free surface elevation between the injection 

point and the point where the dye emerges, and Δx is the horizontal distance between the 

just mentioned points. The top graph in Figure 3.15 corresponds to the injection points U1, 

U2, U3, and U4, and thus represents the upstream to downstream hyporheic flow; while 

the graph at the bottom corresponds to injection points D1, D3, and D5, and thus represents 

the downstream to upstream hyporheic flow. As follows from Figure 3.15, the “most 
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intense” hyporheic flows (larger velocities, and consequently larger depths of penetration 

in the gravel, etc.) are, as expected, associated with the larger hydraulic gradients, 

invariably occurring for smaller flow depths when the bar acts as a considerable obstacle 

to the flow.  

However, on the basis of the tests with 1/750 slope, it is not possible to conclude 

whether the differences in the “intensity” of hyporheic flow with decreasing depth of the 

free surface slope can be attributed exclusively to the different hydraulic gradients, or 

whether the hyporheic flow is also affected by the fact that the free surface flows have 

different velocities and overall dynamics.  

To clarify this point, we consider next the tests carried out at the 1/2000 slope. As 

mentioned in Section 3.2, the free surface in each of these tests was nearly identical to their 

counterparts at the 1/750 slope (see Figure 3.3). Yet, the flow properties were very different 

(see Tables 3.2 and 3.3). 

To compare the conditions in the tests carried out with the slope of 1/2000 with 

those carried out with the slope of 1/750, consider Figures 3.16 to 3.18. These are the 

extended versions of Figures 3.10a and b, 3.13, and 3.14, respectively, in which the data 

from the tests at slopes of 1/750 and 1/2000 are plotted together. As evidenced by Figures 

3.16 to 3.18, the “intensity” of the hyporheic flows at the same flow depth and different 

slopes were invariable comparable (similar local flow velocities, similar depth of 

penetration of dye originating from a given injection point, etc.). This result clearly 

suggests that the hyporheic flow over a given “object” is determined by the downstream 

hydraulic gradients imposed by the shape acquired by the free surface flow as it passes 

over the “object”, irrespective of other hydraulic conditions of the free surface flow. 
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 This result is significant from a practical standpoint, as it suggests that to 

accurately determine hyporheic flows past bars, it sufficient to determine (or reveal) shape 

of the free surface. This, in principle, can be achieved with the aid of a 1 or 2-D 

hydrodynamic computer model, and avoiding the use of more complex and time consuming 

3-D hydrodynamic models to resolve the free surface flow.  

 

3.4.3 Relationship between velocity and hydraulic gradient 

As mentioned earlier, the present hyporheic flows were invariably turbulent. This means 

that Darcy’s law is not valid, and thus that the dependency of hyporheic flow velocity and 

hydraulic gradient is not linear. In view of this, consider Figure 3.19, in which the observed 

hyporheic flow velocities for all tests are plotted versus ΔH/Δx (determined as described in 

Section 3.4.2). As evidenced by this figure, a non-linear trend is not evident in the data. 

This may be because the flow domain is too confined – and not because the relationship is 

not inherently non-linear.  
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Figure 3.13: Distance to the flume floor of flow line originating at specific injection points 

with regard to depth of free surface flow. The four graphs in the left column were produced 

from the data at x = 6.25 m from the flume entrance; those in the right column, from the 

data at x = 6.7 m. 

  

Inj. Point = U1 

Inj. Point = U2 

Inj. Point = U3 

Inj. Point = U4 

Inj. Point = D1 

Inj. Point = D3 

Inj. Point = D5 
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Figure 3.14: Distance to the flume entrance (measured horizontally) of the point of dye 

emergence of flow lines to the free surface flow, with regard to depth of free surface flow, 

for tests with a slope of 1/750. The four graphs in the left column were produced from the 

data at x =6.25m from the flume entrance; those in the right column, from the data at x = 

6.7 m. 

 

  

Inj. Point = U1 

Inj. Point = U2 

Inj. Point = U3 

Inj. Point = U4 

Inj. Point = D1 

Inj. Point = D3 

Inj. Point = D5 



66 
 

 
 

Figure 3.15: Plot of average hyporheic flow velocity of observed flow lines versus 

hydraulic gradient ΔH/Δx, for tests with a slope of 1/750. The top graph corresponds to the 

flow lines originating at the injection points U1 – U4; the bottom graph, to those originating 

at the injection points D1, D3, and D5. Circles imply h = 17.9 cm; crosses imply h = 14.6 

cm; triangles imply h = 1.2 cm.  
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Figure 3.16: Velocity of hyporheic flow versus distance of hyporheic flow line to flume 

floor for injection points U1, U2, U3, U4 (left column; circles represent a slope = 1/750, 

while crosses represents a slope = 1/2000) taken with respect to x = 6.25 m from flume 

entrance (corresponding to the top of the bar); D1, D3, and D5 (right column; triangles 

represent a slope = 1/750 while asterisks represent a slope of 1/2000) corresponding to x = 

6.7 m from the flume entrance.   

  

h = 17.9 cm h = 17.9 cm 

h = 14.6 cm h = 14.8 cm 

h = 11.2 cm h = 10.7 cm 
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Figure 3.17: Distance to flume floor of flow line originating at specific injection points 

with regard to depth of free surface for tests with slope 1/750 and 1/2000. The four graphs 

in the left column were produced from the data at x = 6.25 m from the flume entrance 

(slope = 1/750: circles; slope = 1/2000: crosses); those in the right column, from the data 

at x = 6.7 m (slope = 1/750: triangles, slope = 1/2000 asterisks). 

 

Inj. Point = U1 

Inj. Point = U2 

Inj. Point = U3 

Inj. Point = U4 

Inj. Point = D1 

Inj. Point = D3 

Inj. Point = D5 
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Figure 3.18: Distance to flume entrance (measured horizontally) of the point of dye 

emergence of flow lines to the free surface flow, with regard to depth of free surface flow, 

with regard to depth of free surface flow, for tests with a slope 1/2000. The four graphs in 

the left column were produced from the data at x = 6.25 m from the flume entrance; those 

in the right column, from the data at x = 6.7 m. 

  

Inj. Point = U1 

Inj. Point = U2 

Inj. Point = U3 

Inj. Point = U4 

Inj. Point = D1 

Inj. Point = D3 

Inj. Point = D5 
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Figure 3.19: Plot of average hyporheic flow velocity of observed flow lines versus 

hydraulic gradient (ΔH/Δx), for all tests (injection points U1 – U4, D1, D3, and D5). Circles 

represent a flow depth of 17.9 cm (slope = 1/750), x represent a flow depth of 14.6 cm 

(slope = 1/750), triangles represent a flow depth of 11.2 cm (slope = 1/750), asterisks 

represents a flow depth of 17.9 (slope = 1/2000), six pronged stars represent a depth of 14.8 

cm (slope = 1/2000), five pronged stars represent a flow depth of 10.7 cm (slope = 1/2000). 

 

3.5 Conclusions 

1- The observed hyporheic flows in the present experiments had velocities substantially 

greater than those at the lower limit of turbulent flows – i.e. the hyporheic flows were 

invariably turbulent.  

2- The gravel bar with a height of 0.076 m and a length of 1.4 m, induced hyporheic flows 

both in the direction of free surface flow, as well as in the direction opposite to it (see 

Figures 3.8 and 3.9).  

3- For any given slope, the “intensity” of the hyporheic flow increased with decreasing 

depth of the free surface flow. Accordingly, shallower free surface flows resulted in larger 

local hyporheic flow velocities, larger depth of penetration of the dye solution originating 

at the same injection point, and a shift downstream of the points of emergence of dye into 

the free surface flow.  

4- The present experiments also strongly suggest that the conditions of the free surface 

flow (velocity, Reynolds number, etc.) do not affect the hyporheic flow induced by a given 
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“object”. That is, the hyporheic flows produced by two very different flows can be similar, 

as long as the free surface is similarly shaped. This is practically significant, as it provides 

an indication that to correctly simulate hyporheic flows (with the aid of 

mathematical/numerical models) it may be sufficient to use a simple 1-D or 2-D free 

surface hydrodynamic model, instead of a 3-D model. 
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Chapter 4 

 

 

Conclusions and recommendations for future research 

 

 

4.1 Conclusions 

The method to visualize and quantify hyporheic flows introduced in this thesis yields 

accurate flow lines. The hyporheic flow velocities obtained with the aid of the present 

method were compared with rough estimates of velocity obtained on the basis of the time 

between the opening of the valve in the dye injection tube and the first observation of 

emergence of dye to the free surface flow. Although these estimates themselves are 

subjected to error as it is sometimes difficult to precise the time of entrance of dye to the 

free surface flow, the comparison suggests that the velocities measured by image 

processing, in general, were within 35% of those based on observed exit time from the 

gravel bar. 

 

 

From the experiments presented in Chapter 3, it is concluded that:  
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1- The observed hyporheic flows in the present experiments had velocities substantially 

greater than those at the lower limit of turbulent flows – i.e. hyporheic flows were 

invariably turbulent.  

2- The gravel bar with a height of 0.076 m and a length of 1.4 m, induced hyporheic flows 

both in the direction of free surface flow, as well as in the direction opposite to it (see 

Figures 3.8 amd 3.9).  

3- For any given slope, the “intensity” of the hyporheic flow increased with decreasing 

depth of the free surface flow. Accordingly, shallower free surface flows resulted in larger 

local hyporheic flow velocities, larger depth of penetration of the dye solution originating 

at the same injection point, and a shift downstream of the points of emergence of dye into 

the free surface flow.  

4- The present experiments also strongly suggest that the conditions of the free surface 

flow (velocity, Reynolds number, etc.) do not affect the hyporheic flow induced by a given 

“object”. That is, the hyporheic flows produced by two very different flows can be similar, 

as long as the free surface is similarly shaped. This is practically significant, as it provides 

an indication that to correctly simulate hyporheic flows (with the aid of 

mathematical/numerical models) it may be sufficient to use a simple 1-D or 2-D free 

surface hydrodynamic model, instead of a 3-D model. 

 

4.2 Recommendations for future research 

It is recommended, in order to bring a more complete understanding of hyporheic flows, 

to:  
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1- Repeat this testing procedure, and analyze hyporheic flows under varying bed profiles, 

sediments, slopes, and under more free surface conditions.  

2- Further analyse the error associated with determining hyporheic flow velocities. 

3- To use these results and testing procedure to validate numerical models, expanding 

understanding of hyporheic flows beyond what can be practically observed in the 

laboratory. 
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Appendix A 

Bed and free surface elevation 
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Table A1: Bed surface elevation measured with regard to an inclined datum coinciding with the 

flume bottom (raw data). 

  

  

Bed surface elevation at different transects from 

right bank (cm) 

Distance to flume 

entrance (m) 6.5 13 19.5 26 32.5 average 

1.000 0.187 0.187 0.187 0.187 0.186 0.187 

2.000 0.196 0.196 0.192 0.190 0.187 0.192 

3.000 0.193 0.190 0.190 0.194 0.191 0.192 

4.000 0.193 0.188 0.188 0.189 0.189 0.189 

5.000 0.188 0.184 0.188 0.189 0.190 0.188 

5.500 0.194 0.192 0.191 0.190 0.195 0.192 

5.600 0.198 0.195 0.194 0.195 0.200 0.196 

5.700 0.201 0.203 0.202 0.203 0.208 0.203 

5.800 0.211 0.212 0.210 0.213 0.211 0.211 

5.900 0.221 0.219 0.219 0.225 0.223 0.221 

6.000 0.232 0.229 0.233 0.233 0.236 0.233 

6.050 0.245 0.239 0.242 0.241 0.243 0.242 

6.100 0.253 0.250 0.254 0.251 0.249 0.251 

6.150 0.261 0.263 0.263 0.262 0.258 0.261 

6.175 0.262 0.266 0.266 0.265 0.257 0.263 

6.200 0.261 0.265 0.265 0.263 0.262 0.263 

6.250 0.260 0.257 0.256 0.257 0.255 0.257 

6.300 0.245 0.244 0.245 0.243 0.245 0.244 

6.350 0.231 0.234 0.232 0.235 0.235 0.233 

6.400 0.221 0.224 0.225 0.228 0.229 0.225 

6.450 0.220 0.218 0.222 0.221 0.222 0.221 

6.500 0.216 0.215 0.217 0.215 0.216 0.216 

6.600 0.211 0.211 0.212 0.211 0.210 0.211 

6.700 0.213 0.212 0.211 0.212 0.211 0.212 

6.800 0.204 0.207 0.209 0.209 0.209 0.208 

6.900 0.199 0.201 0.207 0.206 0.207 0.204 

7.000 0.199 0.199 0.202 0.200 0.203 0.201 

7.500 0.187 0.187 0.190 0.190 0.192 0.189 

8.000 0.190 0.191 0.195 0.195 0.192 0.193 

9.000 0.192 0.194 0.194 0.193 0.198 0.194 

10.000 0.196 0.193 0.192 0.192 0.198 0.194 
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Table A2: Bed surface elevation converted to a horizontal datum coinciding with the flume 

bottom at the tailgate section for the case of flume inclined to a slope of 1/750. 

  

  

Bed surface elevation at different transects from 

right bank (cm) 

Distance to flume 

entrance (m) 6.5 13 19.5 26 32.5 average 

1.000 0.200 0.200 0.200 0.200 0.199 0.200 

2.000 0.208 0.208 0.204 0.202 0.199 0.204 

3.000 0.204 0.201 0.201 0.205 0.202 0.202 

4.000 0.202 0.197 0.197 0.198 0.198 0.199 

5.000 0.196 0.192 0.196 0.197 0.198 0.196 

5.500 0.201 0.199 0.198 0.197 0.202 0.200 

5.600 0.205 0.202 0.201 0.202 0.207 0.204 

5.700 0.208 0.210 0.209 0.210 0.215 0.210 

5.800 0.218 0.219 0.217 0.220 0.218 0.218 

5.900 0.228 0.226 0.226 0.232 0.230 0.228 

6.000 0.239 0.236 0.240 0.240 0.243 0.239 

6.050 0.252 0.246 0.249 0.248 0.250 0.249 

6.100 0.260 0.257 0.261 0.258 0.256 0.258 

6.150 0.267 0.269 0.269 0.268 0.264 0.268 

6.175 0.268 0.272 0.272 0.271 0.263 0.270 

6.200 0.267 0.271 0.271 0.269 0.268 0.270 

6.250 0.266 0.263 0.262 0.263 0.261 0.263 

6.300 0.251 0.250 0.251 0.249 0.251 0.251 

6.350 0.237 0.240 0.238 0.241 0.241 0.240 

6.400 0.227 0.230 0.231 0.234 0.235 0.232 

6.450 0.226 0.224 0.228 0.227 0.228 0.227 

6.500 0.222 0.221 0.223 0.221 0.222 0.222 

6.600 0.217 0.217 0.218 0.217 0.216 0.217 

6.700 0.219 0.218 0.217 0.218 0.217 0.218 

6.800 0.210 0.213 0.215 0.215 0.215 0.213 

6.900 0.204 0.206 0.212 0.211 0.212 0.209 

7.000 0.204 0.204 0.207 0.205 0.208 0.206 

7.500 0.192 0.192 0.195 0.195 0.197 0.194 

8.000 0.194 0.195 0.199 0.199 0.196 0.197 

9.000 0.195 0.197 0.197 0.196 0.201 0.197 

10.000 0.197 0.194 0.193 0.193 0.199 0.196 
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Table A3: Bed surface elevation measured with regard to a horizontal datum coinciding with the 

flume bottom at the tailgate section for the case of flume inclined to a slope of 1/2000. 

  

  

Bed surface elevation at different transects from 

right bank (cm)  

Distance to flume 

entrance (m) 6.5 13 19.5 26 32.5 average 

1.000 0.192 0.192 0.192 0.192 0.191 0.192 

2.000 0.201 0.201 0.197 0.195 0.192 0.197 

3.000 0.197 0.194 0.194 0.198 0.195 0.196 

4.000 0.197 0.192 0.192 0.193 0.193 0.193 

5.000 0.191 0.187 0.191 0.192 0.193 0.191 

5.500 0.197 0.195 0.194 0.193 0.198 0.195 

5.600 0.201 0.198 0.197 0.198 0.203 0.199 

5.700 0.204 0.206 0.205 0.206 0.211 0.206 

5.800 0.214 0.215 0.213 0.216 0.214 0.214 

5.900 0.224 0.222 0.222 0.228 0.226 0.224 

6.000 0.235 0.232 0.236 0.236 0.239 0.235 

6.050 0.247 0.241 0.244 0.243 0.245 0.244 

6.100 0.255 0.252 0.256 0.253 0.251 0.254 

6.150 0.263 0.265 0.265 0.264 0.260 0.264 

6.175 0.264 0.268 0.268 0.267 0.259 0.266 

6.200 0.263 0.267 0.267 0.265 0.264 0.266 

6.250 0.262 0.259 0.258 0.259 0.257 0.259 

6.300 0.247 0.246 0.247 0.245 0.247 0.247 

6.350 0.233 0.236 0.234 0.237 0.237 0.236 

6.400 0.223 0.226 0.227 0.230 0.231 0.228 

6.450 0.222 0.220 0.224 0.223 0.224 0.223 

6.500 0.218 0.217 0.219 0.217 0.218 0.218 

6.600 0.213 0.213 0.214 0.213 0.212 0.213 

6.700 0.215 0.214 0.213 0.214 0.213 0.214 

6.800 0.206 0.209 0.211 0.211 0.211 0.210 

6.900 0.201 0.203 0.209 0.208 0.209 0.206 

7.000 0.201 0.201 0.204 0.202 0.205 0.203 

7.500 0.189 0.189 0.192 0.192 0.194 0.191 

8.000 0.192 0.193 0.197 0.197 0.194 0.194 

9.000 0.193 0.195 0.195 0.194 0.199 0.195 

10.000 0.197 0.194 0.193 0.193 0.199 0.195 
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Table A4: Free surface elevation measured with regard to an inclined datum coinciding with the 

flume bottom (raw data). 

Distance to 

flume 

entrance(m) 

Free surface elevation (m) 

H17.9-

S1:750 

H14.6-

S1:750 

H11.2-

S1:750 

H17.9-

S1:2000 

H14.8-

S1:2000 

H10.7-

S1:2000 

2.0 0.382 0.356 0.327 0.386 0.358 0.320 

3.0 0.382 0.357 0.327 0.386 0.358 0.321 

4.0 0.384 0.357 0.327 0.386 0.358 0.320 

5.0 0.384 0.359 0.328 0.387 0.358 0.320 

5.5 0.386 0.360 0.328 0.387 0.359 0.321 

5.6 0.386 0.360 0.329 0.387 0.359 0.321 

5.7 0.386 0.360 0.329 0.387 0.359 0.322 

5.8 0.387 0.360 0.329 0.388 0.359 0.322 

5.9 0.386 0.360 0.328 0.388 0.359 0.322 

6.0 0.385 0.358 0.327 0.388 0.358 0.321 

6.1 0.384 0.356 0.326 0.386 0.356 0.319 

6.2 0.382 0.349 0.321 0.384 0.351 0.310 

6.3 0.379 0.345 0.311 0.383 0.347 0.313 

6.4 0.380 0.344 0.313 0.383 0.350 0.310 

6.5 0.381 0.346 0.308 0.384 0.348 0.310 

6.6 0.381 0.343 0.318 0.384 0.351 0.314 

6.7 0.382 0.350 0.314 0.385 0.351 0.314 

6.8 0.383 0.344 0.313 0.385 0.351 0.317 

6.9 0.383 0.349 0.313 0.386 0.354 0.317 

7.0 0.384 0.349 0.313 0.386 0.355 0.315 

7.5 0.385 0.352 0.318 0.387 0.355 0.315 

8.0 0.386 0.352 0.318 0.387 0.356 0.315 

9.0 0.387 0.354 0.320 0.387 0.356 0.315 
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Table A5: Free surface elevation converted to a horizontal datum coinciding with the flume 

bottom at the tailgate section. 

Distance to 

flume 

entrance(m) 

Free surface elevation (m) 

H17.9-

S1:750 

H14.6-

S1:750 

H11.2-

S1:750 

H17.9-

S1:2000 

H14.8-

S1:2000 

H10.7-

S1:2000 

2.0 0.394 0.368 0.339 0.391 0.363 0.325 

3.0 0.393 0.368 0.338 0.390 0.362 0.325 

4.0 0.393 0.366 0.336 0.390 0.362 0.324 

5.0 0.392 0.367 0.336 0.390 0.361 0.323 

5.5 0.393 0.367 0.335 0.390 0.362 0.324 

5.6 0.393 0.367 0.336 0.390 0.362 0.324 

5.7 0.393 0.367 0.336 0.390 0.362 0.324 

5.8 0.394 0.367 0.336 0.390 0.362 0.324 

5.9 0.393 0.367 0.335 0.391 0.362 0.324 

6.0 0.392 0.365 0.334 0.391 0.361 0.323 

6.1 0.391 0.363 0.333 0.388 0.358 0.321 

6.2 0.388 0.355 0.327 0.386 0.353 0.312 

6.3 0.385 0.351 0.317 0.385 0.349 0.315 

6.4 0.386 0.350 0.319 0.385 0.352 0.312 

6.5 0.387 0.352 0.314 0.386 0.350 0.312 

6.6 0.387 0.349 0.324 0.386 0.353 0.316 

6.7 0.388 0.356 0.320 0.387 0.353 0.316 

6.8 0.389 0.350 0.319 0.387 0.353 0.319 

6.9 0.388 0.354 0.318 0.388 0.356 0.319 

7.0 0.389 0.354 0.318 0.388 0.357 0.317 

7.5 0.390 0.357 0.323 0.388 0.357 0.317 

8.0 0.390 0.356 0.322 0.388 0.358 0.317 

9.0 0.390 0.357 0.323 0.388 0.357 0.316 
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Table A6: Determination of error in free surface elevation measurements (values in cm). 

Distance along 

flume (m) 4 6.3 10 

 39.05 36.84 38.76 

 39.04 36.83 38.82 

 39.10 36.92 38.81 

 39.13 36.95 38.84 

 39.07 36.91 38.95 

 39.05 36.86 38.84 

 38.92 36.92 38.87 

 39.16 36.89 38.92 

 39.04 36.87 38.84 

 39.03 36.84 38.87 

Mean 39.06 36.88 38.85 

Standard deviation 0.07 0.04 0.05 
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Figure A1: Bed and free surface profiles for test H17.9-S1:750 (based on values of free 

surface elevation measured with regard to a horizontal datum). 

 

 

Figure A2: Bed and free surface profiles for test H14.6-S1:750 (based on values of free 

surface elevation measured with regard to a horizontal datum). 
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Figure A3: Bed and free surface profiles for test H11.2-S1:750 (based on values of free 

surface elevation measured with regard to a horizontal datum). 

 

 

Figure A4: Bed and free surface profiles for test H17.9-S1:2000 (based on values of free 

surface elevation measured with regard to a horizontal datum). 
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Figure A5: Bed and free surface profiles for test H14.8-S1:2000 (based on values of free 

surface elevation measured with regard to a horizontal datum). 

 

 

Figure A6 Bed and free surface profiles for test H10.7-S1:2000 (based on values of free 

surface elevation measured with regard to a horizontal datum). 
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Appendix B 

Subtracted images of dye with superimposed flow paths   
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Figure B1: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for H17.9-S1:750, U1. 

 

Figure B2: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H17.9-S1:750, U2. 

 

Figure B3: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H17.9-S1:750, U3. 
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Figure B4: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H17.9-S1:750, U4. 

 

Figure B5: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H17.9-S1:750, U5. 

 

Figure B6: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H17.9-S1:750, U6. 
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Figure B7: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H17.9-S1:750, U7. 

 

Figure B8: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H17.9-S1:750, U8. 

 

Figure B9: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H17.9-S1:750, U9. 
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Figure B10: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:750, D1. 

 

Figure B11: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:750, D2. 

 

Figure B12: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:750, D3. 
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Figure B13: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:750, D4. 

 

Figure B14: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:750, D5. 

 

Figure B15: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, U1. 
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Figure B16: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, U2. 

 

Figure B17: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, U3. 

 

Figure B18: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, U4. 
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Figure B19: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, U5. 

 

Figure B20: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, U6. 

 

Figure B21: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, U7. 
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Figure B22: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, U8. 

 

Figure B23: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, U9. 

 

Figure B24: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, D1. 
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Figure B25: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, D2. 

 

Figure B26: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, D3. 

 

Figure B27: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, D4. 
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Figure B28: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.6-S1:750, D5. 

 

Figure B29: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, U1. 

 

Figure B30: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, U2. 
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Figure B31: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, U3. 

 

Figure B32: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, U4. 

 

Figure B33: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, U5. 
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Figure B34: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, U6. 

 

Figure B35: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, U7. 

 

Figure B36: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, U8. 
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Figure B37: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, U9. 

 

Figure B38: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, D1. 

 

Figure B39: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, D2. 
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Figure B40: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, D3. 

 

Figure B41: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, D4. 

 

Figure B42: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H11.2-S1:750, D5. 
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Figure B43: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, U1. 

 

Figure B44: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, U2. 

 

Figure B45: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, U3. 
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Figure B46: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, U4. 

 

Figure B47: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, U5. 

 

Figure B48: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, U6. 
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Figure B49: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, U7. 

 

Figure B50: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, U8. 

 

Figure B51: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, U9. 
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Figure B52: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, D1. 

 

Figure B53: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, D2. 

 

Figure B54: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, D3. 
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Figure B55: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, D4. 

 

Figure B56: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H17.9-S1:2000, D5. 

 

Figure B57: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, U1. 
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Figure B58: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, U2. 

 

Figure B59: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, U3. 

 

Figure B60: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, U4. 
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Figure B61: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, U5. 

 

Figure B62: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, U6. 

 

Figure B63: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, U7. 
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Figure B64: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, U8. 

 

Figure B65: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, U9. 

 

Figure B66: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, D1. 
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Figure B67: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, D2. 

 

Figure B68: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, D3. 

 

Figure B69: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, D4. 
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Figure B70: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H14.8-S1:2000, D5. 

 

Figure B71: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, U1. 

 

Figure B72: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, U2. 
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Figure B73: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, U3. 

 

Figure B74: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, U4. 

 

Figure B75: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, U5. 
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Figure B76: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, U6. 

 

Figure B77: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, U7. 

 

Figure B78: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, U8. 
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Figure B79: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, U9. 

 

Figure B80: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, D1. 

 

Figure B81: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, D2. 
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Figure B82: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, D3. 

 

Figure B83: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, D4. 

 

Figure B84: Subtracted image of full dye path and flow divide (blue), with free surface 

and bed profile imposed in white for test H10.7-S1:2000, D5. 
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Appendix C 

Subtracted images of dye at injection point D5 used in the 

determination of the hyporheic flow divide 
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Figure C1: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H17.9-S1:750, D5. 

 

Figure C2: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H14.6-S1:750, D5. 

 

Figure C3: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H11.2-S1:750, D5. 
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Figure C4: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H17.9-S1:2000, D5. 

 

Figure C5: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H14.8-S1:2000, D5. 

 

Figure C6: Subtracted image of full dye path and flow divide (blue), with free surface and 

bed profile imposed in white for test H10.7-S1:2000, D5. 
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Appendix D 

Breakthrough curves 
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Figure D1: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:750, U1. 

 

Figure D2: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:750, U2. 

 

Figure D3: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:750, U3. 
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Figure D4: Breakthrough curves of centres of mass (mid intensity point is cirlced), filled 

circles were used  to obtain velocities for test H17.9-S1:750, U4. 

 

Figure D5: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:750, U5. 

 

Figure D6: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:750, U6. 
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Figure D7: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:750, U7. 

 

Figure D8: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:750, U8. 

 

Figure D9: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:750, U9. 
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Figure D10: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:750, D1. 

 

Figure D11: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:750, D2. 

 

Figure D12: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:750, D3. 



124 
 

 

Figure D13: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:750, D4. 

 

Figure D14: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:750, D5. 

 

Figure D15: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.6-S1:750, U1. 
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Figure D16: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.6-S1:750, U2. 

 

Figure D17: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.6-S1:750, U3. 

 

Figure D18: Breakthrough curves of centres of mass (mid intensity point is cirlced), filled 

circles were used  to obtain velocities for test H14.6-S1:750, U4. 

 



126 
 

 

Figure D19: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.6-S1:750, U5. 

 

Figure D20: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.6-S1:750, U6. 

 

Figure D21: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.6-S1:750, U7. 
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Figure D22: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.6-S1:750, U8. 

 

Figure D23: Breakthrough curves of centres of mass (mid intensity point is cirlced), filled 

circles were used  to obtain velocities for test H14.6-S1:750, U9. 

 

Figure D24: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.6-S1:750, D1. 
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Figure D25: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.6-S1:750, D2. 

 

Figure D26: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.6-S1:750, D3. 

 

Figure D27: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.6-S1:750, D4. 
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Figure D28: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.6-S1:750, D5. 

 

Figure D29: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.6-S1:750, U1. 

 

Figure D30: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H11.2-S1:750, U2. 
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Figure D31: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H11.2-S1:750, U3. 

 

Figure D32: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H11.2-S1:750, U4. 

 

Figure D33: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H11.2-S1:750, U5. 
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Figure D34: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H11.2-S1:750, U6. 

 

Figure D35: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H11.2-S1:750, U7. 

 

Figure D36: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H11.2-S1:750, U8. 
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Figure D37: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H11.2-S1:750, U9. 

 

Figure D38: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H11.2-S1:750, D1. 

 

Figure D39: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H11.2-S1:750, D2. 
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Figure D40: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H11.2-S1:750, D3. 

 

Figure D41: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H11.2-S1:750, D4. 

 

Figure D42: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H11.2-S1:750, D5. 
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Figure D43: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:2000, U1. 

 

Figure D44: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:2000, U2. 

 

Figure D45: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:2000, U3. 
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Figure D46: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:2000, U4. 

 

Figure D47: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:2000, U5. 

 

Figure D48: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:2000, U6. 
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Figure D49: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:2000, U7. 

 

Figure D50: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:2000, U8. 

 

Figure D51: Breakthrough curves of centres of mass (mid intensity point is cirlced), filled 

circles were used  to obtain velocities for test H17.9-S1:2000, U9. 
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Figure D52: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:2000, D1. 

 

Figure D53: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:2000, D2. 

 

Figure D54: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:2000, D3. 

 



138 
 

 

Figure D55: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:2000, D4. 

 

Figure D56: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H17.9-S1:2000, D5. 

 

Figure D57: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.8-S1:2000, U1. 
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Figure D58: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.8-S1:2000, U2. 

 

Figure D59: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.8-S1:2000, U3. 

 

Figure D60: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.8-S1:2000, U4. 
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Figure D61: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.8-S1:2000, U5. 

 

Figure D62: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.8-S1:2000, U6. 

 

Figure D63: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.8-S1:2000, U7. 
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Figure D64: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.8-S1:2000, U8. 

 

Figure D65: Breakthrough curves of centres of mass (mid intensity point is cirlced), filled 

circles were used  to obtain velocities for test H14.8-S1:2000, U9. 

 

Figure D66: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.8-S1:2000, D1. 
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Figure D67: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.8-S1:2000, D2. 

 

Figure D68: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.8-S1:2000, D3. 

 

Figure D69: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.8-S1:2000, D4. 
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Figure D70: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H14.8-S1:2000, D5. 

 

Figure D71: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H10.7-S1:2000, U1. 

 

Figure D72: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H10.7-S1:2000, U2. 
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Figure D73: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H10.7-S1:2000, U3. 

 

Figure D74: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H10.7-S1:2000, U4. 

 

Figure D75: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H10.7-S1:2000, U5. 
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Figure D76: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H10.7-S1:2000, U6. 

 

Figure D77: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H10.7-S1:2000, U7. 

 

Figure D78: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H10.7-S1:2000, U8. 
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Figure D79: Breakthrough curves of centres of mass (mid intensity point is cirlced), filled 

circles were used  to obtain velocities for test H10.7-S1:2000, U9. 

 

Figure D80: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H10.7-S1:2000, D1. 

 

Figure D81: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H10.7-S1:2000, D2. 
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Figure D82: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H10.7-S1:2000, D3. 

 

Figure D83: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H10.7-S1:2000, D4. 

 

Figure D84: Breakthrough curves of first three and last three centres of mass (mid intensity 

point is cirlced), filled circles were used  to obtain velocities for test H10.7-S1:2000, D5. 
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Appendix E 

Calculations to produce Figure 3.19 
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Table E1: values for calculations to produce Figure 3.19 

Flow 

Depth 

(m) 

Injection 

Point 
Slope 

Free Surface Elevation (m)  

Δx 

(m) 

Δl 

(m) 
ΔH/ Δx  ΔH/ Δl 

U 

cm/s Point of Origin Point of exit 

x (m) H (m) x (m) H (m) 

17.9 U1 1/750 5.88 0.394 6.40 0.386 0.52 0.70 0.015 0.011 1.0 

17.9 U2 1/750 5.96 0.392 6.32 0.385 0.36 0.43 0.020 0.016 1.3 

17.9 U3 1/750 6.08 0.391 6.32 0.385 0.24 0.27 0.025 0.022 1.7 

17.9 U4 1/750 6.15 0.390 6.27 0.385 0.12 0.14 0.040 0.035 2.1 

17.9 D1 1/750 6.93 0.388 6.56 0.387 0.38 0.41 0.003 0.002 0.6 

17.9 D3 1/750 7.18 0.390 6.53 0.387 0.65 0.75 0.005 0.004 0.5 

17.9 D5 1/750 7.16 0.390 6.51 0.387 0.65 0.85 0.005 0.004 0.6 

14.6 U1 1/750 5.87 0.367 6.44 0.350 0.58 0.69 0.029 0.025 1.1 

14.6 U2 1/750 5.96 0.365 6.38 0.350 0.42 0.56 0.036 0.027 1.3 

14.6 U3 1/750 6.08 0.363 6.33 0.351 0.26 0.31 0.047 0.039 3.1 

14.6 U4 1/750 6.15 0.359 6.30 0.351 0.16 0.15 0.050 0.054 4.5 

14.6 D1 1/750 6.94 0.354 6.61 0.349 0.34 0.37 0.015 0.014 0.7 

14.6 D3 1/750 7.21 0.355 6.56 0.350 0.65 0.75 0.008 0.007 1.0 

14.6 D5 1/750 7.18 0.355 6.55 0.350 0.63 0.76 0.008 0.007 0.6 

11.2 U1 1/750 5.87 0.335 6.47 0.314 0.60 0.77 0.035 0.027 0.7 

11.2 U2 1/750 5.93 0.335 6.42 0.314 0.49 0.62 0.043 0.034 2.7 

11.2 U3 1/750 6.07 0.333 6.35 0.318 0.29 0.38 0.052 0.039 2.0 

11.2 U4 1/750 6.15 0.330 6.33 0.318 0.18 0.19 0.067 0.062 3.6 

11.2 D1 1/750 6.64 0.322 6.92 0.318 0.28 0.28 0.014 0.014 0.6 

11.2 D3 1/750 6.57 0.324 7.19 0.320 0.62 0.71 0.006 0.006 1.1 

11.2 D5 1/750 6.61 0.324 7.16 0.320 0.55 0.75 0.007 0.005 0.4 

17.9 U1 1/2000 5.86 0.391 6.42 0.385 0.56 0.72 0.011 0.008 0.9 

17.9 U2 1/2000 5.94 0.391 6.31 0.385 0.37 0.47 0.016 0.013 0.8 

17.9 U3 1/2000 6.06 0.389 6.33 0.385 0.27 0.32 0.015 0.013 1.1 

17.9 U4 1/2000 6.14 0.387 6.31 0.385 0.17 0.18 0.012 0.011 1.2 

17.9 D1 1/2000 6.88 0.391 6.50 0.386 0.38 0.40 0.013 0.013 0.3 

17.9 D3 1/2000 7.17 0.388 6.50 0.386 0.68 0.85 0.003 0.002 0.4 

17.9 D5 1/2000 7.16 0.388 6.45 0.385 0.71 0.98 0.004 0.003 0.2 

14.8 U1 1/2000 5.87 0.362 6.44 0.351 0.57 0.80 0.019 0.014 1.4 

14.8 U2 1/2000 5.95 0.362 6.32 0.349 0.37 0.49 0.035 0.026 1.3 

14.8 U3 1/2000 6.04 0.360 6.35 0.350 0.31 0.37 0.032 0.027 1.9 

14.8 U4 1/2000 6.15 0.362 6.32 0.350 0.17 0.20 0.072 0.061 3.0 

14.8 D1 1/2000 6.90 0.356 6.58 0.352 0.32 0.35 0.013 0.012 0.4 

14.8 D3 1/2000 7.14 0.357 6.53 0.351 0.61 0.79 0.010 0.008 0.7 

14.8 D5 1/2000 7.16 0.357 6.49 0.350 0.67 0.92 0.010 0.008 0.4 

10.7 U1 1/2000 5.86 0.324 6.46 0.312 0.60 0.75 0.020 0.016 1.0 

10.7 U2 1/2000 5.94 0.324 6.39 0.312 0.45 0.55 0.027 0.022 2.0 

10.7 U3 1/2000 6.05 0.322 6.35 0.313 0.30 0.36 0.030 0.025 1.8 

10.7 U4 1/2000 6.15 0.316 6.31 0.315 0.16 0.19 0.006 0.005 3.5 

10.7 D1 1/2000 6.95 0.319 6.60 0.316 0.35 0.32 0.009 0.009 0.5 

10.7 D3 1/2000 7.15 0.317 6.55 0.314 0.60 0.66 0.005 0.005 0.8 

10.7 D5 1/2000 7.18 0.317 6.54 0.314 0.64 0.92 0.005 0.003 0.2 
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Appendix F 

Colour screenshots of videos with full dye paths 
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Figure F1: Raw screenshot of dye plume at test H17.9-S1:1/750, U1. 

 

 

Figure F2: Raw screenshot of dye plume at test H17.9-S1:1/750, U3. 

 

 

Figure F3: Raw screenshot of dye plume at test H17.9-S1:1/750, D1. 
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Figure F4: Raw screenshot of dye plume at test H17.9-S1:1/750, D5. 

 

 

Figure F5: Raw screenshot of dye plume at test H14.6-S1:1/750, U1. 

 

Figure F6: Raw screenshot of dye plume at test H14.6-S1:1/750, U3. 
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Figure F7: Raw screenshot of dye plume at test H14.6-S1:1/750, D1. 

 

 

 

Figure F8: Raw screenshot of dye plume at test H14.6-S1:1/750, D5. 

 

 

Figure F9: Raw screenshot of dye plume at test H11.2-S1:1/750, U1. 
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Figure F10: Raw screenshot of dye plume at test H14.6-S1:1/750, U3. 

 

 

Figure F11: Raw screenshot of dye plume at test H14.6-S1:1/750, D1. 

 

Figure F12: Raw screenshot of dye plume at test H14.6-S1:750, D5. 
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Figure F13: Raw screenshot of dye plume at test H17.9-S1:2000, U1. 

 

 

Figure F14: Raw screenshot of dye plume at test H17.9-S1:2000, U3. 

 

Figure F15: Raw screenshot of dye plume at test H17.9-S1:2000, D1. 
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Figure F16: Raw screenshot of dye plume at test H17.9-S1:2000, D5. 

 

 

Figure F17: Raw screenshot of dye plume at test H14.8-S1:2000, U1. 

 

 

Figure F18: Raw screenshot of dye plume at test H14.8-S1:2000, U3. 

 



157 
 

 

Figure F19: Raw screenshot of dye plume at test H14.8-S1:2000, D1. 

 

 

Figure F20: Raw screenshot of dye plume at test H14.8-S1:2000, D5. 

 

 

Figure F21: Raw screenshot of dye plume at test H10.7-S1:2000, U1. 
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Figure F22: Raw screenshot of dye plume at test H10.7-S1:2000, U3. 

 

 

Figure F23: Raw screenshot of dye plume at test H10.7-S1:2000, D1. 

 

Figure F24: Raw screenshot of dye plume at test H10.7-S1:2000, D5. 

 


